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Roca and Lucija Šimunović et al.
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Preface to ”Synthetic Peptides and Peptidomimetics:
From Basic Science to Biomedical Applications”

Synthetic peptides are a very appealing class of compounds as both basic and applied science

research tools. Furthermore, the high affinity and specificity of peptides towards biological targets,

together with their advantageous pharmacological properties, such as poor immunogenicity and

low toxicity, has greatly encouraged their development as therapeutic and diagnostic agents in the

clinical setting. More than 60 peptide drugs have reached the market and several hundred new

therapeutic peptides are in preclinical and clinical development. However, to date, this class of

molecules represents only 2% of the world drug market due to their low in vivo stability, short

half-lives, poor cell permeability and low oral bioavailability. Many approaches have been developed

and are continually being explored to improve peptide stability and pharmacological properties,

while maintaining biological potency and selectivity and avoiding toxicity. For example, cyclization,

the protection of N- and C-termini, side chain or backbone modifications of natural structures,

replacement with D or non-natural amino acids, and the addition of membrane permeability elements

are commonly used strategies to improve the in vivo stability and cellular permeability of this class

of molecules. Furthermore, the conjugation of peptides with large polymers, fusion with long-lived

plasma proteins and lipidation have also been exploited to prolong plasma half-life and increase oral

bioavailability, significantly expanding the applicability of peptides as effective drugs.

Trying to cover all the progresses made in this field, this Special Issue, entitled “Synthetic

Peptides and Peptidomimetics: From Basic Science to Biomedical Applications”, has included

both reviews and original research contributions focused on the chemical design and biomedical

applications of structurally modified bioactive peptides. In this framework, Doti et al. provide

a wide overview on the applications of retro-inverso-modified peptides in anticancer therapies,

in immunology, in neurodegenerative diseases, and as antimicrobials, highlighting the benefits

and limits of this interesting subclass of molecules as bioactive compounds. Tarvirdipour et

al. review the properties of peptides that promote the site-specific localization of nucleic acids

and peptide-based nano-assemblies. Romanowska et al. show the chemical design of a set

of DNA-binding peptide-based polymers composed of N-substituted L-2,3-diaminopropionic acid

(DAPEG) residues, and investigate their relative cellular permeability and localization, cytotoxicity

and DNA-binding capacity. The experimental results of this study pave the way for the further

development of peptide-based nanocarriers. Pandey et al. summarize the current status on the

use of peptides as probes both in non-imaging and imaging diagnostic platforms. Moreover, they

discuss the applicability of peptide-based diagnostics in deadly diseases, mainly COVID-19 and

cancers. In the same research field, Krajcovicova et al. report on the preparation of a new RGD-based

radiolabeled peptide targeting αvβ3 integrin. The binding properties of [68Ga]Ga-DFO-c(RGDyK)

towards the αvβ3 integrin were studied in vitro and in vivo with various techniques, including

PET/CT imaging in a mouse tumor model. In addition, Siepe et al. describe the characterization

of a set of bioactive peptides conjugated with environment-sensitive labels, such as luciferin

and aminoluciferin, which are used to study their interactions with model membranes, SDS

micelles, lipopolysaccharide micelles and bacterial cells. The results demonstrate that luciferin and

aminoluciferin are environment-sensitive labels with widespread potential applications in the study

of peptides interacting with membranes.

The contributions included in this book also provide several examples of peptides employed as

protein–protein interaction (PPI) modulators, both to elucidate the molecular mechanisms underlying

vii



diseases and to use them as a starting template for developing new potential therapeutics. In this

framework, Dvorak et al. focus their attention on the interaction between a voltage-gated Na+

channel (Nav1.6) and fibroblast growth factor 14 (FGF14), which plays a role in the regulation of

neuron excitability in the central nervous system. Notably, using an FGF14-derived synthetic peptide,

they demonstrate that pharmacologically targeting the FGF14 interaction site on the C-terminal

domain (CDT) of Nav1.6 results in a powerful strategy to achieve the selective modulation of the

isoform activity. The data also show that, more generally, the interaction of the CTDs of Nav

channels with auxiliary proteins are a target candidate for developing new therapies. Conte et al.

focus their attention on the interaction between the Apoptosis-Inducing Factor and the Cyclophilic

A (AIF/CypA), which mediates neuronal cell death in vivo and in vitro. Using AIF(370-394) as a

prototypical inhibitor, they elucidate the role of the complex in SH-SY5Y cells treated with high

concentrations of staurosporine, which is a well-known cell model to study Parkinson’s Disease

(PD). The results obtained highlight the role of the AIF/CypA complex in the pathophysiological

mechanisms leading to PD, suggesting the complex as a promising target for developing first-in-class

therapeutics to treat this currently incurable disease. Levi et al. propose the targeting of the

integrin αvβ3, which is involved in different stages of cancer progression, metastasis, invasion, and

angiogenesis, with a cyclic non-RGD synthetic peptide (ALOS4). This peptide, nine residues, was

tested in a subcutaneous xenograft model of A375 human melanoma to evaluate tumor growth, tumor

tissue development and the expression of downstream targets of αvβ3. The stability and toxicity

of ALOS4 in mice together with the blood cell profile in healthy mice were also evaluated. The

results suggest that ALOS4 is stable in the proposed formulations, presents no overt toxicity risks

and is effective in melanoma tumor shrinkage by a mechanism related to αvβ3 and possibly other

mechanisms. Di Micco et al. focus on the main proteases (Mpro) of SARS-CoV2, a protein essential

for viral replication, modifying and repurposing the active peptide AT1001 (Larazotide acetate).

AT1001 and five derivatives were designed and assayed in vitro for their ability to interfere with

Mpro catalytic activity. The data provide useful information for the development of new generations

of antiviral agents for treating SARS-CoV-2, which so far lacks selective therapeutic treatments.

The review by Vanzolini et al. provides an overview of the peptides that are currently used as

antimicrobials and their mechanism of action.

Highly ordered secondary structure motifs, α-helix, β-sheets and turns, are scaffolds for

key amino acid residues in protein–protein hot-spots. The development of peptides that adopt

conformations suitable for their biological activity is one of the most important goals of protein

chemists, not only in relation to the design of PPI inhibitors. In the article of Makura et al.,

this is addressed by stapling peptides at i,i+1 positions using hydrocarbon linkers introduced

by ring-closing metathesis reactions and analyzing their structures through X-ray crystallography.

The authors show how their approach is valid for short oligopeptides where stapling is achieved

using two adjacent residues. In this field, Kovačević et al. investigated the conformational

behavior and antiproliferative activity of peptidomimetics obtained by the conjugation of

methyl-1’-aminoferrocene-1-carboxylate with homo- and heterochiral Pro-Ala dipeptides. The

results show a promising outcome which could serve for further research and the development of

compounds with antitumor activity.
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The papers on peptides collected in this Special Issue, which have been proposed and published

by groups operating in various parts of the world, show how successful this class of molecules still

is, both as model molecules for studying the structure of proteins, and as potential therapeutics and

diagnostics, and also as laboratory tools for advanced basic and applied studies. The large scientific

community working in this field is very active and productive, and is making the most of the potential

and versatility of these molecules to generate increasingly interesting and innovative molecules of

therapeutic interest and to understand the fundamental molecular mechanisms of life.

Nunzianna Doti and Menotti Ruvo

Editors
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Abstract: The present study aimed to synthesize novel polycationic polymers composed of
N-substituted L-2,3-diaminopropionic acid residues (DAPEGs) and investigate their cell permeability,
cytotoxicity, and DNA-binding ability. The most efficient cell membrane-penetrating compounds
(O2Oc-Dap(GO2)n-O2Oc-NH2, where n = 4, 6, and 8) showed dsDNA binding with a binding con-
stant in the micromolar range (0.3, 3.4, and 0.19 µM, respectively) and were not cytotoxic to HB2 and
MDA-MB-231 cells. Selected compounds used in the transfection of a GFP plasmid showed high
transfection efficacy and minimal cytotoxicity. Their interaction with plasmid DNA and the increasing
length of the main chain of tested compounds strongly influenced the organization and shape of the
flower-like nanostructures formed, which were unique for 5/6-FAM-O2Oc-[Dap(GO2)]8-O2Oc-NH2

and typical for large proteins.

Keywords: polymers; peptidomimetics; AFM; transfection; molecular modelling

1. Introduction

Gene transfection can be defined as the transmission of DNA to regulate or induce
specific gene expression in the target cells or organs. This mechanism is very important in
biosciences, pharmaceutics, and clinical applications. In the past decades, several transfec-
tion systems including viral and non-viral vectors have been developed. DNA chains are
negatively charged polymers, repelling each other owing to the intrachain and interchain
electrostatic repulsion among fragments, a major drawback of which is low transfection
efficiency [1–4]. To enhance the effective transfer of a plasmid or short linear molecule of
nucleic acid through the cell membrane, two major barriers need to be overcome. The first
problem is the negative charge of DNA molecules, which should be neutralized or masked.
The second issue, in some cases, is the size of DNA molecules, especially large vectors or
plasmids. There are several reports describing the methodology to cause DNA condensa-
tion, which results in the concurrent reduction in size and charge. This strategy mimics the
natural processes of genome organization by positively charged proteins or small cationic
compounds such as bivalent or multivalent metal cations and polyamines [5,6].

In the late 1980s, a group of positively charged molecules referred to as cell-penetrating
peptides (CPPs) was developed by many research groups [7,8]. Owing to their high content
of basic amino acid residues (Arg and Lys) and positive charge at physiological pH,
CPPs passively diffuse across the lipid bilayer, chiefly owing to endocytosis. Moreover,
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CPPs can cross the plasma membrane at low micromolar concentrations in vivo and in vitro
without using any receptors and without causing any significant membrane damage [9,10].
Another advantage of using CPPs for the therapeutic delivery of numerous molecules,
including DNA, is the lack of toxicity in comparison with other cytoplasmic delivery
systems, such as liposomes and polymers [11]. Additionally, the strong positive charge
of most CPPs neutralizes the DNA, resulting in its condensation, which is beneficial for
cellular delivery [12,13].

Recently, our group reported the synthesis of a novel class of peptidomimetics [14].
Such molecules are synthesized using two building blocks; the beta amino group of di-
aminopropionic acid was decorated by a functionalized oxa acid (Figure 1). We were able
to manipulate the length and properties of the side chain and functional groups, produc-
ing novel amino acid mimetics. The deconvolution of a 400-member library composed of
N-substituted L-2,3-diaminopropionic acid residue (DAPEG) building blocks facilitated
the selection of an efficient and selective fluorogenic probe or substrate of neutrophil serine
protease 4. The obtained substrate is cleaved by neutrophil serine protease 4 in an efficient
and selective manner [14]. More recently, a fluorogenic probe for a trypsin-like subunit of
20S proteasome, composed of DAPEG building blocks, was synthesized and found to be
useful in the diagnostics of bladder cancer [15].

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 2 of 25 
 

 

high content of basic amino acid residues (Arg and Lys) and positive charge at 
physiological pH, CPPs passively diffuse across the lipid bilayer, chiefly owing to 
endocytosis. Moreover, CPPs can cross the plasma membrane at low micromolar 
concentrations in vivo and in vitro without using any receptors and without causing any 
significant membrane damage [9,10]. Another advantage of using CPPs for the 
therapeutic delivery of numerous molecules, including DNA, is the lack of toxicity in 
comparison with other cytoplasmic delivery systems, such as liposomes and polymers 
[11]. Additionally, the strong positive charge of most CPPs neutralizes the DNA, resulting 
in its condensation, which is beneficial for cellular delivery [12,13]. 

Recently, our group reported the synthesis of a novel class of peptidomimetics [14]. 
Such molecules are synthesized using two building blocks; the beta amino group of 
diaminopropionic acid was decorated by a functionalized oxa acid (Figure 1). We were 
able to manipulate the length and properties of the side chain and functional groups, 
producing novel amino acid mimetics. The deconvolution of a 400-member library 
composed of N-substituted L-2,3-diaminopropionic acid residue (DAPEG) building 
blocks facilitated the selection of an efficient and selective fluorogenic probe or substrate 
of neutrophil serine protease 4. The obtained substrate is cleaved by neutrophil serine 
protease 4 in an efficient and selective manner [14]. More recently, a fluorogenic probe for 
a trypsin-like subunit of 20S proteasome, composed of DAPEG building blocks, was 
synthesized and found to be useful in the diagnostics of bladder cancer [15]. 

 
Figure 1. Examples of N-substituted L-2,3-diaminopropionic acid residues (DAPEGs). 

In the present study, we synthesized homopolymers containing a different number 
of L-2,3-diaminopropionic acid residues (2–8) that were decorated by functionalized oxa 
acids (see Figure 2) with a variety of side chain groups. Moreover, three compounds 
containing arginine (Arg) and its analogs (D-arg and homoarginine (Har)) in their 
structure were synthesized and treated as controls. Thus, nine different molecules were 
obtained; their N-terminal amino groups were labeled with a 5/6-carboxyfluorescein 
succinimidyl ester (5/6-FAM) fluorophore, and the molecules were selected using 5/6-
carboxytetramethylrhodamine succinimidyl ester (5/6-TAMRA) derivatives. The aim of 
this study was to synthesise the panel of DNA binding polymers that, in a complex with 
target DNA, are able to efficiently penetrate the cell membrane allowing gene deliery. To 

Figure 1. Examples of N-substituted L-2,3-diaminopropionic acid residues (DAPEGs).

In the present study, we synthesized homopolymers containing a different number of
L-2,3-diaminopropionic acid residues (2–8) that were decorated by functionalized oxa acids
(see Figure 2) with a variety of side chain groups. Moreover, three compounds containing argi-
nine (Arg) and its analogs (D-arg and homoarginine (Har)) in their structure were synthesized
and treated as controls. Thus, nine different molecules were obtained; their N-terminal amino
groups were labeled with a 5/6-carboxyfluorescein succinimidyl ester (5/6-FAM) fluorophore,
and the molecules were selected using 5/6-carboxytetramethylrhodamine succinimidyl ester
(5/6-TAMRA) derivatives. The aim of this study was to synthesise the panel of DNA bind-
ing polymers that, in a complex with target DNA, are able to efficiently penetrate the cell
membrane allowing gene deliery. To do so, cytotoxicicty studies and DNA binding efficacy,
along with cell penetration assay were performed. Based on a combination of the above,
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the selected compounds were subjected to transfection experiments using a model GFP vector,
and the most effective was selected for further structural studies.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 25 
 

 

do so, cytotoxicicty studies and DNA binding efficacy, along with cell penetration assay 
were performed. Based on a combination of the above, the selected compounds were 
subjected to transfection experiments using a model GFP vector, and the most effective 
was selected for further structural studies. 

 
Figure 2. Chemical formulae of compounds from series 1. 

2. Results and Discussion 
2.1. Synthesis 

In total, nine compounds were synthesized using a synthetic method (see Figure S1) 
[14]. All synthesized compounds were labeled with a 5/6-FAM fluorophore and two with 
an N-terminal 5/6-TAMRA group. The physicochemical characteristics of all compounds 
are listed in Tables 1 and 2. 

  

Figure 2. Chemical formulae of compounds from series 1.

2. Results and Discussion
2.1. Synthesis

In total, nine compounds were synthesized using a synthetic method (see Figure S1) [14].
All synthesized compounds were labeled with a 5/6-FAM fluorophore and two with an
N-terminal 5/6-TAMRA group. The physicochemical characteristics of all compounds are
listed in Tables 1 and 2.
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Table 1. Physicochemical characteristics of series 1 compounds along with their DNA binding constant, cell permeability,
and cytotoxicity.

No Sequence Retention Time *
[min]

Molecular Weight
Calculated/

Determined **

Cell Permeablility
(Target) ***

Binding
Constants

Double
[µM] #

Cytotoxicity ##

Single-Stranded
DNA

[µM] #

1 O2Oc(Arg)6-O2Oc-
NH2

2.11 1244.5/1245.4 ND Moderate 10%

1a
5′,6-FAM-O2Oc-

(Arg)6-O2Oc-NH2
9.12/9.26 1603.8/1604.4 ++ (cytoplasm)

7.4 ± 0.1
10%

0.02 ± 0.04 &

2 O2Oc(D-arg)6-
O2Oc-NH2

2.12 1244.5/1245.5 ND Moderate 15%

2a 5′,6-FAM -O2Oc-(D-
arg)6-O2Oc-NH2

8.46/8.71 1603.8/1604.8 ++ (cytoplasm) – 15%

3 O2Oc-(Har)6-O2Oc-
NH2

2.45 1329.6/1330.4 ND Weak 10%

3a 5′,6-FAM -O2Oc-
(Har)6-O2Oc-NH2

8.55/8.83 1687.9/1689.0 ++ (cytoplasm) – 10%

4 O2Oc-[Dap(GO1)]6-
O2Oc-NH2

3.15 1682.8/1683.6 ND
8.8 ± 2.1/ –

1.8 ± 1.1 &&

4a
5′,6-FAM -O2Oc-

[Dap(GO1)]6-O2Oc-
NH2

7.89/8.13 2042.1/2043.0 ++ (nucleus)
3.3 ± 2.6/ –
1.7 ± 2.0 &

4b
5′,6-TAMRA-O2Oc-
[Dap(GO1)]6-O2Oc-

NH2

8.17/8.59 2096.2/2097.0 ++ (nucleus) ND –

5
O2Oc-Dap(GO2)6-

O2Oc-NH2
3.40 1947.1/1947.9 ND

1.8 ± 0.9/ –
2.8 ± 1.2 &&

5a
5′,6-FAM -O2Oc-

[Dap(GO2)]6-O2Oc-
NH2

9.10/9.83 2306.4/2307.6 +++ (nucleus)
3.4 ± 3.0/ –
2.3 ± 4.6 &

5b
5′,6-TAMRA-O2Oc-
[Dap(GO2)]6-O2Oc-

NH2

9.82/10.15 2360.6/2361.4 +++ (nucleus) ND –

6
O2Oc-

[Dap(O2(GO1))]6-
O2Oc-NH2

3.55 2554.7/2555.3 ND ND –

6a
5′,6-FAM-O2Oc-

[Dap(O2(GO1))]6-
O2Oc-NH2

12.99/13.43 2913.0/2913.8 – ND –

7
O2Oc-

[Dap(O2(GO2))]6-
O2Oc-NH2

4.09 2819.1/2819.9 ND ND –

7a
5′,6-FAM-O2Oc-

[Dap(O2(GO2))]6-
O2Oc-NH2

14.35/15.03 3177.3/3178.3 – ND –

8 O2Oc-[Dap(O2)]6-
O2Oc-NH2

3.45 1694.9/1696.0 ND Weak –

8a
5′,6-FAM-O2Oc-

[Dap(O2)]6-O2Oc-
NH2

9.12/9.38 2053.2/2054.1 – ND –

9 O2Oc-[Dap(HO2)]6-
O2Oc-NH2

3.71 1700.8/1701.5 ND Weak –

9a
5′,6-FAM-O2Oc-

[Dap(HO2)]6-O2Oc-
NH2

9.45/9.78 2059.1/2060.4 – ND –
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Table 1. Cont.

No Sequence Retention Time *
[min]

Molecular Weight
Calculated/

Determined **

Cell Permeablility
(Target) ***

Binding
Constants

Double
[µM] #

Cytotoxicity ##

Single-Stranded
DNA

[µM] #

10 5′,6-FAM 11.21 376.3 – 639 ± 703/ –
399 ± 497 &

11 5′,6-TAMRA 12.17 431.5 – ND –

* Ultra performance liquid chromatography UPLC analysis (Nexera X2 LC-30AD (Shimadzu, Japan)) equipped with a Phenomenex column
(150 × 2.1 mm), with a grain size of 1.7 µm (peptide XB-C18) equipped with a UV-Vis detector and a fluorescence detector. A linear gradient
from 2 to 80% B within 15 min was applied (A: 0.1% trifluoroacetic acid; B: 80% acetonitrile in A); for fluorescent-labeled compounds, two
retention times correspond to two diasereoisomers being provided; ** HR MALDI analysis with 2,5-dihydroxybenzoic acid as a matrix;
*** confocal fluorescence microscope Olympus I51 (Olympus, Japan); # binding constant determined with single- or double-stranded DNA
using microscale thermophoresis (MST) (labeled compounds) or surface plasmon resonance (SPR) (unlabeled compounds); ## MTT assay
for MDA-MB-231 or HB-2 cell lines (numbers indicate the percentage of dead cells) performed at the greatest concentration of 50 µg/mL;
& MST binding constants; && SPR binding constants; ND: not determined; “-“ means no cytotoxic effect was observed; “moderate” or
“weak” DNA binding was aribitrary set based on the SPR experiment (Figure S3); weak: compounds below 10 RU, moderate: up to 60 RFU.

Table 2. Physicochemical characteristics of series 2 compounds, including their DNA binding constant, cell permeability,
and cytotoxicity.

No Sequence Retention Time *
[min]

Molecular Weight
Calculated/

Determined **
Cell Permeablility

(Target) ***

Binding Constant
Double

DNA
[µM] #

Cytotoxicity
##

Single-Stranded DNA
[µM] #

12 O2Oc-[Dap(GO2)]2-
O2Oc-NH2

1.94 853.9/854.6 ND weak –

12a
5′,6-FAM-O2Oc-

[Dap(GO2)]2-O2Oc-
NH2

10.11/10.43 1213.2/1213.5 – – –

13 O2Oc-[Dap(GO2)]4-
O2Oc-NH2

2.09 1400.5/1401.2 ND – –

13a
5′,6-FAM-O2Oc-

[Dap(GO2)]4-O2Oc-
NH2

9.78/10.01 1759.8/1759.8 ++ (cytoplasm)
0.3 ± 0.1/ –
0.5 ± 0.2 &

5
O2Oc-[Dap(GO2)]6-

O2Oc-NH2
3.40 1948.1/1947.1 ND

1.8 ± 0.9/ –
2.8 ± 1.2 &&

5a
5′,6-FAM-O2Oc-

[Dap(GO2)]6-O2Oc-
NH2

9.10/9.83 2306.4/2307.6 +++ (nucleus)
3.4 ± 3.0/ –
2.3 ± 4.6 &

5b
5,6-TAMRA-O2Oc-
[Dap(GO2)]6-O2Oc-

NH2

9.82/10.15 2360.6/2361.4 +++ (nucleus) ND –

14 O2Oc-[Dap(GO2)]8-
O2Oc-NH2

2.97 2493.7/2493.5 ND ND 10%

14a
5′,6-FAM-O2Oc-

[Dap(GO2)]8-O2Oc-
NH2

8.2/8.8 2852.0/2853.7 +++ (nucleus)
0.2 ± 0.1/

15%
3.3 ± 2.34 &

14b
5′,6-TAMRA-O2Oc-
[Dap(GO2)]8-O2Oc-

NH2

8.2/8.5 2907.1/2908.5 +++ (nucleus) ND 15%

* UPLC analysis (Nexera X2 LC-30AD (Schimadzu, Japan)) equipped with a Phenomenex column (150 × 2.1 mm), with a grain size of
1.7 µm (peptide XB-C18) equipped with a UV-Vis detector and a fluorescence detector. A linear gradient from 2 to 80% B within 15 min
was applied (A: 0.1% trifluoroacetic acid; B: 80% acetonitrile in A); for fluorescent-labeled compounds, two retention times correspond
to two diasereoisomers being provided; ** HR MALDI analysis with 2,5-dihydroxybenzoic acid as a matrix; *** confocal fluorescent
microscope Olympus IX51 fluorescence microscope (Olympus, Japan); # binding constant determined with single strand ss or double
strand dsDNA using MST (labeled compounds) or SPR (unlabeled compounds); ## MTT assay for MDA-MB-231 or HB-2 cell lines; & MST
binding constants; && SPR binding constants; ND: not determined; “-“ means no cytotoxic effect was observed; “weak” DNA binding was
aribitrarily set based on the SPR experiment (Figure S3).
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2.2. Cell Permeability and Localization

Preliminary cell permeability experiments facilitated the identification of three groups
of compounds. The first group was visible in the nuclei of HB2 or MDA-MB-231 cells incu-
bated with the compounds at micromolar level (10 µM) (Figure 3). The first group includes
compound 4 and its derivatives (4a and 4b) and the family of compound 5 (5a and 5b).
Compounds 4 and 5 are similar in structure and are composed of six residues of diamino-
propionic acid (Dap) decorated with side chains of different lengths, terminating with
the same highly positive guanidine moiety. However, compounds 5a and 5b showed a
significantly higher intensity of nuclear penetration/accumulation than compounds 4a and
4b. Both compounds display unique cellular localization. The second group of compounds
(1a, 2a, and 3a) are able to cross the cell membrane, and their presence is partially visible in
the cytoplasm in the form of granules (see Figure 4). The compounds in the third group
(6a, 7a, 8a and 9a) were not visible by fluorescence microscopy indicating that they did not
cross the cell membrane. We believe that such effective nuclear localisation of the first group
of tested compounds is due to the effective mimicking of the nuclear localisation sequence
(NLS). Such sequence consists of several positively charged lysines or arginines present in
the protein structure. Additionally, side chain length of the polymer molecules seems to be
a crucial factor that is optimal for compounds belonging to first group of polymers.
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compound 4b within the cells; however, methyl-β-cyclodextrin did not reduce 
itsfluorescence intensity, indicating that it did not affect the uptake process. These 
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compound 5b (data not shown), the same observation was made, indidating that both 
compounds follow the clathrin-dependent and actin-dependent endocytosis. 

Figure 4. Cell membrane permeability in HB2 and MDA-MB-231 cells incubated with 10 µM of compounds 1a, 2a, and 3a
for 24 h. Magnification 20×.

Notably, most of these compounds did not show cytotoxicity at the concentration
used in the cell experiments (10 µM). However, compounds 1a, 2a, and 3a were slightly
cytotoxic; the number of cells incubated with these compounds was slightly more reduced
than those in control (Figure S2).

Next, we aimed to explore the effect of active processes (such as endocytosis) and
passive, energy-independent mechanisms (such as pore formation) on the cellular inter-
nalization of compounds 4b and 5b. Incubation of HB2 or MDA-MB-231 cells cultured
with compounds 4b and 5b at 4 ◦C, at which all energy-dependent uptake processes are
significantly reduced, resulted in an almost complete inhibition of 4b and 5b uptake into
the cells. These findings indicate that the cellular internalization of the peptide largely
occurs through an active, energy-dependent uptake mechanism. To examine whether
this energy-dependent uptake process includes a specific endocytic route, the cells were
preincubated with a set of endocytosis inhibitors (methyl-β-cyclodextrin, cytochalasin D,
and chlorpromazine) [16–18]. As seen in Figure 5, cytochalasin D and chlorpromazine
significantly reduced the fluorescence intensity of compound 4b within the cells; however,
methyl-β-cyclodextrin did not reduce itsfluorescence intensity, indicating that it did not
affect the uptake process. These findings suggest the presence of a mixed mechanism of
uptake of compound 4b. For compound 5b (data not shown), the same observation was
made, indidating that both compounds follow the clathrin-dependent and actin-dependent
endocytosis.
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Nucleic acid binding ability of compounds 1–9 by electrophoretic mobility shift assay
(EMSA), surface plasmon resonance (SPR), and microscale thermophoresis (MST).

Owing to the nuclear localization of the compounds 4a, 4b, 5a, and 5b and their highly
positive charge, we decided to investigate the nucleic acid-binding ability of compounds
1–9. Initially, we used a short linear model 76 bp dsDNA fragment containing the sequence
of beta-actin (Homo sapiens). Polyacrylamide gel separation of the compounds incubated
with the model DNA resulted in significant retardation, indicating the interaction of the
synthesized compounds (1–9) with dsDNA (Figure 6). This is visible for compounds
4 (lines 13, 14) and 5 (lines 15, 16) and slightly visible for compounds 6 (21, 22), 7 (23, 24),
and 8 (25, 26). The minimal C/P ratio resulting in forming complex of each compound is
provided in Table S1. Preliminary surface plasmon resonance (SPR) analysis performed
using two different concentrations (50 and 100 µM) of the compounds with dsDNA as a
ligand indicated that at the lower concentration, compound 5 showed the highest DNA-
binding ability, followed by compound 4 and compounds 1–3, which are guanidine-rich
polymers (Figure S3). At the concentration of 100 µM, compound 4 showed stronger DNA
binding, and it is followed by compounds 1–3. Substitution of guanidine groups by amino
groups (compound 8) significantly reduced the strength of interaction. Moreover, the ana-
log of compound 5 with six hydroxyl moieties on its side chain (compound 9) did not show
any DNA binding (Figure S4). For compounds with high DNA-binding ability, the binding
constant was measured using the SPR technique (Table 1). Both compounds 4 and 5 dis-
played similar binding constants (see Table 1) in the micromolar range (8.8 ± 2.1 µM for
compound 4 and 1.8 ± 0.9 µM for compound 5). To confirm these findings in an alterna-
tive system, we performed similar experiments using microscale thermophoresis (MST);
the results are presented in Table 1. The binding constant values were in the micromolar
range and increased in the following order: 4a < 5a < 1a (Figure 7).

Considering two factors: cell permeability (in which the leading compound was 5a)
and DNA binding (in which compound 5a was one of the most potent nucleic acid binders),
we decided to synthesize a second set of the analogs with varying numbers of monomers
in its structure (Figure 8). Thus, compounds 11, 13, and 14 (two, four, and eight residues
of Dap(GO2), respectively) and their fluorescent derivatives (11a, 13a, 14a, and 14b) were
obtained. The cell permeability assay indicated that hexamers (5a) and octamers (14a
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and 14b) efficiently penetrate the membrane and localized in the nucleus. Moreover, the
DNA binding constants of the tested compounds according to the MST assay were in
the micromolar and submicromolar range (Figure 9). Tested compounds displayed no
or low cytotoxicity (compound 14; Figure S5). The cytostatic effect was evaluated using
5-ethynyl-2′-deoxyuridine incorporation assay.
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Figure 6. DNA-binding activity of compounds 1–9 was evaluated using a polyacrylamide electrophoretic gel mobility shift
assay. (lanes 1, 15) DNA marker; (lanes 3, 17) dsDNA 76 bp; (lanes 5, 6) compound 1 in two different N/P ratios—0.2:1
and 1.5:1 (charge peptidomimetic/charge dsDNA), respectively; (lanes 7, 8) compound 2 in various N/P ratios—0.2:1 and
1.5:1, respectively; (lanes 9, 10) compound 3 in various N/P ratios—0.2:1 and 1.5:1, respectively; (lanes 11, 12) compound
4 in various N/P ratios—0.2:1 and 1.5, respectively; (lanes 13, 14) compound 5 in various N/P ratios—0.2:1 and 1.5:1,
respectively; (lanes 19, 20) compound 6 in various N/P ratios—0.2:1 and 1.5:1, respectively; (lanes 21, 22) compound 7
in various N/P ratios—0.2:1 and 1.5, respectively (charge peptidomimetic/charge dsDNA); (lanes 23, 24) compound 8
in various N/P ratios—0.2:1 and 1.5:1, respectively; (lanes 25, 26) compound 9 in various N/P ratios—0.2:1 and 1.5:1,
respectively; (lanes 2, 4, 16, 18) intentionally empty lanes. N/P is defined as ratio of positively chargeable polymer amine
(N = nitrogen) groups to negatively charged nucleic acid phosphate (P) groups.
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Figure 7. Microscale thermophoresis (MST) analysis of dsDNA binding by 5/6-FAM-labeled compounds. The MST
analysis. FAM-labeled compounds 1a (A), 4a (B), 5a (C), and ssDNA binding by 5/6-FAM-labeled compounds 1a (E), 4a (F),
5a (G) was performed using the Monolith NT.115 instrument (NanoTemper). Binding was measured between increasing
concentrations (6.1 nM–200 µM) of dsDNA (76 bp fragment) and 0.437 µM of the indicated compounds labeled with
5/6-FAM. Control experiments were performed with DNA and 5/6-FAM dye (D,H).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 11 of 25 
 

 

Figure 7. Microscale thermophoresis (MST) analysis of dsDNA binding by 5/6-FAM-labeled compounds. The MST 
analysis. FAM-labeled compounds 1a (A), 4a (B), 5a (C), and ssDNA binding by 5/6-FAM-labeled compounds 1a (E), 4a 
(F), 5a (G) was performed using the Monolith NT.115 instrument (NanoTemper). Binding was measured between 
increasing concentrations (6.1 nM–200 µM) of dsDNA (76 bp fragment) and 0.437 µM of the indicated compounds labeled 
with 5/6-FAM. Control experiments were performed with DNA and 5/6-FAM dye (D,H). 

Considering two factors: cell permeability (in which the leading compound was 5a) 
and DNA binding (in which compound 5a was one of the most potent nucleic acid 
binders), we decided to synthesize a second set of the analogs with varying numbers of 
monomers in its structure (Figure 8). Thus, compounds 11, 13, and 14 (two, four, and eight 
residues of Dap(GO2), respectively) and their fluorescent derivatives (11a, 13a, 14a, and 
14b) were obtained. The cell permeability assay indicated that hexamers (5a) and octamers 
(14a and 14b) efficiently penetrate the membrane and localized in the nucleus. Moreover, 
the DNA binding constants of the tested compounds according to the MST assay were in 
the micromolar and submicromolar range (Figure 9). Tested compounds displayed no or 
low cytotoxicity (compound 14; Figure S5). The cytostatic effect was evaluated using 5-
ethynyl-2′-deoxyuridine incorporation assay. 

 
Figure 8. Chemical formulae of second generation compounds with varying lengths of the main 
chain. 
Figure 8. Chemical formulae of second generation compounds with varying lengths of the
main chain.

10



Int. J. Mol. Sci. 2021, 22, 2571
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 12 of 25 
 

 

 
Figure 9. Microscale thermophoresis (MST) analysis of dsDNA binding by 5/6-FAM-labeled compounds. The MST 
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2.3. Transfection 
Next, we used the novel compounds from the second generation series (5, 13, 14) as 

transfection agents (Figure 10A). The model plasmid encoding green fluorescent protein 
(PmaxGFP), size 3486 bzp) was used for transfection. Most cells in the system with these 
compounds and with the control (a commercially available transfection reagent the 
commercially available transfection reagent ViaFect) showed green fluorescence that 

Figure 9. Microscale thermophoresis (MST) analysis of dsDNA binding by 5/6-FAM-labeled compounds. The MST
analysis of dsDNA binding by 5/6-FAM-labeled compounds 13a (A) and 14a (B), and ssDNA binding by 5/6-FAM-labeled
compounds 13a (D) and 14a (E) was performed using the Monolith NT.115 instrument (NanoTemper). Binding was
measured between increasing concentration (6.1 nM–200 µM) of dsDNA (76 bp fragment) and 0.437 µM of the indicated
compounds labeled with 5/6-FAM. A control experiment was performed with DNA and 5/6-FAM dye (C,F).

2.3. Transfection

Next, we used the novel compounds from the second generation series (5, 13, 14) as
transfection agents (Figure 10A). The model plasmid encoding green fluorescent protein
(PmaxGFP), size 3486 bzp) was used for transfection. Most cells in the system with these
compounds and with the control (a commercially available transfection reagent the com-
mercially available transfection reagent ViaFect) showed green fluorescence that indicates
sucesfull transfection. The highest fluorescence intensity was observed for compound
5, followed by that for compounds 14 and 13. The post-transfection survival rate was
comparable for compounds 13 and 5, whereas compound 14 showed 30% cytotoxicity.
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The control reagent showed the highest cytotoxicity; 50% of cells transfected with the
control did not survive, but the fluorescent intensity of the system was comparable with
that observed with compound 5 at its optimal concentration (Figure 10B).
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blocks, and plasmid pmaxGFP is observed to form several conformations (Figure 11A). 
Figure 11C,D show compound 13a complexed with DNA in an N/P ratio of 0.2:1 (charge 
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Figure 10. (A) Fluorescence imaging of HB-2 and MDA-MB-231 cells transfected with pmaxGFP plasmid mixed
with compounds 5, 13, 14, or the commercially available transfection reagent (control). (B) Cytotoxicity of plasmid
pmaxGFP:compound complex in HB2 and MDA-MB-231 cells at the concentration of the complex equal to 4.62 × 10−10 M.

In the above experiment, we expected a strong correlation between the strength of
interaction with DNA and efficient membrane translocation of the compounds tested.
However, the relatively low transfection efficacy of compound 13 did not correlate with its
high DNA binding constant and rapid cellular internalization. This discrepancy may be
explained by the structure and size of the DNA-compound complex. Positively charged
compounds interact with DNA by forming electrostatic interactions with the phosphate
groups of the DNA backbone. We analyzed the shape and organization of such com-
plexes in the form used for transfection using atomic force microscopy (AFM). As seen
in Figure 11B,E,I, the compound itself is observed as a small dot despite its number
of building blocks, and plasmid pmaxGFP is observed to form several conformations
(Figure 11A). Figure 11C,D show compound 13a complexed with DNA in an N/P ratio of
0.2:1 (charge peptidomimetic/charge pmaxGFP); the structure formed seems to be typical
for small cationic molecules such as polyamines and metal ions (e.g., Ca2+ and Mg2+) or
poliArg [19,20]. Compound 13a binds to the DNA sequence causing plasmid condensation,
leading to a size reduction.
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0.2:1, 1 µm; (K) compound 14a with plasmid pmaxGFP–N/P 0.2:1, 2.5 µm; (L) compound 14a with plasmid pmaxGFP–N/P 
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Compound 5a complexed with DNA, creating flower-like structures [21], with an
average size reaching 900 nm (Figure 11F–H). A limited number of single-plasmid com-
pound 5a structures are also observed in the investigated system. The analysis of the

13



Int. J. Mol. Sci. 2021, 22, 2571

system in which compound 14a was complexed with the plasmid showed a shift towards
larger multiplasmid particles (referred to as connected coils) [22], with sizes up to 2350 nm
(Figure 11J–L). However, single-plasmid complexes are also present in the system.

Compound 14a forms large compact structures or aggregates with a defined high-
density core, where several compound 14a molecules are bound to several plasmid
molecules; the structure resembles bacterial chromosome organization, with its average
size reaching 2.35 µm. These structures are observed with a charge ratio of 0.2:1, in which
the charge of DNA dominates over the charge of compound 14a. Such a structure seems to
act as a DNA scavenger able to bind all DNA molecules present in the system tested.

In general, the observed flower-like structures are highly looped with multiple
crossover points. The complexity and compactness of the structure tends to increase
with increasing number of monomers in the analyzed compounds (e.g., see compounds 13
versus 14).

The above findings were confirmed by agarose gel electrophoretic separation of
the formed complexes. As seen in Figure 12, the titration of the plasmid using increas-
ing concentrations of compound 13 (lines 3–6) results in relatively minor changes in the
electrophoretic mobility of the complexes formed. However, the findings for plasmid
complexes with compound 5 were significantly different; the charge ratio of 1.5:1 and
greater resulted in the formation of large complexes that were unable to penetrate the
agarose gel. When the charge ratio reached the highest value (3:1), the complex was unable
to penetrate the gel and remained in the well. This may be explained by either overall
charge reduction and/or mass increase in the formed complex. This finding is consistent
with the AFM images indicating that compound 13 causes intramolecular condensation of
the plasmid, whereas compounds 14 and 5 are able to link together several molecules of
the plasmid. Such large complexes were formed at a lower concentration of compound 14
(above charge ratio 1), which confirms the presence of the large structures observed in
the AFM images. This is the possible reason for the low transfection efficacy mediated by
compound 14.
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Figure 12. DNA-binding activity of compounds 13, 5, and 14 was evaluated using an electrophoretic gel mobility shift assay.
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empty lanes.

To further understand the role of the peptidomimetics in DNA condensation, theo-
retical models representing interactions of compounds 13 and 14 with DNA were created.
Due to the complexity of such calculations, we decided to analyze only for two distinct
systems and exclude compound 5 that behaved in a mixed mode. The peptidomimetics
selected for molecular dynamics (MD) simulations were composed of the same amino
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acid-like units but differed from each other in sequence length, which is expected to affect
the way the dsDNA is condensed.

The results showed that both peptidomimetics induced DNA condensation, and the
process began in the early steps of molecular dynamics MD simulations. The peptidomimetics–
DNA complexes were stabilized by a hydrogen bond network, including water-bridged
hydrogen bonds and salt bridges. In contrast, the control simulation with no peptidomimetics
showed no DNA aggregation (Figure 13).
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Molecular dynamic simulation of polymer–DNA interaction.
Both polymer-containing systems had a 0.2:1 compound: DNA charge ratio, indi-

cating that in the MD simulation, twice as many compound molecules are needed to
achieve the same condition for compound 13 as for compound 14. This leads to a greater
dispersion of the positive charges in the simulation system and affects the subsequent
steps of DNA condensation. With compound 13, the DNA condensation occurs in a clear
stepwise manner. In the beginning, the formation of the dsDNA-compound complexes is
frequently observed. This complexation shields the charges on the DNA phosphate groups
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and diminishes the inter-strand phosphate–phosphate repulsion, which facilitates binding
of other dsDNA units. In detail, the first 20 ns of the simulation lead to a peptide-mediated
condensation of two DNA double helices, whereas two others remain unaggregated until
~80 ns of the MD simulation. For the next 250 ns, two compound-bridged dsDNA assem-
blies are already observed. Finally, after about 330 ns of the MD simulation, all dsDNA
molecules condense together to form a stable four-DNA bundle. In contrast, the longer side
chain of compound 14 favors faster DNA condensation. The extended arms of compound
14 can quickly capture neighboring DNA helices during the initial steps of the MD simu-
lation, simultaneously initiating dsDNA compound binding and dsDNA condensation.
As seen in Figure 13C, three molecules of compound 14 mediate the aggregation of three
dsDNA helices within the first 20 ns of the MD simulation, whereas the fourth one with one
the associated peptide molecule stays away in an unaggregated form. This configuration
remains unchanged for the rest of the trajectory. The fourth DNA double helix forms occa-
sional contacts with the three-DNA bundle, but does not bind to it permanently, which is
well reflected in the number of clusters forming within the whole trajectory (Figure 14).
Remarkably, the length of compound 14 enables interactions of a single peptide molecule
with as many as three DNA helices, which is not observed for its shorter counterpart
(Figure 13D).
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Figure 14. Progression of DNA condensation shown as aggregate numbers versus molecular dynamic
(MD) progress. The peptidomimetic and dsDNA molecules at a distance ≤3.5 Å were considered to
be in a cluster. The number of clusters at the beginning of a simulation depends on the initial number
of DNA and peptide molecules in the system.

The findings of the above experiments suggest that despite the superior properties
of compound 14, it forms complexes with a size exceeding that required for effective cell
penetration. The compound 13 complexes are relatively small, and cell penetration of the
compound alone is low. Thus, the highest transfection efficacy observed for compound
5 is expected because the size of the DNA; compound 5 complex seems to be optimal for
cell membrane crossing. To the best of our knowledge, the large complexes recorded for
compound 14 have been reported until now only for large nuclear proteins with dedicated
functions, such as viral proteins [22] and bacterial proteins [23]. Such large and dense DNA
aggregates may resemble or even mimic a simplified neutrophil extracellular traps (NETs)
network [24] or organization of bacterial DNA [25].

Synthesized compounds prove to be good DNA binders comparable to hexaArg with
binding constants in the micromolar range. An exceptional feature of such compounds is
their ability to rapidly translocation into the nucleus of the cells tested, which is not reported
for reference compounds. Additionally, polymer length-dependent DNA structures are
unique for such types of molecules. Finally, the polymer transfection efficacy is strongly
influenced by length of the molecule used, and it is optimal for hexamer molecules.

The obtained new molecules being polymers of N-substituted L-2,3-diaminopropionic
acid belong to the class of cell-penetrating inert polymers. Due to DNA binding properties,
few of them facilitate gene delivery to the cells studied. In our opinion, the utilization of
the above compounds is not limited to non-cytotoxic transfection, but they could also be
employed as DNA binding agents. In a broader perspective, they could be DNA sensors
or scavengers.

3. Materials and Methods
3.1. Chemistry
Compound Synthesis

All compounds were synthesized on the amide TentaGel S RAM resin (Rapp Poly-
mer, Tubingen, Germany) by Fmoc solid-phase methods. Compounds 1, 2, and 3 were
synthesized using an automated microwave peptide synthesizer (Liberty Blue, CEM,
Matthews, NC, USA); the following reagents were used: Fmoc-O2Oc-OH (where O2Oc
is 8-amino-3,6-dioxaoctanoic acid) and Fmoc-L-Arg(Pbf)-OH, or Fmoc-D-arg(Pbf)-OH,
or Fmoc-Har(Pbf)-OH. Compounds 1a, 2a, and 3a were synthesized by coupling 5/6-FAM
to peptidomimetics 1, 2, and 3, respectively, as described below. To obtain compounds
4, 5, 6, 7, 8, 9, 12, 13, and 14, initially, Fmoc-O2Oc-OH and Fmoc-L-Dap(Mtt)-OH (where
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L-Dap-OH is L-2,3-diaminopropionic acid) were used for the main chain synthesis (Fmoc-
O2Oc-[Dap(Mtt)]n-O2Oc-R) on an automated microwave peptide synthesizer (Liberty
Blue). The scale of each synthesis was 0.1 mmol; amino acid derivatives were dissolved
in 0.2 M N,N-dimethylformamide (DMF). Piperidine (20%) in DMF was used for de-
protection; 0.5 M N,N′-diisopropylcarbodiimide in DMF was used as activator; 1.0 M
OXYMA in DMF was used as activator base; and DMF was used as main wash. A pro-
tocol without final Fmoc deprotection was used. After automatic microwave synthesis,
4-methyltrityl (Mtt) protection groups were removed using the procedure described pre-
viously [26] (1% trifluoroacetic acid (TFA) in dichloromethane (DCM) with addition of
2% 1,2-ethanedithiol [EDT]). The mixture was added to compounds 4, 5, 6, 7, 8, 9, 12,
13, and 14 and stirred for 15 min. The resin was washed with DCM between each wash.
This procedure was repeated until no increase in absorbance at 410 nm was noted. Then,
1% N,N-diisopropylethylamine (DIPEA) in DMF solution was added to each portion of the
peptidyl resin three times for 10 min. Next, GO2 (compounds 5, 12, 13, 14), GO1 (compound
4), O2 (compound 8), HO2 (compound 9), and Mtt-O2Oc-NH2 (compounds 6 and 7) were
coupled to each -NH2 moiety of Fmoc-O2Oc-(Dap)n-O2Oc-R using equimolar amounts
of Amino acid/TBTU/OXYMA/DIPEA in DMF/DCM/2-N-methyl-2-pyrrolidone (NMP;
1:1:1, v/v/v) solution. Completeness of the coupling was controlled using Kaiser and
chloranil tests. After adding the Mtt-O2Oc moiety to compounds 6 and 7, Mtt protection
groups were removed, and GO1 and GO2 were coupled to resulting free amino groups of
compound 6 and 7, respectively. After confirming the coupling, Fmoc deprotection from
N-terminal peptidomimetics were performed by using 2 g piperidine in 96 mL NMP with
the addition of 2 g 1,8-Diazabicyclo [5.4.0] undec-7-ene for 15 min; during deprotection,
the peptidyl resin was washed with DMF, and the whole procedure was repeated six times.
Next, fluorophores such as 5/6-FAM or 5/6-TAMRA were attached to the N-terminal
amino group; a mixture of DIPEA in molar excess of the fluorophore (1:3) in DMF was used.
After completing the synthesis, the peptidomimetics were cleaved from the resin, using a
TFA/phenol/H2O/thioanisole/EDT mixture (82.5:5:5:5:2.5, v/m/v/v/v). The purity of
the synthesized compounds and the accuracy of synthesis were confirmed using ultra-
performance liquid chromatography using the Nexera X2 LC-30AD system (Schimadzu,
Tokyo Japan) equipped with a Phenomenex column (150 × 2.1 mm), with a grain size of
1.7 µm (peptide XB-C18) equipped with a UV-Vis detector and a fluorescence detector.
A linear gradient from 2% to 80% B within 15 min was applied (A: 0.1% TFA; B: 80%
acetonitrile in A). The peptidomimetics were monitored at 216 nm. The molecular weights
of the synthesized compounds were confirmed by analysis of the mass spectra which
were recorded on a Biflex III MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen,
Germany) using 2,5-dihydroxybenzoic acid as a matrix.

3.2. Biology
3.2.1. Cell Culture

Healthy cell line HB2 (human breast epithelial cells) was obtained from Merck (Ham-
burg, Germany), and cancer cell line MDA-MB-231 (human breast cancer epithelial cells)
was obtained from ATCC (Lomianki, Poland). The MDA-MB-231 and HB2 cells were
cultured at 37 ◦C in 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM; high glucose)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin solu-
tion containing 100 units of penicillin and 100 µg/mL of streptomycin. The HB2 cell line
requires the addition of 5 µg/mL insulin and 5 µg/mL alcoholic hydrocortisone solution.

3.2.2. Fluorescence Microscopy

HB2 and MDA-MB-231 cells were seeded on 24-well plates at a density 1.5 × 104/well
and 4 × 104/well, respectively, and incubated in 0.5 mL complete medium for 48 h. Sub-
sequently, cells were washed with phosphate-buffered saline (PBS), and fresh medium
with a fluorescently labeled peptide was added to each well at a concentration of 10 µM.
For nucleus staining a DAPI solution (ThermoFisher Scientific, Waltham, MA, USA, coun-
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try R37606) in PBS was employed in conditions recommended by the supplier. After the
incubation (2 h or 24 h), cells were washed thoroughly with PBS, and then a phenol red-free
culture medium (FluoroBrite, DMEM) was added. Subsequently, the cells were examined
using an Olympus IX51 fluorescence microscope (Olympus, Tokyo, Japan) using appropri-
ate filters: blue for DAPI, green for FITC, and red TAMRA. Next, the images were merged
and colocalization of the dyes’ emission were analyzed.

3.2.3. Cytotoxicity Assay: MTT

Cell viability against cell-penetrating compounds was detected by the MTT assay.
The HB2 and MDA-MB-231 cells were seeded into 96-well plates at a density of 5 × 103/well
and 7 × 103/well, respectively, and incubated in complete medium (100 µL/well) for
48 h. Then, the medium was replaced with fresh medium (100 µL/well), and solutions of
test compounds at various concentrations (1, 10, and 50 µM) were added; the cells were
incubated for 24 h. Cells incubated in media without any test compounds were used as
control. After incubation, medium containing test compounds was removed, and 225 µL
fresh medium with 25 µL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was added (0.5 mg/mL per well). After incubation at 37 ◦C for 4 h, supernatants
were removed, and the formazan crystals were dissolved overnight with dimethyl sulfoxide
(DMSO; 150 µL/well). Results were analyzed using a microplate reader (SPECTROstar
Nano, BMG LABTECH, Ortenberg, Germany) at 570 nm and 690 nm.

3.2.4. Cytotoxicity Assay–CCK-8

Cell viability against cell-penetrating peptidomimetics was detected using the cell
counting kit-8 (CCK-8) assay (Sigma Aldrich, Poznan, Poland). The HB2 and MDA-MB-
231 cells were seeded into 96-well plates at a density of 5 × 103/well and 7 × 103/well,
respectively, and incubated in complete medium (100 µL/well) for 48 h. Then, the medium
was replaced with fresh medium (100 µL/well), and solutions of compounds at various
concentrations (1, 5, 10, 20, 50, and 100 µM) were added; the cells were incubated for 2 h or
24 h. Cells incubated in media without any additives were used as control. After incubation,
10 µL/well of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium, monosodium salt (WST-8) reagent was added according to the manufacturers’
instructions, and the mixture was incubated at 37 ◦C for 4 h. Cell viability was analyzed
on the basis of formazan absorbance using a microplate reader (SPECTROstar Nano,
BMG LABTECH, Ortenberg, Germany) at 450 nm.

3.2.5. Cytotoxicity of Peptidomimetic–Plasmid pmaxGFP Complexes

In this experiment, second-generation compounds (compounds 5, 13, and 14) were
used as transfection reagents. See transfection procedure in methodology below. After gene
expression, the medium was removed and cells were lysed with 0.5 M NaOH (100 µL/well),
and the fluorescence intensity was analyzed using a microplate reader at excitation and
emission wavelengths of 488 and 510 nm, respectively.

3.2.6. Endocytosis Inhibitors

HB2 and MDA-MB-231 cells were seeded into 24-well plates at a density of 1.5 × 104/well
and 4 × 104/well and incubated overnight at 37 ◦C. The medium was then replaced with FBS-
free medium and cultured for 24 h more. Afterwards, the cells were treated with endocytosis
inhibitors cytochalasin D (final concentration: 1, 2, 5, 10, 20, and 30 µM), chlorpromazine
(final concentration: 1, 2, 5, 10, 20, and 30 µM), and methyl-β-cyclodextrin (final concentration:
1, 2.5, 5, and 7.5 mM) for 30 min before adding 10 µM a compound 4b or 5b. The cells
were incubated with the compounds for 2 h and later washed three times with PBS; the cells
were observed under an Olympus IX51 fluorescence microscope (Olympus, Tokyo, Japan).
After observation, cells were lysed with 0.5 M NaOH (500 µL/well), and the fluorescence
intensity was analyzed using a microplate reader at excitation and emission wavelengths of
558 and 575 nm, respectively.
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3.2.7. Transfection

In this experiment, second-generation (GO2)n compounds (compounds 5, 13, and 14)
were used as transfection reagents. HB2 and MDA-MB-231 were seeded in 96-well plates at
a density of 5 × 103/well and 7 × 103/well in complete medium and grown until 60–70%
confluency. Afterwards, a transfection complex solution was prepared: 200 ng of pmaxGFP
plasmid from Lonza (Basel, Switzerland) was mixed with (GO2)n peptidomimetics in
various N/P ratios (1.5:1 and 3:1; charge peptidomimetic/charge plasmid) (where N/P
is defined as the ratio of positively chargeable polymer amine (N = nitrogen) groups to
negatively charged nucleic acid phosphate (P) groups) and CaCl2 (4 mM per well)) and
incubated for 30 min at room temperature until complex formation. The DNA concentration
was determined using UV readout at 260/280 nm. The concentration of polymers using UV
signal was at 216 nm. As control, ViaFect (Promega, Walldorf, Germany), a commercially
available transfection reagent, was used according to the manufacturers’ instructions. Then,
the medium in the plate was replaced with serum- and antibiotic-free medium (90 µL/well),
and the transfection complex solution was added to each well (10 µL/well). After 5 h
incubation, the medium was replaced with 100 µL/well of fresh medium supplemented
with 10% FBS, and the plate was incubated for another 48 h to allow for gene expression.
Results were observed by fluorescence microscopy.

3.2.8. Electrophoretic Mobility Shift Assay

• DNA polyacrylamide gel electrophoresis. The DNA-binding activity of compounds
1a–9a was examined using electrophoretic mobility shift assay. The dsDNA; (76 bp)
model fragment) was mixed with the peptidomimetics in various N/P ratios (0.2:1
and 1.5:1; charge peptidomimetic/charge dsDNA); after incubating for 30 min, 4 µL
of loading buffer was added to the samples. The DNA–peptidomimetic complexes
were resolved by 8% polyacrylamide gel electrophoresis, and the migrated DNA was
visualized under UV light using the fluorescent dye Midori Green.

• Agarose gel electrophoresis. To test the interactions of compounds 5, 13, and 14 with
DNA, electrophoretic mobility shift assay was performed. The pmaxGFP plasmid
was mixed with the peptidomimetics in various N/P ratios (0.2:1, 1:1, 1.5:1, and 3:1;
charge peptidomimetic/charge plasmid); after incubating for 30 min, 4 µL of loading
buffer was added to the samples. The plasmid–peptidomimetic complexes were
resolved by 0.7% agarose gel electrophoresis, and the migrated DNA was visualized
under UV light using the fluorescent dye Midori Green.

3.2.9. Molecular Dynamics
All-Atom Self-Assembly Simulations

The interaction of selected compounds (compounds 13 and 14) with DNA was studied
by performing all-atom MD simulations using the GPU/CUDA-accelerated implementa-
tion of PMEMD in AMBER 16 [27]. Non-standard residues were modelled with the XLEAP
module. The point charges were optimized by fitting them to the ab initio molecular elec-
trostatic potential (6–31G* basis set, GAMESS 2013-ab initio molecular electronic structure
program) [28] for two different conformations, followed by consecutive averaging of the
charges over all conformations, as recommended by the RESP protocol [29]. The initial
system for simulations consisted of four double helical DNA molecules with a sequence
5′-ATTGGCAATGAGCGGTTCCG-3′, modeled in an ideal B-form, without and with added
selected compounds. In systems with the peptides, a peptidomimetic: DNA charge ratio of
1:5 was maintained to replicate the experimental conditions. Therefore, four molecules of
compound 14 and eight molecules of compound 13 were added to the simulation boxes con-
taining four double helical DNA 20-mers in a random position. Each system was solvated
and neutralized by adding sodium and chloride ions. The concentration of free salt ions
was approximately 100 mM. The 315–475 ns simulations at 300 K with isotropic pressure
coupling and 2 fs time step were conducted under periodic boundary conditions with
long-range electrostatic interactions evaluated by the particle Mesh Ewald (PME) summa-
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tion, and a cut-off of 10 Å was used for van der Waals interactions. The SHAKE algorithm
was used to constrain bonds involving hydrogen. The temperature was maintained using
the Langevin coupling scheme with a friction coefficient of 1 ps−1, whereas a Berendsen
barostat maintained the reference pressure set to 1.0 bar. The analyses were performed with
the CPPTRAJ module of AmberTool v16 (San Francisco, CA, USA). The aggregation pro-
cess was investigated with the GROMACS 2019.4 suite (Groningen, The Netherlands) [30].
The visualizations were created using UCSF Chimera v1.15 (San Francisco, CA, USA) [31].

3.2.10. Surface Plasmon Resonance Analysis

Standard surface plasmon resonance (SPR) analyses using a Biacore T200 (GE Health-
care, Warsaw, Poland) were performed essentially as described in the manufacturers’
manual. DNA binding by all tested compounds was studied using a 5′-biotinylated 76 nt
ssDNA or 76 bp dsDNA fragment containing the sequence of β-actin (Homo sapiens), immo-
bilized on a streptavidin matrix-coated sensor chip SA (GE Healthcare, Warsaw, Poland).
All oligonucleotides were commercially synthesized (oligo.pl, Poland; Figures S3 and S4).
The dsDNA was immobilized on the sensor surface to yield a final value of ~50 RU for
dsDNA or ~100 RU. Experiments were performed at 25 ◦C, and the running buffer was
HBS-EP (150 mM NaCl, 10 mM HEPES (pH = 7.4), 3 mM EDTA, and 0.05% Surfactant
P20). In binding experiments, the buffer flow rate was set to 15 µL/min, and in kinetic
experiments, the buffer flow rate was 30 µL/min. The data were analyzed using Biacore
T200 evaluation software (GE Healthcare, Warsaw, Poland). The results are presented as
sensorgrams obtained after subtracting the background response signal from a reference
flow cell and from a control experiment with buffer injection.

3.2.11. Microscale Thermophoresis

Microscale thermophoresis was performed using the Monolith NT.115 instrument
(NanoTemper Technologies GmbH, Munich, Germany). Binding between dsDNA (76 bp)
or ssDNA (76 nt) fragments and test compounds labeled with 5/6-FAM was measured.
A control experiment was performed with DNA and 5/6-FAM dye. A 16-step dilution series
of DNA (400 µM) was prepared in EDBS buffer (25 mM Tris-HCl (pH = 8), 4% (w/v) sucrose,
4 mM DTT, and 80 µg/mL BSA). Next, 10 µL of 5/6-FAM-labeled compounds diluted in
EDBS buffer were added to 10 µL of DNA solution (1:1 dilution series) to reach a final
concentration of 0.437 µM. The samples were incubated at 32 ◦C for 1 h and centrifugated
before being transferred to Standard Monolith NT™ Capillaries. The capillaries were
scanned at 25 ◦C using the MST instrument (20% LED, medium MST power). For each
compound, at least two independent experiments were performed. All data were analyzed
using MO Affinity Analysis software (NanoTemper, Munich, Germany).

3.2.12. Atomic Force Microscopy

The complexes obtained in the reaction between 8 µM peptidomimetics 5a, 13a,
and 14a and 2 nM pmaxGFP plasmid DNA (Lonza, Switzerland) were examined using
AFM in 8 mM MgCl2 at room temperature in the PeakForce Tapping mode, using Bio-
Scope Resolve AFM (Bruker, Bremen, Germany). The ScanAsyst-Fluid+ probe (Bruker)
was used for DNA-peptidomimetic complex imaging (resonant frequency f0 = 150 kHz;
spring constant k = 0.7 N/m). Images were taken at 512 × 512 pixels with a PeakForce
Tapping frequency of 1 kHz and an amplitude of 150 nm. Height sensor signal was used to
display the protein image using NanoScope Analysis v1.9 (Bruker, Bremen, Germany).

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/5/2571/s1.
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Abstract: Hydrocarbon stapling is a useful tool for stabilizing the secondary structure of peptides.
Among several methods, hydrocarbon stapling at i,i + 1 positions was not extensively studied, and
their secondary structures are not clarified. In this study, we investigate i,i + 1 hydrocarbon stapling
between cis-4-allyloxy-L-proline and various olefin-tethered amino acids. Depending on the ring
size of the stapled side chains and structure of the olefin-tethered amino acids, E- or Z-selectivities
were observed during the ring-closing metathesis reaction (E/Z was up to 8.5:1 for 17–14-membered
rings and up to 1:20 for 13-membered rings). We performed X-ray crystallographic analysis of
hydrocarbon stapled peptide at i,i + 1 positions. The X-ray crystallographic structure suggested that
the i,i + 1 staple stabilizes the peptide secondary structure to the right-handed α-helix. These findings
are especially important for short oligopeptides because the employed stapling method uses two
minimal amino acid residues adjacent to each other.

Keywords: peptide; α-helix; hydrocarbon stapling; ring-closing metathesis; i,i + 1 staple; X-ray structure

1. Introduction

Introducing hydrocarbon stapling on the side chains of peptides is a promising tech-
nique for stabilizing the secondary structure of peptides and enhancing their functionali-
ties [1–5]. Hydrocarbon stapling can be easily obtained by ring-closing metathesis reactions
between olefin-bearing amino acid residues using Ru catalysts [6,7]. After the report on α-
helicity-inducing all-hydrocarbon stapled peptides at i,i + 4 and i,i + 7 positions by Verdine
et al. [8], several studies focused on the approach (as illustrated in Figure 1a) [9–11]. Cur-
rently, all-hydrocarbon stapled peptides are very important in drug development targeting
protein–protein interactions because the pharmacophores interact via α-helical motifs [12].
Hydrocarbon stapling at i,i + 3 positions are reported in the literature [13–15]. For exam-
ple, O’Leary et al. reported E-selective ring-closing metathesis between O-allyl-tethered
L-serines at i,i + 3 positions to produce 310-helical peptides [13]. Other hydrocarbon staples,
such as i,i + 1 and i,i + 2, were not well researched, and their 3D structures are unknown
(as illustrated in Figure 1b) [16–19]. In general, hydrocarbon stapling sacrifices two amino
acid residues for the crosslinking motif, and those residues should not include essential
residues for their biological activities. Based on this, the development of a large variety
of hydrocarbon stapling at different positions can be achieved. Herein, we report hydro-
carbon stapling of peptides at i,i + 1 positions by ring-closing metathesis reactions and
the X-ray crystallographic structure of the right-handed α-helical octapeptide stabilized by
i,i + 1 stapling.
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Figure 1. Peptides with hydrocarbon stapling at different positions. (a) Commonly used hydro-
carbon stapling (at i,i + 4, i,i + 3, and i,i + 7), and (b) rarely investigated hydrocarbon stapling (at
i,i + 2 and i,i + 1).

2. Results and Discussion

Our previous report suggests the usefulness of cis-4-hydroxy-L-proline as an olefin-
bearing amino acid for peptide stapling [19]. Thus, in this study, we started by optimizing
the reaction conditions for i,i + 1 peptide stapling using cis-4-hydroxy-L-proline. We
screened the ring-closing metathesis reaction at i,i + 1 positions using dipeptide 1 as
the cyclization precursor (as illustrated in Table 1). The reaction catalyzed by 20 mol% of
second-generation Grubbs catalyst in CH2Cl2 (20 mM) produced the desired 1′ in 55% yield
as a mixture of E/Z-isomers (E/Z = 1.0:5.6; Entry 1). A comparable result was obtained
using the first-generation Grubbs catalyst (Entry 2). Replacing the reaction solvents, such
as toluene, 1,2-dichloroethane (DCE) and tetrahydrofuran (THF), decreased the yields
and Z-selectivities (Entries 3–5). The reaction under diluted condition (5 mM in CH2Cl2)
afforded the best yield at 76% (Entry 6). The reactions in refluxing CH2Cl2 resulted in
insufficient yields due to the degradation of the desired product (Entries 8 and 9).

Table 1. Screening of reaction conditions for ring-closing metathesis of dipeptide 1.
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Entry 1 Catalyst (mol %) Solvent
(mM)

Temp.
(◦C)

Time
(h)

Yield
(%) E/Z Ratio 2

1 Grubbs 2nd (20) CH2Cl2 (20) rt 2 55 1.0:5.6
2 Grubbs 1st (20) CH2Cl2 (20) rt 2 53 1.0:4.8
3 Grubbs 2nd (20) toluene (20) rt 2 37 1.0:3.0
4 Grubbs 2nd (20) DCE (20) rt 2 39 1.0:4.8
5 Grubbs 2nd (20) THF (20) rt 2 27 1.0:4.4
6 Grubbs 2nd (20) CH2Cl2 (5) rt 2 76 1.0:5.0
7 Grubbs 1st (20) CH2Cl2 (5) rt 2 69 1.0:4.7
8 Grubbs 2nd (20) CH2Cl2 (5) reflux 2 28 1.0:4.9
9 Grubbs 2nd (20) CH2Cl2 (5) reflux 0.5 28 1.0:5.3

1 Condition: 0.05 mmol of 1. 2 Determined by 1H NMR.

Further, we investigated the substrate scope for the ring-closing metathesis of peptides
at i,i + 1 positions using the optimized reaction conditions (as illustrated in Scheme 1). As
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the ring size of the stapled peptides increased from 13- to 15-membered rings, the yields
and E-selectivities increased (Entries 1–3). L-Tyrosine and D-serine-derived unstapled
peptides 4 and 5 produced the desired stapled peptides 4′ and 5′ in 23% and 21% yields,
respectively, with large amounts of unreacted starting material (Entries 4 and 5). Surpris-
ingly, high Z-selectivities were observed for the reaction of dipeptides 6 and 7, which were
composed of either O-allyl-tethered L-threonine or (S)-α-(4-pentenyl)alanine (Entries 6 and
7; E/Z = 1: >20 for 6′ and 1:14 for 7′). These results suggest that α-methyl or β-methyl
groups of i + 1 residue strongly affect the transition state of the ring-closing metathesis to
yield Z-isomers.
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The i,i + 1 hydrocarbon-stapling reaction of octapeptide 8, in possession of 1-aminocycl
oalkane-1-carboxylic acid [20–33], was investigated under the optimized reaction condi-
tions for the ring-closing metathesis (Scheme 2). In contrast with the moderate Z-selectivity

27



Int. J. Mol. Sci. 2021, 22, 5364

of 1 (E/Z = 1:5), much higher Z-selectivity was observed for the ring-closing metathesis
reaction of 8 (E/Z = 1: >20). The Z-selectivity could be influenced by their secondary
structure. Hydrogenation of 9 afforded saturated stapled peptide 10 in high yield. The high
Z-selectivities (E/Z was up to 1: >20) of the i,i + 1 hydrocarbon stapling is advantageous
for peptide staples compared to those reported for i,i + 4 and i,i + 7 hydrocarbon stapling
(E/Z was up to 1: >9) [15].
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Crystals suitable for X-ray crystallographic analyses were successfully obtained by
slow evaporation of the solution of 10 in N,N-dimethylformamide (DMF)/water at room
temperature (20–30 ◦C) [34]. The structure was solved in the orthorhombic P212121 space
group to give an α-helical structure with a DMF molecule in the asymmetric unit (as
illustrated in Figure 2 and Figure S1 and Tables 2 and 3, and Table S1). To the best of our
knowledge, this is the first X-ray crystallographic structure of α-helical stapled peptides at
i and i + 1 positions. In the crystal state of the (i,i + 1)-stapled peptide 10, four consecutive
intramolecular hydrogen bonds of the i←i + 4 type, N(4)H···O = C(0) (N···O, 3.09 Å;
N–H···O, 163.6◦), N(5)H···O = C(1) (N···O, 2.98 Å; N–H···O, 168.6◦), N(6)H···O = C(2)
(N···O, 2.91 Å; N–H···O, 157.2◦), and N(7)H···O = C(3) (N···O, 3.14 Å; N–H···O, 139.7◦)
were observed. These hydrogen bonds indicate the existence of the α-helical secondary
structure in 10. The average torsion angles of 10 at the N-terminus [avg.(φ1–φ5) = −62.4◦

and avg.(Ψ1–Ψ5) = −46.5◦] were much closer to the ideal values of a right-handed α-helix
[φ = −57◦ and Ψ = −47◦] [35]. Therefore, the crosslinkage of the i,i + 1 staples at the
N-terminus could affect the stabilization of the α-helical structure of 10. On the C-terminus,
weak intramolecular hydrogen bonds of the i←i + 3 type were observed, N(7)H···O = C(4)
(N···O, 3.37 Å; N–H···O, 136.7◦) and N(8)H···O = C(5) (N···O, 3.40 Å; N–H···O, 162.7◦),
while the N(8)–H···O(4) angle of i←i + 4 type was too small for a hydrogen bond. These
bifurcated hydrogen bonds suggest that the conformation of the C-terminus exists as a
mixture of α- and 310-helix. Another intramolecular hydrogen bond between the N(2)–H of
the main chain and ethereal oxygen of cis-4-hydroxyproline, N(2)H···O = C(Hyp4) (N···O,
2.93 Å; N–H···O, 137.6◦), was observed. Such hydrogen bond stabilizes the secondary
structures of peptides [30,36,37]. On the other hand, no intermolecular hydrogen bonds
between peptides were observed in the packing mode (Figure S2). These results suggest
that packing contacts have a small or no influence on the secondary structure of right-
handed α-helix in this case. Thus, introducing hydrocarbon stapling at i,i + 1 positions
using cis-4-hydroxyproline could be used for the stabilization of α-helical peptides likewise
i,i + 4 and i,i + 7 staples. In our previous study, we reported asymmetric Michael addition
of 1-methylindole to α,β-unsaturated aldehydes catalyzed by Boc-deprotected 10 [19]. We
hypothesized that the reactive iminium ion intermediate between cis-4-hydroxy-L-proline
and α,β-unsaturated aldehyde was formed inside the helical pipe with a rigid conformation
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caused by i,i + 1 staple. The X-ray crystallographic structure of 10 supports this observed
conformation of the intermediate.
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Figure 2. X-ray crystallographic structure of (i,i + 1)-stapled peptide 10: a view (a) perpendicular to
α-helical axis and (b) along helical axis from N-terminus.

Table 2. Crystal and diffraction parameters of peptide 10.

Empirical Formula C54 H92 N8 O13, C3 H7 N O

Formula weight 1134.45
Crystal dimensions (mm) 0.403 × 0.275 × 0.250
Data collection temp. (K) 93

Crystal system orthorhombic
Lattice parameters

a, b, c (Å) 11.357, 19.104, 29.332
α, β, γ (◦) 90, 90, 90

V (Å3) 6363.84
Space group P 21 21 21

Z value 4
D calc (g/cm3) 1.184

µ (MoKα) (cm−1) 0.692
No. of variable 765

No. of observations 11273 (I > 2δ(I))
R1 (I > 2δ(I)) 0.0275

wR2 0.0707
Crystallizing solvent DMF/H2O

Table 3. Intra and intermolecular H-bond parameters for peptide 10.

Donor
D–H

Acceptor
A

Distance [Å]
D···A

Angle [◦]
D–H···A

Symmetry
Operations

N4-H O0 3.09 163.6 x,y,z
N5-H O1 2.98 168.6 x,y,z
N6-H O2 2.91 157.2 x,y,z
N7-H O3 3.14 139.7 x,y,z
N7-H O4 3.37 1 136.7 x,y,z
N8-H O4 3.23 102.9 2 x,y,z
N8-H O5 3.40 1 162.7 x,y,z
N2-H OHyp4 2.93 137.6 x,y,z
N3-H ODMF 2.90 159.8 1/2 – x,1 – y,–1/2 + z

1 Distance is a little long for an intramolecular hydrogen bond. 2 N–H···O angle is too small for a hydrogen bond.

In summary, we developed i,i + 1 peptide stapling between cis-4-allyloxy-L-proline
and various olefin-tethered amino acids. Depending on the ring size of the stapled peptides,
E- or Z-selectivities were observed. The E-configured stapled product was preferred when
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the product was greater than a 14-membered ring, whereas the Z-configured isomer was
preferred when the product was a 13-membered ring. The α-or β-methyl substituent of
the i + 1 residue improved the Z-selectivities of the ring-closing metathesis (E:Z = 1: >20).
X-ray crystallographic analysis of the octapeptide 10 revealed a stabilized α-helical struc-
ture. These results are useful for developing peptide-based organocatalysts [38–40] (i.e.,
considering mechanistic insights and structural modification of peptide catalysts based
on the X-ray crystal structure), fluorinated peptides [41] (e.g., stabilization effects of using
intramolecular hydrogen bonds beside main chain hydrogen bonds), and peptide-based
drug delivery systems [42–46] (e.g., introducing i,i + 1 hydrocarbon stapling with essential
residues for their biological activities remained intact).

3. Materials and Methods
3.1. General Procedure and Method

Melting points were taken on an AS ONE melting point apparatus ATM-01 (AS ONE
Corporation, Osaka, Japan) and were uncorrected. Optical rotations were measured on a
JASCO DIP-370 polarimeter (JASCO Corporation, Tokyo, Japan) using CHCl3 as a solvent.
1H NMR and 13C NMR spectra were recorded on the JEOL JNM-AL-400 (400 MHz), a
Varian NMR System 500PS SN (500 MHz and 125 MHz) spectrometer (Agilent Inc., Santa
Clara, CA, USA). Chemical shifts (δ) are reported in parts per million (ppm). For the 1H
NMR spectra (CDCl3), tetramethylsilane was used as the internal reference (0.00 ppm),
while the central solvent peak was used as the reference (77.0 ppm in CDCl3) for the 13C
NMR spectra. The IR spectra were recorded on a Shimadzu IRAffinity-1 FT-IR spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan). High-resolution mass spectra (HRMS)
were obtained on a JEOL JMS-T100TD using electrospray ionization (ESI) (JEOL Ltd.,
Tokyo, Japan) or direct analysis in the realtime (DART) ionization in time-of-flight TOF
mode. Analytical and semipreparative thin layer chromatography (TLC) was performed
with Merck Millipore precoated TLC plates (MilliporeSigma, Burlington, VT, USA), silica
gel 60 F254, and layer thicknesses of 0.25 and 0.50 mm, respectively. Compounds were
observed in UV light at 254 nm and then visualized by staining with iodine, p-anisaldehyde,
or phosphomolybdic acid stain. Flash and gravity column chromatography separations
were performed on Kanto Chemical silica gel 60N, spherical neutral, with particle sizes of
63–210 µm and 40–50 µm, respectively. All moisture-sensitive reactions were conducted
under an inert atmosphere. Reagents and solvents were of commercial grade and were
used as supplied, unless otherwise noted. Compounds 1, 8 [19], S-1 [47,48], S-2 [49,50],
S-3 [51], and S-5 [52] were prepared according to the reported procedures. Copies of NMR
Spectra are given in the Supplementary Materials.

3.2. Synthesis of Unstapled Dipeptides 2–7
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Boc-L-HypOAll-L-HseOAll-OMe (2): to a solution of N-tert-butoxycarbonyl 4-O-allyl-cis-4-
hydroxy-L-proline (Boc-L-HypOAll-OH, S-1 [47,48]; 88.1 mg, 0.325 mmol) in CH2Cl2 (2 mL)
were added N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI·HCl,
67.9 mg, 0.354 mmol) and 1-hydroxybenzotriazole hydrate (HOBt·H2O; 54.2 mg, 0.354 mmol)
at 0 ◦C, and the solution was stirred for 30 min at 0 ◦C. Then, a solution of O-allyl-L-
homoserine methyl ester (H-L-HseOAll-OMe, S-2 [49,50], 51.1 mg, 0.295 mmol) in CH2Cl2
(1 mL) was added to the reaction mixture at the same temperature, and the resultant
mixture was gradually warmed to room temperature. After stirring for three days, CH2Cl2
was removed, and the residue was diluted with EtOAc. The solution was washed succes-
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sively with 1 M of HCl, water, sat. aq NaHCO3, and brine. The organic layer was dried
over anhydrous Na2SO4 and concentrated in vacuo to give a crude product, which was
purified by flash column chromatography on silica gel (40% EtOAc in n-hexane) to give 2
(72.1 mg, 58%) as a pale yellow oil. Rf = 0.58 (EtOAc). [α]20

D –11.0 (c 1.00, CHCl3). 1H NMR
(500 MHz, CDCl3) δ: 7.38–7.17 (m, 1H), 5.98–5.76 (m, 2H), 5.34–5.09 (m, 4H), 4.72–4.56 (m,
1H), 4.42–4.25 (m, 1H), 4.11–4.05 (m, 1H), 4.05–3.84 (m, 4H), 3.73 (s, 0.6H), 3.72 (s, 2.4H),
3.63–3.39 (m, 4H), 2.65–2.41 (m, 1H), 2.27–1.96 (m, 3H), 1.48 (s, 9H). 13C NMR (125 MHz,
CDCl3) δ: 172.5, 172.0, 171.0, 154.7, 134.5, 134.4, 134.34, 134.26, 117.3, 117.2, 117.1, 117.0,
80.9, 76.3, 72.04, 71.98, 69.6, 66.3, 66.0, 60.1, 52.7, 52.3, 52.1, 50.6, 50.4, 36.9, 35.6, 31.6, 28.3,
28.1. IR (film): 3385 (br), 2978, 2868, 1744, 1690 cm−1. HRMS (ESI) m/z: [M + Na]+ calcd.
for C21H34N2O7Na, 449.2264; found, 449.2262.
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reaction mixture was stirred at room temperature for 2 h and was concentrated to give H-L-
SerOPte-OMe·HCl (S-4, Rf = 0.57 with 0.5% AcOH in EtOAc), which was used for the next
step without further purification. To a mixture of H-L-SerOPte-OMe·HCl (S-4, 0.495 mmol)
and Boc-L-HypOAll-OH (S-1, 148 mg, 0.545 mmol) in CH2Cl2 (5 mL) were added EDCI·HCl
(114 mg, 0.594 mmol), HOBt·H2O (91.0 mg, 0.594 mmol), and DIPEA (0.253 mL, 1.49 mmol)
at 0 ◦C, and the mixture was gradually warmed to room temperature. After stirring for
17 h, CH2Cl2 was removed under vacuum, and the residue was diluted with EtOAc. The
resultant solution was washed successively with 1 M of HCl, water, sat. aq NaHCO3, and
brine. The organic layer was dried over anhydrous Na2SO4 and concentrated in vacuo to
give a crude product, which was purified by flash column chromatography on silica gel
(40% EtOAc in n-hexane) to give 3 (90.1 mg, 41% in 2 steps) as a pale yellow oil. Rf = 0.71
(EtOAc). [α]22

D –2.6 (c 1.00, CHCl3). 1H NMR (500 MHz, CDCl3) δ: 7.29 (br s, 1H), 7.11–6.90
(m, 1H), 5.98–5.71 (m, 2H), 5.34–5.22 (m, 1H), 5.21–5.11 (m, 1H), 5.05–4.92 (m, 2H), 4.77–4.63
(m, 1H), 4.44–4.28 (m, 1H), 4.11–3.92 (m, 2H), 3.92–3.78 (m, 2H), 3.75 (s, 3H), 3.66–3.48
(m, 3H), 3.47–3.35 (m, 2H), 2.67–2.45 (m, 1H), 2.24–2.02 (m, 3H), 1.67–1.57 (m, 2H), 1.49
(s, 9H). 13C NMR (125 MHz, CDCl3) δ: 172.1, 171.2, 170.7, 170.4, 154.7, 138.0, 134.4, 134.2,
117.2, 116.9, 114.79, 114.75, 81.0, 76.1, 72.0, 70.7, 70.6, 70.31, 70.27, 69.4, 65.9, 60.0, 52.8, 52.51,
52.45, 52.39, 52.2, 36.8, 35.3, 30.01, 29.99, 28.4, 28.2, 28.1. IR (film): 3428 (br), 2978, 2918,
1753, 1692 cm−1. HRMS (ESI) m/z: [M + Na]+ calcd. for C22H36N2O7Na, 463.2420; found,
463.2418.
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mixture was gradually warmed to room temperature. After stirring for 35 h, CH2Cl2 was 
removed in vacuo, and the residue was diluted with EtOAc. The resultant solution was 
washed successively with 1 M of HCl, water, sat. aq NaHCO3, and brine. The organic layer 
was dried over anhydrous Na2SO4 and concentrated in vacuo to give a crude product, 
which was purified by flash column chromatography on silica gel (50% EtOAc in n-
hexane) to give 4 (562 mg, 70%) as a pale yellow oil. Rf = 0.75 (EtOAc). [α]23

D +0.90 (c 1.00, 
CHCl3). 1H NMR (500 MHz, CDCl3) δ: 7.10–6.98 (m, 2H), 6.87–6.70 (m, 3H), 6.10–5.99 (m, 
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59.3, 53.7, 53.3, 53.1, 52.9, 52.2, 52.0, 37.3, 37.2, 36.9, 36.8, 35.0, 32.5, 28.2, 28.0. IR (film): 3424 
(br), 2978, 2934, 1744, 1665 cm–1. HRMS (ESI) m/z: [M + Na]+ calcd for C26H36N2O7Na, 
511.2420; found, 511.2422. 

 
Boc-L-HypOAll-D-SerOAll-OMe (5): to a solution of Boc-D-Ser-OH (S-6, 2.05 g, 10.0 mmol) in 
DMF (35 mL) was added sodium hydride (60% in mineral oil, 880 mg, 22.0 mmol) 
portionwise at –15 °C, and the reaction mixture was stirred at the same temperature for 2 
h. To the above suspension, allyl bromide (0.952 mL, 11.0 mmol) was added dropwise at 
–15 °C, and the reaction mixture was stirred at room temperature for 14 h. The reaction 
mixture was quenched by adding water and washed twice with Et2O. The aqueous phase 
was acidified with 1 M of HCl, which was extracted with EtOAc three times. The 
combined organic layers were washed with water and brine, dried over anhydrous 
Na2SO4, and concentrated under vacuum. The residue was purified by flash column 
chromatography on silica gel (40% EtOAc in n-hexane) to give Boc-D-SerOAll-OH (S-7, 1.68 
g, 69%, Rf = 0.28 with 10% MeOH in EtOAc) as a pale yellow oil. To a solution of S-7 (123 
mg, 0.500 mmol) in MeOH (5 mL) was added thionyl chloride (0.145 mL, 2.00 mmol) 
dropwise at 0 °C. The reaction mixture was stirred at room temperature for 2 h and was 

Boc-L-HypOAll-L-TyrOAll-OMe (4): to a solution of Boc-L-HypOAll-OH (S-1, 445 mg, 1.64 mmol)
in CH2Cl2 (8 mL) were added EDCI·HCl (314 mg, 1.64 mmol) and HOBt·H2O (301 mg,
1.97 mmol) at 0 ◦C, and the reaction mixture was stirred for 30 min at 0 ◦C. Then, a
solution of O-allyl-L-tyrosine methyl ester (H-L-TyrOAll-OMe, S-5 [52], 386 mg, 1.64 mmol)
in CH2Cl2 (3 mL) was added to the reaction mixture at the same temperature, and the
resultant mixture was gradually warmed to room temperature. After stirring for 35 h,
CH2Cl2 was removed in vacuo, and the residue was diluted with EtOAc. The resultant
solution was washed successively with 1 M of HCl, water, sat. aq NaHCO3, and brine. The
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organic layer was dried over anhydrous Na2SO4 and concentrated in vacuo to give a crude
product, which was purified by flash column chromatography on silica gel (50% EtOAc in
n-hexane) to give 4 (562 mg, 70%) as a pale yellow oil. Rf = 0.75 (EtOAc). [α]23

D +0.90 (c 1.00,
CHCl3). 1H NMR (500 MHz, CDCl3) δ: 7.10–6.98 (m, 2H), 6.87–6.70 (m, 3H), 6.10–5.99 (m,
1H), 5.90–5.77 (m, 1H), 5.40 (dp, J = 17.2, 1.7 Hz, 1H), 5.31–5.20 (m, 2H), 5.19–5.10 (m, 1H),
4.89–4.76 (m, 1H), 4.54–4.45 (m, 2H), 4.42–4.21 (m, 1H), 4.12–4.02 (m, 1H), 4.00–3.91 (m, 1H),
3.91–3.83 (m, 1H), 3.65 (s, 3H), 3.55 (br s, 2H), 3.13–2.99 (m, 1H), 2.94 (br s, 1H), 2.53–2.41
(m, 1H), 2.21–1.95 (m, 1H), 1.38 (s, 9H). 13C NMR (125 MHz, CDCl3) δ: 171.9, 171.6, 171.5,
171.1, 171.0, 157.6, 155.4, 154.5, 134.3, 134.1, 133.22, 133.18, 130.5, 130.2, 128.0, 127.8, 117.6,
117.5, 117.3, 117.2, 114.7, 114.6, 114.4, 81.0, 76.1, 72.0, 69.5, 68.69, 68.67, 65.9, 60.1, 59.3, 53.7,
53.3, 53.1, 52.9, 52.2, 52.0, 37.3, 37.2, 36.9, 36.8, 35.0, 32.5, 28.2, 28.0. IR (film): 3424 (br), 2978,
2934, 1744, 1665 cm−1. HRMS (ESI) m/z: [M + Na]+ calcd. for C26H36N2O7Na, 511.2420;
found, 511.2422.
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Boc-L-HypOAll-D-SerOAll-OMe (5): to a solution of Boc-D-Ser-OH (S-6, 2.05 g, 10.0 mmol)
in DMF (35 mL) was added sodium hydride (60% in mineral oil, 880 mg, 22.0 mmol)
portionwise at −15 ◦C, and the reaction mixture was stirred at the same temperature for
2 h. To the above suspension, allyl bromide (0.952 mL, 11.0 mmol) was added dropwise at
−15 ◦C, and the reaction mixture was stirred at room temperature for 14 h. The reaction
mixture was quenched by adding water and washed twice with Et2O. The aqueous phase
was acidified with 1 M of HCl, which was extracted with EtOAc three times. The combined
organic layers were washed with water and brine, dried over anhydrous Na2SO4, and
concentrated under vacuum. The residue was purified by flash column chromatography
on silica gel (40% EtOAc in n-hexane) to give Boc-D-SerOAll-OH (S-7, 1.68 g, 69%, Rf = 0.28
with 10% MeOH in EtOAc) as a pale yellow oil. To a solution of S-7 (123 mg, 0.500 mmol)
in MeOH (5 mL) was added thionyl chloride (0.145 mL, 2.00 mmol) dropwise at 0 ◦C. The
reaction mixture was stirred at room temperature for 2 h and was concentrated under
vacuum to give crude H-D-SerOAll-OMe·HCl (S-8, Rf = 0.57 with 0.5% AcOH in EtOAc),
which was used for the next step without further purification. To a mixture of H-D-SerOAll-
OMe·HCl (S-8, 0.500 mmol) and Boc-L-HypOAll-OH (S-1, 149 mg, 0.550 mmol) in CH2Cl2
(5 mL) were added EDCI·HCl (115 mg, 0.600 mmol), HOBt·H2O (91.9 mg, 0.600 mmol),
and DIPEA (0.255 mL, 1.50 mmol) at 0 ◦C, and the reaction mixture was gradually warmed
to room temperature. After stirring for 17 h, CH2Cl2 was removed under vacuum, and the
residue was diluted with EtOAc. The organic solution was washed successively with 1 M
of HCl, water, sat. aq NaHCO3, and brine. The organic layer was dried over anhydrous
Na2SO4 and concentrated in vacuo to give a crude product, which was purified by flash
column chromatography on silica gel (40% EtOAc in n-hexane) to give 5 (84.6 mg, 41%
in 2 steps) as a pale yellow oil. Rf = 0.66 (EtOAc). [α]23

D –22.6 (c 1.00, CHCl3). 1H NMR
(500 MHz, CDCl3) δ: 7.43–7.06 (m, 1H), 5.99–5.75 (m, 2H), 5.35–5.08 (m, 4H), 4.80–4.60
(m, 1H), 4.42–4.22 (m, 1H), 4.14–3.81 (m, 6H), 3.75 (s, 3H), 3.72–3.41 (m, 3H), 2.60–2.36
(m, 1H), 2.32–2.07 (m, 1H), 1.65–1.24 (m, 9H). 13C NMR (125 MHz, CDCl3) δ: 172.6, 171.2,
170.7, 170.3, 154.6, 134.4, 134.2, 134.0, 133.9, 117.4, 117.3, 117.2, 116.9, 80.7, 75.8, 72.14, 72.12,
72.0, 69.61, 69.59, 69.4, 65.9, 60.3, 59.7, 53.2, 52.6, 52.52, 52.46, 52.3, 36.8, 35.2, 33.4, 28.2.
IR (film): 3325 (br), 2978, 2932, 1753, 1692 cm−1. HRMS (ESI) m/z: [M + Na]+ calcd. for
C20H32N2O7Na, 435.2107; found, 435.2106.

32



Int. J. Mol. Sci. 2021, 22, 5364

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 15 
 

 

concentrated under vacuum to give crude H-D-SerOAll-OMe·HCl (S-8, Rf = 0.57 with 0.5% 
AcOH in EtOAc), which was used for the next step without further purification. To a 
mixture of H-D-SerOAll-OMe·HCl (S-8, 0.500 mmol) and Boc-L-HypOAll-OH (S-1, 149 mg, 
0.550 mmol) in CH2Cl2 (5 mL) were added EDCI·HCl (115 mg, 0.600 mmol), HOBt·H2O 
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hexane) to give 5 (84.6 mg, 41% in 2 steps) as a pale yellow oil. Rf = 0.66 (EtOAc). [α]23
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Boc-L-HypOAll-L-ThrOAll-OMe (6): to a solution of N-tert-butoxycarbonyl O-allyl-L-threonine 
(Boc-L-ThrOAll-OH, S-9; 130 mg, 0.500 mmol) in MeOH (2.5 mL) was added thionyl 
chloride (0.144 mL, 2.00 mmol) dropwise at 0 °C. The reaction mixture was stirred at room 
temperature for 3 h prior to the addition of sat. NaHCO3 aq. After removal of MeOH by 
evaporation, the aqueous residue was extracted with CHCl3 (five times) and the combined 
organics were dried over anhydrous Na2SO4. Concentration of the solution gave H-L-
ThrOAll-OMe (S-10, 41.9 mg, 48%), which was used for the next step without further 
purification. To a solution of Boc-L-HypOAll-OH (S-1, 72.1 mg, 0.266 mmol) in CH2Cl2 (0.8 
mL) were added EDCI·HCl (51.0 mg, 0.266 mmol) and HOBt·H2O (48.2 mg, 0.315 mmol) 
at 0 °C, and the solution was stirred for 30 min at 0 °C. Then, a solution of H-L-ThrOAll-
OMe (S-10, 41.9 mg, 0.242 mmol) in CH2Cl2 (0.8 mL) was added to the reaction mixture at 
the same temperature, and the resultant mixture was gradually warmed to room 
temperature. After stirring for 42 h, CH2Cl2 was removed, and the residue was diluted 
with EtOAc. The solution was washed successively with 1 M of HCl, water, sat. aq 
NaHCO3, and brine. The organic layer was dried over anhydrous Na2SO4 and 
concentrated in vacuo to give a crude product, which was purified by flash column 
chromatography on silica gel (40% EtOAc in n-hexane) to give 6 (57.6 mg, 56%) as a pale 
yellow oil. Rf = 0.58 (EtOAc). [α]23

D –11.2 (c 1.00, CHCl3). 1H NMR (400 MHz, CDCl3) δ: 6.92 
(s, 1H), 5.98–5.70 (m, 2H), 5.35–5.05 (m, 4H), 4.71–4.55 (m, 1H), 4.45–4.29 (m, 1H), 4.15–
3.79 (m, 6H), 3.74 (s, 0.6H), 3.73 (s, 2.4H), 3.63–3.46 (m, 2H), 2.70–2.40 (m, 1H), 2.30–2.10 
(m, 1H), 1.49 (s, 9H), 1.18 (d, J = 6.3 Hz, 0.6H), 1.13 (d, J = 6.4 Hz, 2.4H). 13C NMR (100 MHz, 
CDCl3) δ: 172.5, 171.8, 171.1, 170.6, 154.9, 134.5, 134.2, 117.2, 117.0, 116.8, 81.0, 76.0, 74.4, 
74.2, 72.0, 69.8, 69.7, 66.0, 60.2, 56.4, 52.7, 52.2, 52.1, 36.9, 35.6, 28.1, 16.3, 16.1. IR (film): 3441 
(br), 2978, 2934, 1753, 1703 cm–1. HRMS (DART) m/z: [M + H]+ calcd for C21H35N2O7, 
427.2444; found, 427.2437. 

Boc-L-HypOAll-L-ThrOAll-OMe (6): to a solution of N-tert-butoxycarbonyl O-allyl-L-threonine
(Boc-L-ThrOAll-OH, S-9; 130 mg, 0.500 mmol) in MeOH (2.5 mL) was added thionyl chloride
(0.144 mL, 2.00 mmol) dropwise at 0 ◦C. The reaction mixture was stirred at room tempera-
ture for 3 h prior to the addition of sat. NaHCO3 aq. After removal of MeOH by evaporation,
the aqueous residue was extracted with CHCl3 (five times) and the combined organics
were dried over anhydrous Na2SO4. Concentration of the solution gave H-L-ThrOAll-OMe
(S-10, 41.9 mg, 48%), which was used for the next step without further purification. To a
solution of Boc-L-HypOAll-OH (S-1, 72.1 mg, 0.266 mmol) in CH2Cl2 (0.8 mL) were added
EDCI·HCl (51.0 mg, 0.266 mmol) and HOBt·H2O (48.2 mg, 0.315 mmol) at 0 ◦C, and the
solution was stirred for 30 min at 0 ◦C. Then, a solution of H-L-ThrOAll-OMe (S-10, 41.9 mg,
0.242 mmol) in CH2Cl2 (0.8 mL) was added to the reaction mixture at the same temperature,
and the resultant mixture was gradually warmed to room temperature. After stirring for
42 h, CH2Cl2 was removed, and the residue was diluted with EtOAc. The solution was
washed successively with 1 M of HCl, water, sat. aq NaHCO3, and brine. The organic layer
was dried over anhydrous Na2SO4 and concentrated in vacuo to give a crude product,
which was purified by flash column chromatography on silica gel (40% EtOAc in n-hexane)
to give 6 (57.6 mg, 56%) as a pale yellow oil. Rf = 0.58 (EtOAc). [α]23

D –11.2 (c 1.00, CHCl3).
1H NMR (400 MHz, CDCl3) δ: 6.92 (s, 1H), 5.98–5.70 (m, 2H), 5.35–5.05 (m, 4H), 4.71–4.55
(m, 1H), 4.45–4.29 (m, 1H), 4.15–3.79 (m, 6H), 3.74 (s, 0.6H), 3.73 (s, 2.4H), 3.63–3.46 (m,
2H), 2.70–2.40 (m, 1H), 2.30–2.10 (m, 1H), 1.49 (s, 9H), 1.18 (d, J = 6.3 Hz, 0.6H), 1.13 (d,
J = 6.4 Hz, 2.4H). 13C NMR (100 MHz, CDCl3) δ: 172.5, 171.8, 171.1, 170.6, 154.9, 134.5,
134.2, 117.2, 117.0, 116.8, 81.0, 76.0, 74.4, 74.2, 72.0, 69.8, 69.7, 66.0, 60.2, 56.4, 52.7, 52.2, 52.1,
36.9, 35.6, 28.1, 16.3, 16.1. IR (film): 3441 (br), 2978, 2934, 1753, 1703 cm−1. HRMS (DART)
m/z: [M + H]+ calcd. for C21H35N2O7, 427.2444; found, 427.2437.
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(500 MHz, CDCl3) δ: 7.23–7.00 (m, 1H), 5.86–5.73 (m, 1H), 5.68 (dt, J = 11.9, 6.5 Hz, 1H), 
4.87–4.57 (m, 1H), 4.45–4.15 (m, 2H), 4.10–3.78 (m, 6H), 3.76 (s, 3H), 3.72–3.62 (m, 1H), 3.45 
(dd, J = 12.1, 3.9 Hz, 1H), 2.66–2.47 (m, 1H), 2.26–2.11 (m, 1H), 1.60–1.39 (m, 9H). 13C NMR 
(125 MHz, CDCl3) δ: 172.2, 171.4, 170.2, 154.9, 130.4, 130.0, 129.4, 81.0, 80.8, 78.6, 77.9, 77.3, 
67.7, 67.2, 66.4, 66.0, 65.1, 60.2, 59.8, 54.0, 53.2, 52.5, 52.5, 35.7, 34.2, 30.9, 29.7, 28.2. HRMS 
(DART) m/z: [M + H]+ calcd for C18H29N2O7, 385.1975; found, 385.1970. 

Boc-L-HypOX-L-HseOX-OMe (2′; X = n-but-2-enyl tether): compound 2′ (15.0 mg, 75%) was 
obtained from compound 2 (21.3 mg, 0.0500 mmol) in a similar manner to that described 
for the synthesis of 1′. Colorless oil. Eluent for column: 70% EtOAc/n-hexane. Rf = 0.34 
(EtOAc). 1H NMR (500 MHz, CDCl3) δ: 6.78 (s, 1/3H), 6.41 (s, 2/3H), 5.86 (ddd, J = 10.8, 8.6, 
6.6 Hz, 1/3H), 5.75 (dt, J = 15.7, 5.9 Hz, 2/3H), 5.74–5.59 (m, 1H), 4.78–4.66 (m, 1H), 4.35 (d, 
J = 10.0 Hz, 1H), 4.24–3.95 (m, 3H), 3.89–3.74 (m, 2H), 3.73 (s, 1H), 3.72 (s, 2H), 3.69–3.58 

Boc-L-HypOAll-(S)-Ala(4-Pte)-OMe (7): to a solution of p-nitrobenzoic acid salt of (S)-(4-
pentenyl)alanine tert-butyl ester (H-(S)-Ala(4-Pte)-OtBu·p-NO2C6H4CO2H, S-11; 100 mg,
0.263 mmol) in MeOH (3 mL) was added thionyl chloride (0.152 mL, 2.10 mmol) dropwise
at 0 ◦C. The reaction mixture was stirred at 65 ◦C for 69 h prior to the addition of sat.
NaHCO3 aq. After removal of MeOH by evaporation, the aqueous residue was extracted
with CHCl3 (five times) and the combined organics were dried over anhydrous Na2SO4.
Concentration of the solution gave H-(S)-Ala(4-Pte)-OMe (S-12) contaminated with p-
NO2C6H4CO2Me, which was used for the next step without further purification. To a
solution of Boc-L-HypOAll-OH (S-1, 60.5 mg, 0.223 mmol) in CH2Cl2 (1.5 mL) were added
EDCI·HCl (42.8 mg, 0.223 mmol) and HOBt·H2O (40.4 mg, 0.264 mmol) at 0 ◦C, and the
solution was stirred for 30 min at 0 ◦C. Then, a solution of H-(S)-Ala(4-Pte)-OMe (S-12)
in CH2Cl2 (0.5 mL) was added to the reaction mixture at the same temperature, and the
resultant mixture was gradually warmed to room temperature. After stirring at room
temperature for 3 d, CH2Cl2 was removed, and the residue was diluted with EtOAc. The
solution was washed successively with 1 M of HCl, water, sat. aq NaHCO3, and brine. The
organic layer was dried over anhydrous Na2SO4 and concentrated in vacuo to give a crude
product, which was purified by flash column chromatography on silica gel (40% EtOAc in
n-hexane) to give 7 (46.4 mg, 42% in 2 steps) as a pale yellow oil. Rf = 0.58 (EtOAc). [α]23

D
–16.2 (c 1.00, CHCl3). 1H NMR (500 MHz, CDCl3) δ: 7.28–6.82 (m, 1H), 5.99–5.79 (m, 1H),
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5.79–5.67 (m, 1H), 5.35–5.22 (m, 1H), 5.22–5.13 (m, 1H), 5.03–4.90 (m, 2H), 4.33–4.13 (m, 1H),
4.10–3.84 (m, 3H), 3.77–3.71 (m, 3H), 3.71–3.61 (m, 1H), 3.56–3.46 (m, 1H), 2.50–2.32 (m,
1H), 2.30–2.06 (m, 2H), 2.05–1.98 (m, 2H), 1.83–1.74 (m, 1H), 1.58 (s, 1H), 1.53 (s, 2H), 1.48
(s, 9H), 1.43–1.34 (m, 1H), 1.23–1.13 (m, 1H). 13C NMR (125 MHz, CDCl3) δ: 174.8, 174.4,
171.4, 170.6, 154.9, 138.11, 138.06, 134.4, 134.2, 117.31, 117.25, 114.9, 114.8, 80.8, 80.6, 76.1,
72.1, 69.7, 66.2, 60.7, 60.1, 59.7, 52.9, 52.6, 52.4, 37.6, 36.5, 36.1, 35.5, 33.5, 33.4, 28.2, 23.4, 23.1,
23.0, 22.6. IR (film): 3393 (br), 2978, 2936, 1740, 1692 cm−1. HRMS (DART) m/z: [M + H]+

calcd. for C22H37N2O6, 425.2652; found, 425.2651.

3.3. Synthesis of Stapled Dipeptides 1′–7′

Boc-L-HypOX-L-SerOX-OMe (1′; X = n-but-2-enyl tether): to a solution of unstapled peptide
1 [20] (20.5 mg, 0.0500 mmol) in degassed CH2Cl2 (10 mL) was added second-generation
Grubbs catalyst (8.5 mg, 0.010 mmol) at room temperature under an argon atmosphere.
The reaction mixture was stirred at the same temperature for 2 h and then passed through
a short plug of amino silica gel/silica gel, which was eluted with EtOAc. After removal of
the solvent, the residue was purified by flash column chromatography on silica gel (70%
EtOAc in n-hexane) to give 1′ (14.6 mg, 76%) as a colorless oil. Rf = 0.32 (EtOAc). 1H NMR
(500 MHz, CDCl3) δ: 7.23–7.00 (m, 1H), 5.86–5.73 (m, 1H), 5.68 (dt, J = 11.9, 6.5 Hz, 1H),
4.87–4.57 (m, 1H), 4.45–4.15 (m, 2H), 4.10–3.78 (m, 6H), 3.76 (s, 3H), 3.72–3.62 (m, 1H), 3.45
(dd, J = 12.1, 3.9 Hz, 1H), 2.66–2.47 (m, 1H), 2.26–2.11 (m, 1H), 1.60–1.39 (m, 9H). 13C NMR
(125 MHz, CDCl3) δ: 172.2, 171.4, 170.2, 154.9, 130.4, 130.0, 129.4, 81.0, 80.8, 78.6, 77.9, 77.3,
67.7, 67.2, 66.4, 66.0, 65.1, 60.2, 59.8, 54.0, 53.2, 52.5, 52.5, 35.7, 34.2, 30.9, 29.7, 28.2. HRMS
(DART) m/z: [M + H]+ calcd. for C18H29N2O7, 385.1975; found, 385.1970.

Boc-L-HypOX-L-HseOX-OMe (2′; X = n-but-2-enyl tether): compound 2′ (15.0 mg, 75%) was
obtained from compound 2 (21.3 mg, 0.0500 mmol) in a similar manner to that described
for the synthesis of 1′. Colorless oil. Eluent for column: 70% EtOAc/n-hexane. Rf = 0.34
(EtOAc). 1H NMR (500 MHz, CDCl3) δ: 6.78 (s, 1/3H), 6.41 (s, 2/3H), 5.86 (ddd, J = 10.8,
8.6, 6.6 Hz, 1/3H), 5.75 (dt, J = 15.7, 5.9 Hz, 2/3H), 5.74–5.59 (m, 1H), 4.78–4.66 (m, 1H),
4.35 (d, J = 10.0 Hz, 1H), 4.24–3.95 (m, 3H), 3.89–3.74 (m, 2H), 3.73 (s, 1H), 3.72 (s, 2H),
3.69–3.58 (m, 1H), 3.57–3.36 (m, 3H), 2.28–1.99 (m, 2H), 1.87–1.64 (m, 2H), 1.49 (s, 9H). 13C
NMR (125 MHz, CDCl3) δ: 172.8, 172.2, 131.9, 131.7, 131.3, 128.7, 81.2, 75.9, 69.5, 68.5, 66.4,
63.5, 60.6, 60.2, 53.6, 52.3, 52.2, 49.4, 48.8, 34.7, 32.3, 28.2. HRMS (ESI) m/z: [M + Na]+ calcd.
for C19H30N2O7Na, 421.1951; found, 421.1954.

Boc-L-HypOX-L-SerOX-OMe (3′; X = n-hex-2-enyl tether): compound 3′ (18.8 mg, 91%) was
obtained from compound 3 (22.0 mg, 0.0500 mmol) in a manner similar to that described
for the synthesis of 1′. Colorless oil. Eluent for column: 60% EtOAc/n-hexane. Rf = 0.42
(EtOAc). 1H NMR (500 MHz, CDCl3) δ: 7.85 (d, J = 8.1 Hz, 0.2H), 7.26–7.09 (m, 0.8H),
5.93–5.81 (m, 0.8H), 5.66 (dt, J = 14.9, 5.9 Hz, 0.1H), 5.60 (ddd, J = 9.1, 7.4, 6.2 Hz, 0.2H), 5.47
(dt, J = 15.3, 4.2 Hz, 0.7H), 5.42 (td, J = 10.1, 10.0, 5.1 Hz, 0.2H), 4.83–4.64 (m, 1H), 4.43–4.24
(m, 1H), 4.12 (t, J = 4.4 Hz, 0.2H), 4.04 (t, J = 3.8 Hz, 0.8H), 3.92–3.77 (m, 3H), 3.76 (s, 0.6H),
3.74 (s, 2.4H), 3.72–3.53 (m, 3H), 3.46–3.36 (m, 1H), 3.30 (td, J = 9.6, 3.4 Hz, 1H), 2.61–1.99
(m, 4H), 1.78–1.56 (m, 2H), 1.55–1.37 (m, 9H). 13C NMR (125 MHz, CDCl3) δ: 172.7, 172.1,
170.8, 170.1, 155.2, 136.4, 133.8, 132.9, 131.9, 125.5, 124.3, 124.1, 80.9, 77.3, 72.7, 72.2, 70.7,
70.4, 70.3, 68.6, 68.1, 65.7, 60.5, 53.0, 52.8, 52.6, 52.4, 52.3, 36.4, 35.8, 32.3, 31.7, 28.6, 28.3, 28.1,
28.0, 27.9, 22.7. HRMS (ESI) m/z: [M + Na]+ calcd. for C20H32N2O7Na, 435.2107; found,
435.2117.

Boc-L-HypOX-L-TyrOX-OMe (4′; X = n-but-2-enyl tether): compound 4′ (5.4 mg, 23%) was
obtained from compound 4 (24.4 mg, 0.0500 mmol) in a similar manner to that described
for the synthesis of 1′. White solid. Eluent for column: 50% EtOAc/n-hexane. Rf = 0.61
(EtOAc). 1H NMR (500 MHz, CDCl3) δ: 7.17 (d, J = 8.5 Hz, 1H), 6.96–6.82 (m, 2H), 6.76 (s,
1H), 6.25 (s, 1H), 5.58 (dt, J = 15.1, 4.9 Hz, 1H), 5.48 (dt, J = 15.1, 6.6, 5.6 Hz, 1H), 4.94 (ddd,
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J = 10.9, 8.9, 4.5 Hz, 1H), 4.63 (d, J = 5.1 Hz, 2H), 4.18–3.82 (m, 3H), 3.79 (s, 3H), 3.77–3.54
(m, 2H), 3.37 (dd, J = 14.1, 4.5 Hz, 1H), 3.09 (s, 1H), 2.67 (t, J = 12.4 Hz, 1H), 2.39–1.82 (m,
2H), 1.46 (s, 9H). HRMS (ESI) m/z: [M + Na]+ calcd. for C24H32N2O7Na, 483.2107; found,
483.2105.

Boc-L-HypOX-D-SerOX-OMe (5′; X = n-but-2-enyl tether): compound 5′ (4.4 mg, 21%) was
obtained from compound 2 (20.6 mg, 0.0500 mmol) in a similar manner to that described
for the synthesis of 1′. Colorless oil. Eluent for column: 70% EtOAc/n-hexane. Rf = 0.39
(EtOAc). 1H NMR (500 MHz, CDCl3) δ: 7.41 (br s, 0.6H), 7.17 (br s, 0.4H), 5.95–5.85 (m, 1H),
5.85–5.66 (m, 1H), 4.55–4.18 (m, 4H), 4.14 (t, J = 4.1 Hz, 1H), 4.02–3.94 (m, 1H), 3.93–3.84
(m, 2H), 3.82 (m, 1.2H), 3.77 (s, 1.8H), 3.73–3.56 (m, 2H), 3.45 (dd, J = 12.2, 4.1 Hz, 1H), 2.62
(d, J = 15.2 Hz, 0.6H), 2.50 (d, J = 14.0 Hz, 0.4H), 2.29–2.12 (m, 1H), 1.45 (d, J = 8.9 Hz, 9H).
HRMS (ESI) m/z: [M + Na]+ calcd. for C18H28N2O7Na, 407.1794; found, 407.1790.

Boc-L-HypOX-L-ThrOX-OMe (6′; X = n-but-2-enyl tether): compound 6′ (7.8 mg, 39%) was
obtained from compound 6 (21.3 mg, 0.0500 mmol) in a similar manner to that described
for the synthesis of 1′. Colorless oil. Eluent for column: 70% EtOAc/n-hexane. Rf = 0.32
(EtOAc). 1H NMR (500 MHz, CDCl3) δ: 7.02 (d, J = 8.2 Hz, 1H), 5.86 (dt, J = 11.5, 6.7 Hz,
1H), 5.78 (dt, J = 11.5, 6.2 Hz, 1H), 4.72–4.54 (m, 1H), 4.39–4.21 (m, 2H), 4.16 (dd, J = 11.8,
6.5 Hz, 1H), 4.12–4.06 (m, 1H), 4.01 (dd, J = 11.8, 6.2 Hz, 1H), 3.89–3.76 (m, 2H), 3.72 (s, 3H),
3.76–3.62 (m, 1H), 3.45 (dd, J = 12.0, 3.3 Hz, 1H), 2.51 (d, J = 14.8 Hz, 1H), 2.27–2.14 (m, 1H),
1.43 (s, 9H), 1.21 (d, J = 6.3 Hz, 3H). HRMS (ESI) m/z: [M + Na]+ calcd. for C19H30N2O7Na,
421.1951; found, 421.1958.

Boc-L-HypOX-(S)-Ala(EtX)-OMe (7′; X = n-but-2-enyl tether): compound 7′ (8.5 mg, 43%) was
obtained from compound 7 (21.2 mg, 0.0500 mmol) in a similar manner to that described
for the synthesis of 1′. Colorless oil. Eluent for column: 5% MeOH in CHCl3. Rf = 0.52
(10% MeOH in CHCl3). 1H NMR (500 MHz, CDCl3) δ: 7.52 (s, 1H), 5.90–5.77 (m, 1H), 5.65
(dt, J = 10.5, 7.3 Hz, 1H), 4.42–4.22 (m, 1H), 4.15–3.92 (m, 2H), 3.74 (s, 3H), 3.70–3.43 (m,
3H), 2.83–2.64 (m, 1H), 2.62–2.48 (m, 1H), 2.22–1.86 (m, 4H), 1.64 (s, 3H), 1.52–1.43 (m, 9H),
1.51–1.43 (m, 1H), 1.22–1.12 (m, 1H). HRMS (ESI) m/z: [M + Na]+ calcd. for C20H32N2O6Na,
419.2158; found, 419.2166.

3.4. Synthesis of Stapled Octapeptides 9 and 10

Boc-L-HypOX-L-SerOX-[(L-Leu)2-Ac5c]2-OMe (9; X = n-but-2-enyl tether): compound 9 (10.2 mg,
52%) was obtained from compound 8 [19] (20.0 mg, 0.0184 mmol) in a similar manner to
that described for the synthesis of 1′. Eluent for column: 80% EtOAc/n-hexane. White
amorphous. Rf = 0.26 (EtOAc). 1H NMR (500 MHz, CDCl3) δ: 7.73 (d, J = 2.3 Hz, 1H), 7.43
(d, J = 8.0 Hz, 1H), 7.37 (d, J = 4.8 Hz, 1H), 7.27–7.24 (m, 1H), 7.24–7.18 (m, 3H), 6.08 (dd,
J = 10.9, 6.6 Hz, 1H), 6.04 (dd, J = 10.9, 5.8 Hz, 1H), 4.46 (ddd, J = 11.7, 5.3, 2.3 Hz, 1H),
4.39–4.30 (m, 2H), 4.26–4.15 (m, 5H), 4.01 (dd, J = 11.4, 5.3 Hz, 1H), 3.96–3.88 (m, 2H), 3.74
(dd, J = 10.0, 5.3 Hz, 1H), 3.71–3.68 (m, 1H), 3.67 (s, 3H), 3.66–3.60 (m, 1H), 3.46 (dd, J = 12.1,
3.4 Hz, 1H), 2.66 (dt, J = 13.5, 8.1 Hz, 1H), 2.45–2.30 (m, 2H), 2.26 (ddd, J = 13.6, 8.5, 6.7 Hz,
1H), 2.22–2.10 (m, 3H), 2.10–2.02 (m, 1H), 1.97–1.55 (m, 28H), 1.49 (s, 9H), 1.00–0.83 (m,
24H). HRMS (ESI) m/z: [M + Na]+ calcd. for C54H90N8O13Na, 1081.6525; found, 1081.6536.

Boc-L-HypOX-L-SerOX-[(L-Leu)2-Ac5c]2-OMe (10; X = n-butyl tether): to a solution of peptide
9 (10.2 mg, 0.00963 mmol) in MeOH (2 mL) was added 10% Pd/C (10 mg) at room temper-
ature and the reaction mixture was stirred at room temperature overnight. The resultant
dark suspension was filtered through a short plug of celite (MeOH), and the organics were
concentrated under vacuum. The crude material was purified by preparative TLC (EtOAc)
to give 10 (8.5 mg, 83%) as white amorphous. Rf = 0.31 (EtOAc). 1H NMR (500 MHz,
CDCl3) δ: 7.70 (s, 1H), 7.46 (d, J = 5.0 Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.26–7.24 (m, 2H),
7.23 (d, J = 5.6 Hz, 2H), 4.35 (ddd, J = 11.4, 8.1, 3.0 Hz, 1H), 4.28 (ddd, J = 11.0, 4.8, 1.5 Hz,
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1H), 4.24–4.16 (m, 2H), 4.14 (d, J = 10.9 Hz, 1H), 4.04 (t, J = 3.5 Hz, 1H), 3.98 (dd, J = 11.1,
5.1 Hz, 1H), 3.93 (dt, J = 9.6, 4.5 Hz, 1H), 3.83 (dd, J = 11.9, 2.2 Hz, 1H), 3.70 (dd, J = 9.3,
1.6 Hz, 1H), 3.67 (s, 3H), 3.63 (dd, J = 9.3, 2.7 Hz, 1H), 3.58 (dt, J = 9.3, 3.2 Hz, 1H), 3.54 (t,
J = 11.2 Hz, 1H), 3.44–3.36 (m, 2H), 2.65 (dt, J = 13.6, 8.3 Hz, 1H), 2.38 (ddd, J = 15.1, 11.1,
4.3 Hz, 1H), 2.27 (dd, J = 13.8, 7.5 Hz, 1H), 2.24–2.03 (m, 5H), 1.96–1.66 (m, 22H), 1.66–1.57
(m, 4H), 1.52 (s, 9H), 0.99–0.93 (m, 9H), 0.92–0.85 (m, 15H). X-ray crystallographic data and
CIF file of compound 10 are provided in the Supplementary Materials.
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Abstract: Angiogenesis has a pivotal role in tumor growth and the metastatic process. Molecular
imaging was shown to be useful for imaging of tumor-induced angiogenesis. A great variety of
radiolabeled peptides have been developed to target αvβ3 integrin, a target structure involved in the
tumor-induced angiogenic process. The presented study aimed to synthesize deferoxamine (DFO)-
based c(RGD) peptide conjugate for radiolabeling with gallium-68 and perform its basic preclinical
characterization including testing of its tumor-imaging potential. DFO-c(RGDyK) was labeled with
gallium-68 with high radiochemical purity. In vitro characterization including stability, partition co-
efficient, protein binding determination, tumor cell uptake assays, and ex vivo biodistribution as well
as PET/CT imaging was performed. [68Ga]Ga-DFO-c(RGDyK) showed hydrophilic properties, high
stability in PBS and human serum, and specific uptake in U-87 MG and M21 tumor cell lines in vitro
and in vivo. We have shown here that [68Ga]Ga-DFO-c(RGDyK) can be used for αvβ3 integrin
targeting, allowing imaging of tumor-induced angiogenesis by positron emission tomography.

Keywords: deferoxamine; RGD peptides; integrins; radiodiagnostics; PET imaging

1. Introduction

Over the last 30 years, many radiolabeled peptides have been evaluated as promising
radiotracers for imaging tumors by means of positron emission tomography (PET) or single
photon emission computerized tomography (SPECT) [1,2]. The biological effects of such
peptides are mediated via the high affinity targeting of specific receptors. These receptors
are often massively overexpressed in numerous cancers, compared to their relatively low
density in physiological organs, which is the main principle allowing molecular imaging
and therapy of tumors with radiopeptides [3]. Based on the success of studies with
111In-labeled somatostatin analogue octreotide (OctreoScan™, Curium, London, UK), the
pioneering radiopeptide for tumor imaging, many other receptor-targeting peptides are
currently under development or undergoing clinical trials, including arginine-glycine-
aspartic acid (RGD)-based peptides [4].

RGD-based family of peptides preferentially bind to the receptors of the integrin
superfamily. Integrins are heterodimeric transmembrane receptors interacting with a
diverse groups of extracellular ligands [5]. They regulate cellular growth, proliferation,
migration, signaling, and cytokine activation and release and thereby play important roles
in cell proliferation and migration, apoptosis, tissue repair, as well as in all processes
critical to inflammation, infection, and angiogenesis [6]. Among the 24 human integrin
subtypes known to date, eight integrin dimers, i.e., αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, α5β1,
α8β1, and αIIbβ3, recognize the tripeptide RGD motif within extracellular matrix proteins
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and represent the most important integrin receptor subfamily involved in cancer and the
metastatic process [7]. Of these, the integrin αvβ3 has been studied most extensively for its
role in tumor angiogenesis using nuclear medicine imaging techniques [8]. A large variety
of radiotracers based on RGD peptides have been developed and tested for targeting αvβ3
integrin in both preclinical and clinical settings.

Integrin-specific radiotracers are obtained by radiolabeling of RGD-based precursors,
which can be used for imaging with scintigraphy and SPECT (by using gamma emitters
like, e.g., Tc-99m and In-111) or PET (by using positron-emitting radionuclides, e.g., F-18,
Ga-68, or Cu-64). For labeling of peptide-precursors with the use of a radiometal (e.g.,
Ga-68, Cu-64, Tc-99m, In-111), a specific metal chelating agent has to be introduced to the
precursor’s structure [9]. The choice of the chelating agent is largely determined by the
nature and oxidation state of the radiometal to be used for labeling [10]. Among various
chelating agents for radiometal labeling of RGD peptides, 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) and
their derivatives are the most widely used [11].

Many previous works have shown that deferoxamine (DFO), a hexadentate hydroxa-
mate siderophore, is a common and suitable chelator for labeling with radiometals such
as Ga-67, Zr-89, In-111, and Ga-68 [12–16]. Although a series of near-infrared fluorescent
conjugates containing DFO and multi-RGD peptide moieties were designed, synthesized,
and affinity to αvβ3 integrin was evaluated in vitro [17], radiolabeled DFO-RGD peptide
conjugates were not studied neither in vitro nor in vivo. Herein, we report the preparation
of cyclic c(RGDyK) pentapeptide conjugated with p-SCN-Bn derivatized DFO to obtain
the DFO-based c(RGDyK) conjugate, which was then labeled with Ga-68. Binding proper-
ties of [68Ga]Ga-DFO-c(RGDyK) towards αvβ3 integrin were studied in vitro and in vivo,
including PET/CT imaging in a mouse tumor model.

2. Results and Discussion
2.1. Conjugate Synthesis

To improve the pharmacokinetic profile, especially in vivo stability against enzymatic
cleavage of RGD peptides alongside maintenance of high activity and specificity for αvβ3
integrin, several approaches have been developed in the past [18]. The enrichment of
the pentapeptide chain with amino acids in unnatural D-configuration and subsequent
cyclization were demonstrated to be significant in vivo stability improvements and are
routinely used in the development of RGD peptides nowadays [19]. In our study, the
c(RGDyK) sequence for conjugation with DFO chelating agent was chosen, as it is one
of the most prominent structures for the development of molecular imaging compounds
in order to determine αvβ3 expression. It was extensively studied both preclinically
and clinically with different radiometal chelators for tumor imaging [20–26]. Although
DFO is well-accessible and an established chelating agent in nuclear medicine for peptide
and particularly antibody radiolabeling, to our knowledge, DFO-based RGD peptides for
radiometal labeling have not been studied yet. DFO is a molecule known for its ability to
bind many different metal ions for years [27]. In 1968, it was also approved for medical
use by the FDA under the brand name Desferal® (Novartis, Basel, Switzerland) and
became a well-established clinically used medication [16]. In nuclear medicine, DFO-based
compounds offer possibilities for labeling with different radiometals as mentioned above,
allowing a wide range of diagnostic as well as therapeutic applications [12,15,17].

The proposed synthetic pathway started from the commercially available 2-chlorotrityl
chloride polystyrene resin 1, which was acylated with Fmoc-Gly-OH in the presence of N,N’-
diisopropylethylamine (DIPEA) as a base (Scheme 1) to give 2. For the cleavage of Fmoc
protecting group, a non-nucleophilic strong base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
in CH2Cl2 was used, as we observed lower crude purities within the reaction sequence
when the traditional cleavage protocol with piperidine in dimethylformamide (DMF) was
applied. Construction of oligopeptide was accomplished by the conventional solid-phase
peptide synthesis with N,N′-diisopropylcarbodiimide (DIC) and hydroxybenzotriazole
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(HOBt) as the activating agents. Notably, we decided to incorporate D-tyrosine (y) amino
acid into the linear sequence that should result in enhanced stability of the RGD peptide,
as was mentioned above. The corresponding intermediates 3–6 were obtained in high
crude purities (according to spectral data, see Supplementary Materials). The loading of
pentapeptide 6 was quantified to 0.7 mmol/g. It is worth mentioning that the 4,4-dimethyl-
2,6-dioxocyclohex-1-ylidene (Dde) protecting group of the lysine side chain was chosen
due to its orthogonality with acid-labile protecting groups (Pbf, tert-butyl) as well as the
Fmoc protecting group [28].
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Scheme 1. Synthesis of linear pentapeptide. Reagents and conditions: (i) Fmoc-Gly-OH, DIPEA,
DMF/CH2Cl2 (1:1), room temperature (r.t.), 16 h; (ii) DBU/CH2Cl2 (1:1), r.t., 10 min; (iii) Fmoc-amino
acid (Fmoc-Arg(Pbf)-OH for 3, Fmoc-Lys(Dde)-OH for 4, Fmoc-D-Tyr(tBu)-OH for 5, Fmoc-Asp(tBu)-
OH for 6), DIC, HOBt, DMF, r.t., 4–16 h.

Prior to the cyclization step, the linear peptide 6 was liberated from the resin (Scheme 2).
Chemoselective cleavage (to maintain residual protecting groups) was performed with
hexafluoroisopropanol (HFiP) in CH2Cl2. Following cyclization of 7 using benzotriazol-1-
yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) yielded the protected
cyclized peptide 8. The Dde protecting group was then cleaved with hydrazine (2%)
which furnished the key intermediate 8 in excellent crude purity applicable for further
modification with DFO (Scheme 2).

For the attachment of DFO, commercially available p-SCN-Bn-deferoxamine was
applied. The reaction proceeded smoothly and with high crude purity of the correspond-
ing intermediate. Following acid-mediated cleavage of residual protecting groups in
trifuoroacetic acid (TFA) yielded the final DFO-based c(RGDyK) conjugate 9 (Scheme 3),
which was purified using semipreparative reversed-phase high-performance liquid chro-
matography (RP-HPLC) and fully characterized (see Supplementary Materials).
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Scheme 3. Synthesis of final conjugate with deferoxamine. Reagents and conditions: (i) p-SCN-
Bn-deferoxamine, DIPEA, DMSO/DMF 1:1, room temperature (r.t.), 1 h; (ii) trifluoroacetic acid
(TFA)/CH2Cl2 1:1, r.t., 2 h.

2.2. Radiolabeling and In Vitro Characterization

DFO-c(RGDyK) 9 was radiolabeled with gallium-68 with molar activity of up to
6 GBq/µmol and radiochemical purity >98% in 5 min at 85 ◦C, confirmed by RP-HPLC
(corresponding radiochromatogram is shown in Figure 1). The 68Ga-labeled tracer was used
without further purification for all the experiments. Gallium-68 is a positron emitter that
decays with a half-life of 67.7 min and positron branching of 89.1%, emitting high-energy
positrons of ca. 1.9 MeV [29,30]. The relatively short half-life can be a limitation, therefore,
the short reaction time and high radiochemical yield and/or purity preventing any further
purification or post-processing steps are important factors for the preparation of 68Ga-
labeled radiopharmaceuticals. In recent years, gallium-68 has attracted increasing interest
in the field of nuclear medicine, currently being most often utilized in radiopharmaceuticals
for oncology diagnostics [31].

[68Ga]Ga-DFO-c(RGDyK) showed hydrophilic properties (log P = −2.01 ± 0.08) with
plasma protein binding approximately 30% after 120 min of incubation at 37 ◦C in human
serum. The in vitro stability of [68Ga]Ga-DFO-c(RGDyK) was high in human serum and
PBS (>97% in all tested time points), while in the presence of high excess of a compet-
ing metal and chelator, the stability of [68Ga]Ga-DFO-c(RGDyK) decreased rapidly (see
Table 1). The obtained in vitro data are in a good agreement with previously published data
on [68Ga]Ga-DFO [16]. However, [68Ga]Ga-DFO-c(RGDyK) revealed higher lipophilicity,
plasma protein binding and instability in the presence of a competing metal and chela-
tor as compared with those of [68Ga]Ga-NODAGA-c(RGDyK) [24], which subsequently
influenced the in vivo behavior of the studied radiotracer.
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Table 1. In vitro characterization of [68Ga]Ga-DFO-c(RGDyK). Log P, protein binding (expressed as % of protein bound
activity of the total activity used) and stability in human serum, PBS, 0.1 M FeCl3, and 6 mM DTPA.

Log P
(n = 6)

Incubation
Time
(min)

Protein
Binding (%)

(n = 3)

Stability in
Human Serum (%)

(n = 3)

Stability in
PBS (%)
(n = 3)

Stability in Iron
Solution (%)

(n = 3)

Stability in DTPA
Solution (%)

(n = 3)

30 30.7 ± 1.40 97.5 ± 0.46 97.6 ± 0.60 0.13 ± 0.12 75.4 ± 1.55
−2.01 ± 0.08 60 29.3 ± 1.78 98.1 ± 0.76 98.9 ± 0.27 0.47 ± 0.28 61.4 ± 5.53

120 30.1 ± 3.32 98.3 ± 1.44 97.5 ± 0.81 0.22 ± 0.14 40.4 ± 4.39

In vitro uptake assays in tumor cell lines (U-87 MG, M21 and M21-L) showed specific
uptake of [68Ga]Ga-DFO-c(RGDyK) by cell lines expressing αvβ3 integrin (U-87 MG
and M21), which could be blocked with an excess of appropriate competing inhibitor
(NODAGA-c(RGDyK)). In the uptake assay using U-87 MG cells, the uptake of [68Ga]Ga-
DFO-c(RGDyK) increased with the incubation time and could be blocked with NODAGA-
c(RGDyK) by about half (Figure 2A). This is consistent with the findings of Novy et al. [24],
who showed similar in vitro uptake behavior of [68Ga]Ga-NODAGA-c(RGDyK) in a U-87
MG cell line. In the cell uptake assay using M21 and M21-L cells, the uptake of [68Ga]Ga-
DFO-c(RGDyK) could only be blocked for the αvβ3-positive cells (M21), whereas for the
αvβ3-negative control cells (M21-L), the uptake was approximately one half of the amount
for the receptor-positive cells. The binding of [68Ga]Ga-DFO-c(RGDyK) to the M21-L cells
was very similar under blocked and unblocked conditions (Figure 2B). These results are
in accordance with the data published by Knetsch et al. [32], who examined the in vitro
uptake of [68Ga]Ga-NODAGA-c(RGDfK) in M21 and M21-L cell lines. It also confirms that
the small change in the peptide sequence from c(RGDyK) to c(RGDfK) does not have any
significant impact on the αvβ3 integrin binding affinity [19].

43



Int. J. Mol. Sci. 2021, 22, 7391

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 16 
 

 

[68Ga]Ga-DFO-c(RGDyK) could only be blocked for the αvβ3-positive cells (M21), 

whereas for the αvβ3-negative control cells (M21-L), the uptake was approximately one 

half of the amount for the receptor-positive cells. The binding of [68Ga]Ga-DFO-c(RGDyK) 

to the M21-L cells was very similar under blocked and unblocked conditions (Figure 2B). 

These results are in accordance with the data published by Knetsch et al. [32], who exam-

ined the in vitro uptake of [68Ga]Ga-NODAGA-c(RGDfK) in M21 and M21-L cell lines. It 

also confirms that the small change in the peptide sequence from c(RGDyK) to c(RGDfK) 

does not have any significant impact on the αvβ3 integrin binding affinity [19]. 

 

Figure 2. In vitro cell assays. The uptake of [68Ga]Ga-DFO-c(RGDyK) in a U-87 MG cell line at vari-

ous time points (30, 60, and 90 min) at 37 °C, and the uptake inhibition by co-incubation with 500-

fold excess of inhibitor (cold NODAGA-c(RGDyK)) (A). The uptake of [68Ga]Ga-DFO-c(RGDyK) in 

M21 (αvβ3-positive) and M21-L (αvβ3-negative) cell lines without or with inhibitor (500-fold excess 

of cold NODAGA-c(RGDyK)) for 60 min at 37 °C (B). Inhibition curve of [68Ga]Ga-NODAGA-

c(RGDyK) uptake obtained by incubation with increasing concentrations of cold DFO-c(RGDyK) 9 

in M21 cells for 60 min at 37 °C. Data are presented as mean values ± s.d. (n = 6) (C). 

The in vitro competition assays using increasing amounts of cold DFO-c(RGDyK) 9 

showed that the inhibitory peptide was able to suppress the binding of [68Ga]Ga-

NODAGA-c(RGDyK) to the αvβ3 integrin expressing M21 cells and that the binding ki-

netics followed a classic sigmoid inhibition curve. The IC50 value found for DFO-

c(RGDyK) 9 was 2.35 ± 1.48 nM (Figure 2C). Although we did not use the gold standard 

radioligand [125I]I-echistatin and observed relatively high nonspecific binding in the com-

petition assay, which could affect the accuracy of IC50 calculations, the determined IC50 

value is in accordance with the IC50 values of similar RGD-based conjugates published by 

Kapp et al. [19]. Other than monomeric RGD-based peptides, multimeric compounds pre-

senting more than one RGD motif have also been introduced [18]. This “multimerisation” 

approach may result in improved target affinity and prolonged target retention, however, 

Figure 2. In vitro cell assays. The uptake of [68Ga]Ga-DFO-c(RGDyK) in a U-87 MG cell line at
various time points (30, 60, and 90 min) at 37 ◦C, and the uptake inhibition by co-incubation with
500-fold excess of inhibitor (cold NODAGA-c(RGDyK)) (A). The uptake of [68Ga]Ga-DFO-c(RGDyK)
in M21 (αvβ3-positive) and M21-L (αvβ3-negative) cell lines without or with inhibitor (500-fold
excess of cold NODAGA-c(RGDyK)) for 60 min at 37 ◦C (B). Inhibition curve of [68Ga]Ga-NODAGA-
c(RGDyK) uptake obtained by incubation with increasing concentrations of cold DFO-c(RGDyK) 9 in
M21 cells for 60 min at 37 ◦C. Data are presented as mean values ± s.d. (n = 6) (C).

The in vitro competition assays using increasing amounts of cold DFO-c(RGDyK) 9
showed that the inhibitory peptide was able to suppress the binding of [68Ga]Ga-NODAGA-
c(RGDyK) to the αvβ3 integrin expressing M21 cells and that the binding kinetics fol-
lowed a classic sigmoid inhibition curve. The IC50 value found for DFO-c(RGDyK) 9 was
2.35 ± 1.48 nM (Figure 2C). Although we did not use the gold standard radioligand [125I]I-
echistatin and observed relatively high nonspecific binding in the competition assay, which
could affect the accuracy of IC50 calculations, the determined IC50 value is in accordance
with the IC50 values of similar RGD-based conjugates published by Kapp et al. [19]. Other
than monomeric RGD-based peptides, multimeric compounds presenting more than one
RGD motif have also been introduced [18]. This “multimerisation” approach may result in
improved target affinity and prolonged target retention, however, it may have a significant,
and in some cases undesired, impact on in vivo behavior of the RGD conjugates [18,33].

2.3. In Vivo Characterization

Biodistribution studies were performed 30 and 90 min after [68Ga]Ga-DFO-c(RGDyK)
injection in healthy Balb/c and tumor-bearing (U-87 MG) Balb/c nude mice. [68Ga]Ga-DFO-
c(RGDyK) displayed relatively rapid excretion mainly via the renal system and showed
minimal retention in blood and other organs in healthy animals 90 min after injection
(Figure 3). The highest activity concentration in the organs at a later time point (90 min p.i.)
was found in the kidneys (5.31 ± 0.12% ID/g), intestines (1.99 ± 0.01% ID/g), and the
stomach (1.78 ± 0.05% ID/g) in healthy animals. The ex vivo biodistribution data were
consistent with the results obtained from PET/CT imaging 30 and 90 min p.i. (Figure 3).
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The results of biodistribution studies of [68Ga]Ga-DFO-c(RGDyK) in U-87 MG
xenografted Balb/c nude mice are presented in Figure 4. [68Ga]Ga-DFO-c(RGDyK) in
tumor-bearing animals showed in vivo behavior similar to that in healthy mice. In addition,
[68Ga]Ga-DFO-c(RGDyK) was accumulated in tumor tissue 30 min p.i. (3.03 ± 0.62% ID/g),
and tumor washout was rather slow, as a significant amount of radioactivity
(1.54 ± 0.56% ID/g), compared to that in other organs, was still present in tumor tissue
after 90 min. In general, this is in good agreement with reports on other radiolabeled RGD
peptides being evaluated on the similar integrin αvβ3-expressing tumor model [20,24,33,34].
[68Ga]Ga-DFO-c(RGDyK) displayed lower U-87 MG tumor uptake in vivo compared to
that of multimeric RGD peptide counterparts and confirmed that multimerization usually
improves tumor-targeting capability of radiolabeled peptides [18,35], including RDG-based
peptides [36,37]. However, compared to monomeric conjugates, e.g., [68Ga]Ga-DOTA-
c(RGDyK) [23], [68Ga]Ga-NOTA-c(RGDyK) [20], and [68Ga]Ga-NODAGA-c(RGDyK) [24],
[68Ga]Ga-DFO-c(RGDyK) showed slightly slower pharmacokinetics and higher U-87 tumor
accumulation and retention, which is in full agreement with the obtained in vitro data.
Considering not only tumor uptake but also the pharmacokinetics and tissue distribu-
tion, monomeric or dimeric RGD-based peptide conjugates seem to be the most promising
candidates for in vivo imaging of integrins-expressing tumors [20,33,37].

Animal PET/CT imaging studies were conducted in healthy mice and in the same
tumor mouse model (U-87 MG) as biodistribution studies. Moreover, PET/CT imaging
was also performed in M21(αvβ3-positive) and M21-L (αvβ3-negative) xenografted Balb/c
nude mice to evaluate the specificity of [68Ga]Ga-DFO-c(RGDyK) uptake in the tumors
with high and low αvβ3 integrin expression in vivo. Static PET/CT images of [68Ga]Ga-
DFO-c(RGDyK) in U-87 MG tumor mice (Figure 5A) confirmed the results from ex vivo
biodistribution showing the uptake in αvβ3 integrin-overexpressing tissue and clearly
visualizing the tumor 30 and 90 min p.i. with relatively decent target-to-organ contrast
observed for both time points. PET/CT imaging of [68Ga]Ga-DFO-c(RGDyK) in M21 and
M21-L tumor-bearing mice (Figure 5B) displayed specific uptake of the radiotracer in
αvβ3 integrin-positive (M21) tumor tissue, while no uptake was observed in αvβ3 integrin-
negative (M21-L) tumor tissue both 30 and 90 min p.i. Animal PET/CT imaging of [68Ga]Ga-
DFO-c(RGDyK) in both tumor mouse models (U-87 MG and M21) confirmed that it has
similar in vivo behavior as other analogical radiolabeled RGD-based peptides [20,23,24]
and can be used for PET imaging of tumor angiogenesis. Moreover, DFO allows labeling
with different radionuclides [12,15,38,39], which could open ways of the studied DFO-
c(RGDyK) for SPECT imaging and theranostic applications [18,40].
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3. Materials and Methods
3.1. Chemicals

All reagents were purchased from commercial sources as reagent or analytical grade
and used without further purification. Solvents and chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA), Acros Organics (Geel, Belgium), AAPPTec (Louisville,
KY, USA), or Fluorochem (Hadfield, UK). p-SCN-Bn-Deferoxamine was purchased from
Macrocyclics (Plano, TX, USA). Anhydrous solvents were dried over 4 Å molecular sieves
or stored as received from commercial suppliers. 68GaCl3 for radiolabeling was eluted
from a 68Ge/68Ga-generator (Eckert & Ziegler Eurotope GmbH, Berlin, Germany) with
0.1 N HCl using a fractionated elution approach.

3.2. Conjugate Preparation

Reactions were performed in plastic reaction vessels (syringes, each equipped with
a porous disk) using a manually operated synthesizer (Torviq, Tuscon, AZ, USA) or in
ace-pressure tubes, unless stated otherwise. The volume of wash solvent was 10 mL per 1 g
of resin. For washing, resin slurry was shaken with the fresh solvent for at least 1 min
before changing the solvent. Resin-bound intermediates were dried under a stream of
nitrogen for prolonged storage and/or quantitative analysis.

3.2.1. Procedure for Acylation with Fmoc-Gly-OH

2-Chlorotrityl chloride resin 1 (300 mg, loading 0.85 mmol/g) was added to the
polypropylene fritted syringe and then washed with CH2Cl2 (3 × 5 mL). The solution
of Fmoc-Gly-OH (267 mg, 0.9 mmol) and DIPEA (148 µL, 0.9 mmol) in a mixture of
DMF/CH2Cl2 (1:1, 3 mL, v/v) was added to resin 1. The reaction slurry was shaken
at ambient temperature for 16 h, followed by washing with CH2Cl2 (5 × 5 mL), DMF
(5× 5 mL), and CH2Cl2 (5× 5 mL). For capping, the solution of CH2Cl2/methanol/DIPEA
(17:2:1, 10 mL, v/v) was added to the resin, and the slurry was shaken for an additional 1 h.
Then, the resin was washed again with CH2Cl2 (3 × 5 mL). Subsequent cleavage from the
resin (according to General procedure C) confirmed full conversion to product 2.

Loading after this step was determined as follows: the sample of resin 2 (~30 mg) was
washed with CH2Cl2 (5 × 3 mL) and MeOH (3 × 3 mL), dried under a stream of nitrogen
and divided into two portions (2 × 12 mg). Both samples were treated with CH2Cl2/TFA
(1:1, 1 mL, v/v) for 1 h, after which the cleavage cocktail was evaporated under a stream of
nitrogen. Cleaved compounds were dissolved in CH3CN/H2O (1:1, 1 mL, v/v), diluted
four times, and analyzed by ultra-high performance liquid chromatography coupled with
mass spectrometry and ultraviolet detection (UHPLC/MS/UV). Loading of the resin was
calculated with the use of an external standard (Fmoc-Ala-OH, 0.5 mg/mL).

3.2.2. General Procedure A for Deprotection of Fmoc

Corresponding resin (300 mg) was swollen in CH2Cl2 (5 mL) for 30 min. Solution of
DBU/CH2Cl2 (1:1, 5 mL, v/v) was added to the resin, and the reaction slurry was shaken
for an additional 10 min, then washed again with CH2Cl2 (3 × 5 mL) and DMF (3 × 5 mL).
The resin was used in the next step without further analysis.

3.2.3. General Procedure B for Preparation of Pentapeptide

The corresponding resin (300 mg) was swollen in CH2Cl2 (5 mL) for 30 min and then
washed with CH2Cl2 (3 × 5 mL) and DMF (3 × 5 mL). The Fmoc-protected amino acid
(0.2 M) and HOBt (91 mg, 0.6 mmol) were dissolved in DMF (3 mL), and DIC (94 µL,
0.6 mmol) was added. The reaction mixture was added to the corresponding Fmoc-
deprotected resin (according to General procedure A) and shaken for 4–16 h, followed
by washing with CH2Cl2 (5 × 5 mL), DMF (5 × 5 mL), and CH2Cl2 (5 × 5 mL). Subsequent
cleavage from the resin (according to General procedure C) confirmed the full conversion to
products 3–6. The loading of 6 was determined according to the above-mentioned procedure.
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3.2.4. Procedure for HFiP Mediated Cleavage from the Resin (with Maintaining
Protecting Groups)

Resin 6 (300 mg) was swollen in CH2Cl2 (5 mL) for 30 min and then washed with
CH2Cl2 (3 × 5 mL) and DMF (3 × 5 mL). Fmoc protecting group was cleaved according to
General procedure A. The solution of 1,1,1,3,3,3-hexafluoro-2-propanol (HFiP) in CH2Cl2
(1:4, 3 mL, v/v) was added to the resin, and the reaction slurry was shaken at ambient
temperature for 3 h. Then, the resin was washed with a HFiP/CH2Cl2 (1:4, 3 × 4 mL, v/v)
mixture, organic extracts were combined, and residual solvents were evaporated under
reduced pressure. UHPLC/MS analysis confirmed quantitative cleavage of 6 from the resin,
and the crude product 7 was used directly in the next step without further purification.

3.2.5. Procedure for Peptide Cyclization

Crude product 7 was dissolved in DMF (3 mL/300 mg of 6) with subsequent addition
of PyBOP (156 mg, 0.3 mmol) and DIPEA (200 µL, 1.2 mmol). The reaction mixture was
stirred at ambient temperature for 24 h. UHPLC/MS analysis confirmed formation of the
cyclized product (ESI−: 1147) which was used directly in the next step.

3.2.6. Procedure for Deprotection of Dde

NH2NH2·OH (60 µL) was added into the reaction mixture with cyclized peptide, and
the reaction mixture was stirred for an additional 3 h. Subsequent UHPLC/MS analysis
confirmed the formation of 8. The residual solvents were evaporated on high vacuum, and
crude product 8 was purified by semipreparative HPLC.

3.2.7. Procedure for Acylation with p-SCN-Bn-Deferoxamine and Final Deprotection of Pbf
and Tert-Butyl Protecting Groups

Compound 8 (15 mg, 0.01 mmol) was dissolved in anhydrous DMF (500 µL). The
solution of p-SCN-Bn-deferoxamine (12 mg, 0.01 mmol) and DIPEA (10 µL, 0.05 mmol)
in anhydrous dimethyl sulfoxide (DMSO; 500 µL) was added, and the resulting mixture
was stirred at ambient temperature for 1 h, after which UHPLC/MS analysis confirmed
the formation of conjugate. The residual solvents were evaporated under high vacuum,
the solution of CH2Cl2/TFA (1:1, 1 mL, v/v) was added, and the reaction mixture was
stirred at ambient temperature for an additional 2 h. Residual solvents were evaporated in
a stream of nitrogen, and the final product 9 was purified by semipreparative HPLC.

3.2.8. Instrumentation and Analytics

For the UHPLC-MS analysis, a sample of resin (~5 mg) was treated with CH2Cl2/TFA
(1:1, 1 mL, v/v), the cleavage cocktail was evaporated under a stream of nitrogen, and
cleaved compounds extracted into CH3CN/H2O (1:1, 1 mL, v/v). Prior to HPLC separation
(column Phenomenex Gemini, 50 × 2.00 mm, 3 µm particles, C18), the samples were
injected by direct infusion into the mass spectrometer using an autosampler. Mobile phase
was isocratic 80% CH3CN and 20% 0.01 M ammonium acetate in H2O or 95% methanol +
5% H2O + 0.1% formic acid and flow of 0.3 mL/min.

Liquid chromatography coupled with mass spectrometry (LC/MS) analyses were
carried out on a UHPLC-MS system consisting of a UHPLC chromatograph Acquity with a
photodiode array detector and a single quadrupole mass spectrometer (Waters, Milford,
MA, USA), using X-Select C18 column at 30 ◦C and flow rate of 0.6 mL/min. Mobile phase
was (A) 0.01 M ammonium acetate in H2O and (B) CH3CN, linearly programmed from
10% A to 80% B over 2.5 min, kept for 1.5 min. The column was re-equilibrated with 10%
of solution B for 1 min. The ESI source operated at a discharge current of 5 µA, vaporizer
temperature of 350 ◦C, and capillary temperature of 200 ◦C. HPLC purification was carried
out on a C18 reverse phase column (YMC Pack ODS-A (YMC, Kyoto, Japan), 20 × 100 mm,
5 µm particles), gradient was formed from CH3CN and 0.01 M ammonium acetate in H2O,
flow rate of 15 mL/min. For lyophilization of residual solvents at −110 ◦C, a ScanVac
Coolsafe 110-4 (Labogene, Lillerod, Denmark) was used.
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High-resolution mass spectrometry (HRMS) analyses were performed using an LC
chromatograph (Dionex Ultimate 3000, Thermo Fischer Scientific, Waltham, MA, USA) and
an Exactive Plus Orbitrap high-resolution mass spectrometer (Thermo Fischer Scientific,
Waltham, MA, USA) operating at positive full scan mode (120,000 FWMH) in the range of
100–1000 m/z. The settings for electrospray ionization were as follows: oven temperature
of 150 ◦C and source voltage of 3.6 kV. The acquired data were internally calibrated with
phthalate as a contaminant in methanol (m/z 297.15909). The samples were diluted to a
final concentration of 0.1 mg/mL in CH3CN/H2O (9:1, v/v).

Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL ECX500 spec-
trometer (JEOL, Tokyo, Japan) at magnetic field strengths of 11.75 T with operating fre-
quencies 500.16 MHz (for 1H), and 125.77 MHz (for 13C) at 27 ◦C. Chemical shifts (δ) are
reported in parts per million (ppm) and coupling constants (J) are reported in Hertz (Hz).
The 1H and 13C NMR chemical shifts (δ in ppm) were referenced to the residual signals of
DMSO-d6 [2.50 (1H) and 39.52 (13C)]. The residual signal of ammonium acetate (from HPLC
purification) exhibited a signal at 1.90 ppm (1H) and at 21.3 ppm and 172.0 ppm (13C).

Abbreviations in NMR spectra: br s—broad singlet, d—doublet, dd—doublet of
doublets, m—multiplet, s—singlet.

3.3. Radiolabeling and Quality Control

For radiolabeling of DFO-c(RGDyK) 9, 68GaCl3 was obtained by eluting a commercial
68Ge/68Ga-generator with 0.1 N HCl. The fractionated elution method was used to increase
the radioactivity to volume ratio to its maximum. DFO-c(RGDyK) 9 (0.1–50 µg) was
incubated with 300 µL of 68Ge/68Ga-generator eluate (20–40 MBq), and pH was adjusted
to 4–5 by adding 30 µL of 1.14 M CH3COONa × 3H2O. After the incubation (1–30 min) at
85 ◦C and the adjustment of pH to 6–7 with 100 µL of 1.14 M CH3COONa × 3H2O, the
samples were analyzed by RP-HPLC with radiodetection.

Radiochemical purity (RCP) of [68Ga]Ga-DFO-c(RGDyK) was determined by RP-
HPLC using the gradient method. RP-HPLC analysis was performed with a Dionex
UltiMate 3000 UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) consisting
of an UltiMate 3000 RS pump, an UltiMate 3000 autosampler, an Ultimate 3000 column
compartment (25 ◦C oven temperature), an UltiMate 3000 variable wavelength detector
(UV detection at λ = 220 and 280 nm), and a GABI Star radiometric detector (Raytest
GmbH, Straubenhardt, Germany). A Nucleosil 120-5 C18 250 × 40 mm column (WATREX,
Prague, Czech Republic) with 1 mL/min flow rate was used with the following gradient:
CH3CN/H2O/0.1% trifluoroacetic acid (TFA): 0–3.0 min 0% CH3CN, 3.1–6.0 min 0–50%
CH3CN, 6.1–10.0 min 50% CH3CN, 10.1–13.0 min 80% CH3CN, 13.1–15 min 0% CH3CN.

3.4. Partition Coefficient, In Vitro Stability, and Protein Binding

Partition coefficient (log P) of [68Ga]Ga-DFO-c(RGDyK) was determined as follows:
Radiolabeled DFO-c(RGDyK) was dissolved with phosphate-buffered saline (PBS) pH = 7.4
to 1 mL (~7 µM). Aliquots of 50 µL were added to 450 µL PBS and 500 µL octanol, and
the mixture was vigorously vortexed for 20 min at 1500 rpm. The aqueous and organic
solvents were separated by centrifugation (2 min at 2000× g), and 50 µL aliquots of both
layers were collected and measured in a gamma counter (PerkinElmer, Waltham, MA,
USA). Log p values were calculated from the obtained data in Microsoft Office Excel 2010
(Microsoft, Redmond WA, USA) (mean of n = 6).

In vitro stability of [68Ga]Ga-DFO-c(RGDyK) was studied in different media, including
PBS, human serum (Sigma Aldrich, St. Louis, MO, USA), competing metal (0.1 M FeCl3),
and chelator solution (6 mM diethylenetriaminepentaacetic acid (DTPA)). [68Ga]Ga-DFO-
c(RGDyK) was directly mixed with PBS and human serum at a 1:10 ratio, and with FeCl3
and DTPA solutions at a 1:1 ratio. Thus, the prepared reaction mixtures were incubated
for 30, 60, and 120 min, respectively, at 37 ◦C. After incubation, human serum samples
were precipitated with acetonitrile and centrifuged (3 min, 2000× g). The supernatant was
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analyzed by RP-HPLC. Samples containing PBS, DTPA, and FeCl3 were analyzed directly.
The stability is reported as % RCP of [68Ga]Ga-DFO-c(RGDyK) (n = 3).

For protein binding measurement, 10 µL of [68Ga]Ga-DFO-c(RGDyK) was mixed
with 190 µL of human serum or PBS as a control and incubated at 37 ◦C up to 120 min.
The samples were collected at selected time points (30, 60, and 120 min after incubation)
and analyzed by size exclusion chromatography using MicroSpin G-50 Columns (GE
Healthcare, Buckinghamshire, UK) in triplicates. First, the columns were centrifuged at
2000× g for 1 min to remove the storage buffer. After adding 25 µL of tested sample,
the columns were centrifuged again for 2 min with 2000× g. Column and eluate were
measured in the gamma counter, and percentages of non-protein-bound radiolabeled
peptide (column) and protein-bound radiotracer (eluate) were calculated.

3.5. Cell Culture and In Vitro Cell Assays

Human glioblastoma multiforme U-87 MG cells (ATCC, Manassas, VA, USA) were
cultured in Dulbecco’s Modified Eagle Medium (Merck, Darmstadt, Germany) supple-
mented with 10% fetal bovine serum, 0.1 mM non-essential amino acids, and 1.0 mM
sodium pyruvate at 37 ◦C in a 5% carbon dioxide humidified incubator. Human melanoma
cell lines M21 (fluorescence-activated cell sorting selected clone, which stably express αvβ3
integrin; αvβ3 integrin-positive) and M21-L (αvβ3 integrin-negative) originated from prof.
Cheresh, Departments of Immunology and Vascular Biology, The Scripps Research Insti-
tute, La Jolla, CA, USA and were a kind gift of prof. Decristoforo, Department of Nuclear
Medicine, Medical University Innsbruck, Austria. Both M21 and M21-L cells were cultured
in Dulbecco’s Modified Eagle Medium (Merck, Darmstadt, Germany) supplemented with
10% fetal bovine serum. All the cells were subcultured and used for experiments at a
confluency of 70–90%.

Cell uptake assays were performed in 24-well plates cell at cellular confluency of
70–90%. In the case of U-87 MG, collagen-coated plates (Waltham, MA, USA) were em-
ployed due to the insufficient adherence of this cell line. The uptake assay itself was carried
out using a dedicated buffer instead of the regular cell culture media. This buffer consisted
of 25 mM Tris/HCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 5 mM glucose, and
140 mM NaCl in H2O [41]. The cells were incubated with [68Ga]Ga-DFO-c(RGDyK) (7 nM)
alone and also with an excess (3.5 µM) of cold NODAGA-c(RGDyK) (ABX, Radeberg,
Germany) as the uptake inhibitor. This incubation was performed in the buffer described
above. The incubation times with 68Ga-labeled ligand were 30–90 min in the case of U-87
MG cells and 60 min in the case of M21 and M21-L cells at 37 ◦C. Afterwards, the 24-well
plates were rinsed with PBS and the cells were lysed by 0.1 M NaOH and measured for ra-
dioactivity in the gamma counter. The uptake of [68Ga]Ga-DFO-c(RGDyK) was calculated
as the mean of the percentage of the applied dose ± standard deviation.

The determination of the IC50 value of [68Ga]Ga-DFO-c(RGDyK) in vitro was carried
out using an M21 cell line. This competition assay was performed in standard 24-well plates
with the cells seeded one day before the experiment. The assay itself employed the same
incubation buffer as in the above-described uptake assay. Briefly, the M21 cells were washed
with PBS buffer, and cold DFO-c(RGDyK) 9 was added (triplicate wells) in nine different
concentrations to cover a concentration range from 1 × 10−10 to 5 × 10−5 M. The cells were
then incubated for 30 min at 37 ◦C. Next, [68Ga]Ga-NODAGA-c(RGDyK) (15 nM) was
added, followed by 60 min of incubation at 37 ◦C. Thereafter, the uptake was interrupted
by buffer removal. The cells were rinsed with ice-cold PBS buffer and lysed with 0.1 M
NaOH. The lysed cell were collected for radioactivity and protein content measurement.
The protein content was determined using a standard BCA protein assay (Pierce™ BCA
Protein Assay Kit, Thermo Fisher Scientific, Waltham, MA, USA). Radioactivity of the cell
samples was measured in the gamma counter.

The cellular uptake of [68Ga]Ga-NODAGA-c(RGDyK) was calculated as the percent-
age of applied dose per milligram of cell protein. These uptake values were used to
plot a classical sigmoidal dose-response curve in GraphPad Prism (GraphPad Software,
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San Diego, CA, USA). The IC50 value was determined from this curve using fitting analysis
in the above-mentioned software.

3.6. Animal Experiments

The animal studies were performed using female 8–10-week-old Balb/c and athymic
Balb/c nude mice (Envigo, Horst, The Netherlands). The animals were acclimatized
to laboratory conditions for 1 week prior to experimental use and housed in a specific-
pathogen-free animal facility with free access to animal chow and water. During the
experiments, general health and body weight of the animals were monitored. The number
of animals was reduced as much as possible (n = 3 per group and time point) for all in vivo
experiments. The tracer injection as well as small animal imaging was carried out under 2%
isoflurane anesthesia (FORANE, Abbott Laboratories, Abbott Park, IL, USA) to minimize
animal suffering and to prevent animal motion.

For animal tumor models, athymic Balb/c nude mice were subcutaneously injected
in the right flank with 5 × 106 U-87 MG cells mixed with Matrigel Matrix (Corning, NY,
USA) at a 1:1 ratio or in the right and left flank with 5 × 106 M21 and M21-L cells. Tumor
growth was continuously monitored by caliperation. When the tumor volume reached
around 0.1–0.3 cm3 (i.e., 6–8 weeks after the inoculation of tumor cells), the mice were used
for ex vivo biodistribution studies or PET/CT imaging.

To evaluate pharmacokinetics and biodistribution of [68Ga]Ga-DFO-c(RGDyK) in
healthy and tumor-bearing (U-87 MG cell line) animals ex vivo, a group of three Balb/c or
athymic Balb/c nude mice per time point were retro-orbitally (r.o.) injected with [68Ga]Ga-
DFO-c(RGDyK) (1–2 MBq/mouse, 1 µg DFO-c(RGDyK)). The animals were sacrificed by
cervical dislocation at 30 and 90 min post-injection (p.i.). Organs and tissues of interest
(blood, spleen, pancreas, stomach, intestines, kidneys, liver, heart, lung, muscle, bone, and
tumor) were collected, weighed, and measured in the gamma counter. The results were
expressed as percentage of injected dose per gram organ (% ID/g).

PET/CT imaging of the experimental animals was performed with an Albira PET/
SPECT/CT small animal imaging system (Bruker Biospin Corporation, Woodbridge, CT,
USA). The animals were r.o. injected with [68Ga]Ga-DFO-c(RGDyK) at a dose of 5–7 MBq
corresponding to ~2 µg of DFO-c(RGDyK) 9 per animal. Anesthetized animals were
placed in a prone position in the Albira system before the start of imaging. Static PET/CT
images were acquired over 30 min, starting 30 and 90 min after injection for both healthy
and tumor-bearing (U-87 MG and M21 vs. M21-L) mice. A 10-min PET scan (axial FOV
148 mm) was performed, followed by a double CT scan (axial FOV 110 mm, 45 kVp,
400 µA, at 400 projections). ThesScans were reconstructed with Albira software (Bruker
Biospin Corporation, Woodbridge, CT, USA) using the maximum likelihood expectation
maximization (MLEM) and filtered backprojection (FBP) algorithms. After reconstruction,
the acquired data was viewed and analyzed with the appropriate software (PMOD software,
PMOD Technologies Ltd., Zurich, Switzerland and VolView software, Kitware, Clifton Park,
NY, USA).

4. Conclusions

We have developed synthetic protocols for simple preparation of RGD peptides
conjugated with deferoxamine. Based on the combination of solid-phase and solution-
phase synthesis (post-cleavage oligopeptide modification), the conjugation via lysin side
chain was regioselectively achieved due to a high level of orthogonality in the structure of
corresponding intermediates. Furthermore, with respect to high crude purities, only two
purification steps within the reaction sequence were required. The protocols can be applied
to the preparation of various analogical conjugates bearing lysine in a peptide moiety.

Moreover, here we report for the first time, to our best knowledge, a DFO-based RGD
peptide for radiometal labeling. The deferoxamine-based c(RGDyK) conjugate 9 could be
easily radiolabeled with Ga-68 with high radiochemical purity, thus not requiring further
purification steps. [68Ga]Ga-DFO-c(RGDyK) showed excellent in vitro stability in human
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serum and PBS, high affinity for αvβ3 integrin, rapid predominantly renal elimination,
and good tumor-to-background ratios, indicating that it may be applicable for imaging of
tumors expressing αvβ3 integrins. Additionally, the use of DFO as a chelating moiety also
allows labeling of the studied DFO-c(RGDyK) with different radiometals.
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Abstract: Natural and de novo designed peptides are gaining an ever-growing interest as drugs
against several diseases. Their use is however limited by the intrinsic low bioavailability and poor
stability. To overcome these issues retro-inverso analogues have been investigated for decades as
more stable surrogates of peptides composed of natural amino acids. Retro-inverso peptides possess
reversed sequences and chirality compared to the parent molecules maintaining at the same time
an identical array of side chains and in some cases similar structure. The inverted chirality renders
them less prone to degradation by endogenous proteases conferring enhanced half-lives and an
increased potential as new drugs. However, given their general incapability to adopt the 3D structure
of the parent peptides their application should be careful evaluated and investigated case by case.
Here, we review the application of retro-inverso peptides in anticancer therapies, in immunology,
in neurodegenerative diseases, and as antimicrobials, analyzing pros and cons of this interesting
subclass of molecules.

Keywords: retro-inverso peptides; anticancer peptides; drug delivery; peptide antigens; Aβ; IAPP;
antimicrobial peptides

1. Topology, Structural Characteristics

As therapeutic agents, peptides have fascinating properties, such as very high speci-
ficity and binding affinity, generally low toxicity, and low risk of drug interactions [1].
Moreover, due to the high diversity which is sequence- and structure-dependent, they
can be designed as potential drugs to target almost any disease. On the other hand, nat-
ural peptides, due to their low size and high sensitivity to most proteases, are quickly
excreted or anyhow degraded, resulting in poor biodistribution, bioavailability, and rapid
clearance [2], and thus limited therapeutic potential [2]. To increase peptide half-life, sta-
bility and bioavailability, many approaches have been proposed including PEGylation,
backbone modifications, cyclization, side chain stapling, and lipidation [3,4]. Among
these, modification of the backbone is one of the most invasive approaches, as it may
profoundly affect the conformation of peptides, especially when it involves alteration of
the residue’s isomerization.

All amino acids (except glycine) possess chiral centers and occur in nature almost
exclusively as L-enantiomers in proteins and natural peptides. D-amino acid-containing
peptides are also found in nature, mainly in some frog species and bacteria, as a result of
post-translational modifications [5].

Compared to L-amino acid peptides, D-peptides exhibit an innate resistance to enzy-
matic degradation and as such have acquired a special importance as potential biopharma-
ceuticals [6–8]. However, given the strong correlation between the structural properties of
single residues and of the peptide molecule they belong to, partial or complete modification
of peptide isomerism leads in most cases to reduction or even suppression of biological ac-
tivity [9]. An elegant and often successful solution to translate biologically active L-peptides
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into D-analogues, is the use of retro-inverso (RI) peptides, which incorporate D-amino acids
as stable surrogates of L-amino acids [10], but presented in a reverse (retro) order compared
to the parent molecule [8]. RI analogues of all L-peptides, also known as retro-all-D or
retro-enantio peptides, are thus peptides composed of D-amino acids introduced in the
sequence in reverse direction. The importance of this subclass of peptides is that, when
viewed in a fully extended conformation, the side-chains are superimposable with those
of the parent L-peptide but with inverted amide bonds and N/C terminal groups [11].
Therefore, in those cases where activity is mostly associated to the array of side chains
without any significant contribution from the backbone chemical groups and from the
tridimensional organization, a RI analogue has the potential to achieve the same functions
as the all-L parent peptide, but with superior stability toward proteolytic degradation [10].
In this regard, retro-inversion is commonly efficacious when one starts from unstructured
peptides [12] which work by inductive adaptation on the interacting surfaces and whose
array of side chains are more likely to adopt a topology similar to that of the parent peptide.
This occurs most readily when the enthalpic contribution of the interactions established
by the CO and NH groups of the backbone to stabilize preferential conformations and to
bind the target, is relatively poor and can easily be overcome by rearrangements of the
retro-inverso analogues which then gain access to the same conformational space of the
parent peptide [13]. On these bases, this kind of quasi-neutral isomerization sometimes suc-
ceeds and sometimes fails [14–16], but in either case provides an interesting and valuable
approach to understand the importance of structural elements in molecular recognition
events. In particular, when the introduction of D-amino acids with reversal of the peptide
backbone and of the C/N terminal groups leave unchanged the peptide binding properties
and/or activities, clearly the role of the peptide backbone to the interaction is negligible.
This observation was evidently demonstrated by Ruvo et al. [17] studying a very small
bioactive peptide. They found that a close topochemical relationship existed between the
parent tripeptide MYF-NH2 (three letters amino acids code: L-Met-L-Tyr-L-Phe), and its
corresponding retro-inverso isomer (D-Phe-D-Tyr-D-Met) (Figure 1). In the two peptides,
the amide bonds of the backbone were interchanged, whereas the 3D orientation of the side
chains and the position of the amino group were identical. They demonstrated that the RI
isomer retained the binding properties for the protein ligand, the receptor neurophysin
II (NP II), and an affinity similar to that of the parent peptide [17]. In this case-study, the
successful conversion toward the RI analogue was made possible due to the small size of
the molecule analyzed in addition to regeneration of the amino group through a reduction
reaction. In larger and structurally more complex peptides, the limitations described above
must be taken into account in order to achieve equally effective translations. Indeed, the
conversion from an all-L-parent peptide to its retro-inverso analogue implies that the values
of the original ϕ and ψ dihedral angles are exchanged (retro conversion) and transformed
to the identical negative values (chiral inversion) in all residues (Figure 1) [16,18,19]. As
shown, an identical relationship holds between the inverso and the retro analogues which
can be considered as the retro-inverso the one of the other. The angles of the parent peptide
become the angles of the retro-peptide and vice versa and the same is true with the inverso
and the retro analogues (Figure 1). As result, in the retro-inverso analogues, the direction
of the peptide bonds is reversed while the side-chain orientation of the amino acid residues
is retained. Since the bond lengths of the CO and NH groups are comparable, the positions
of the side chains do not change significantly [13] and the two molecules appear as almost
identical. Assuming that the activity of a peptide depends mainly on the interactions
that the side chains establish with the surface of the target, the peptide functions can be
therefore theoretically preserved [20]. Though, since recognition is also often mediated by
backbone interactions and is governed by the molecule 3D organization, RI analogues are
likely to successfully mimic the precursor molecule only in a restricted number of cases.
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Figure 1. Topological relationship between a peptide and its inverso, retro, and retro-inverso ana-
logues, illustrated for the example peptide MYF [17]. As shown, the topology of the side chains of
the retro-inverso analogue, in the C-to-N orientation, is the same as the parent peptide in the N-to-C
orientation (figure adapted by [13]).

The hydrogen bonds between the CO acceptors and NH donors generate a network
of highly stabilizing interactions in peptides arranged as α-helices and β-sheets. If the
network of stabilizing interactions is removed, the stability of the 3D structure will be
severely compromised in the retro-inverso mimetics, largely affecting their activity [13].
From a topological point of view, the RI analogues of larger peptides [21,22] could adopt
conformations similar to that of the parent peptide when the full-length protein or part of
it predominantly contains structural elements whose energy in the Ramachandran map
is not drastically changed during the conversion like in β-sheets and γ-turns. In this
case, they are likely to be stabilized by similar side-chain-to-side-chain interactions. This
observation is consistent with results reported in literature [13,17,23,24]. As an example,
Peggion and coworkers in 2009 [25] proposed a structure-function relationship study on a
mimetic peptide of the Parathyroid hormone (PTH) spanning residues 1-11 (PTH(1-11)).
This peptide is a ligand of the PTH type-I receptor and was studied through the synthesis
and characterization of all-D PTH retro-inverso analogues. The retro-inverso RI-PTH(1-11)
analogues showed a reduced biological activity compared to the parent peptide, because
of the absence of the α-helical structure which could be induced by introducing an Aib
residues on the N-terminal position [26].

For the design of RI peptides two aspects should be therefore considered: (i) The
importance of the interactions of the backbone amide groups of the parent peptide with the
receptor are important [12,13,27]. (ii) Maintenance of the original 3D structure in the retro-
inverted peptide, that means retention of most hydrogen bonds formed intra-backbone
and those between the backbone and the side chains.

The current review focuses on the main applications of retro-inverso peptides as
potential biotherapeutics with improved stability in vitro and in vivo. The interest around
this fascinating subclass of molecules is driven by their potential use in a vast area of
applications here reviewed, including diagnostics, cancer therapeutics, neurodegenerative
diseases, and new antibiotics (as antimicrobial peptides).

2. Anticancer Applications—Diagnostic

In the cure of cancer, side effects following conventional drug treatments are cur-
rently on the rise. A growing number of studies indicate that peptides, more specifically
anticancer peptides (ACPs), could be new valuable options in this field. Peptides have
the advantage of exhibiting reduced immunogenicity, excellent tissue penetrability, and
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low-cost manufacturability compared to bigger molecules like proteins and antibodies.
Also, they are easily modified to improve the in vivo stability and the biological activity,
leading to an increased utility and versatility for cancer therapy. For these reasons, an
ever-growing number of anticancer peptides (ACPs) are being evaluated at various stages
of clinical trials [28,29]. Cancer development is characterized by a variety of processes that
include migration from the primary tumor site, invasion through the basement membrane,
invasion of metastatic cells into blood vessels, and finally localization at second sites [30].
During the proliferation of cancer cells, the core of the tumor becomes deficient in nutri-
ents and oxygen. Therefore, this kind of cancer cells have to up-regulate the expression
of pro-angiogenic factors to stimulate new blood vessels into and around the tumor to
allow it to grow up [31,32]. Angiogenesis, which is the formation of new capillaries from
pre-existing blood vessels, is the driving event in this physiological process that also reg-
ulates embryogenesis, postnatal growth, reproductive function, and wound healing [33].
The other side of the coin are the pathological mechanisms of angiogenesis which play
important roles in numerous human diseases, particularly in the growth and spread of
cancers [33–35]. The suppression of pathological angiogenesis, which is principally driven
by vascular endothelial growth factors (VEGF) and by their interaction with the receptors
VEGFR1 and VEGFR2, set on the surface of endothelial cells [34], is indeed an efficient and
clinically validated approach in cancer therapy. Beyond antibodies and soluble receptors,
also several peptides have been designed and tested as inhibitors of the VEGF-VEGFR
kinase axes in the tumor angiogenic cascade, with many that have been approved by the
regulatory agencies [35,36] or have entered various clinical trials [37,38] to block tumor
growth and angiogenesis [37].

In this field, Vicari et al., in 2011 [38] designed peptides able to mimic the VEGF-
binding site on VEGFR-2, reproducing the loop formed by the antiparallel β-sheets β5
and β6. The linear synthetic peptide VEGF-P3(NC) was cyclized by oxidation of two
cysteines enabling the formation of the twisted peptide VEGF-P3(CYC) underpinning an
anti-parallel β-sheet structure VEGF-P3(CYC) (Table 1). The cyclic peptide VEGF-P3(CYC)
showed an increased affinity for VEGFR-2 and an improved capability to inhibit VEGF-
dependent signaling pathways compared with the parent linear peptides, highlighting the
close relationship between the structure and the activity of the molecule. In this case, the
transition from the L peptide to its retro-inverso analogue was not successful. Indeed, the
RI analogue, named VEGF-RI-P4(CYC) was not able to block VEGF-VEGFR-2 interaction,
although VEGF-RI-P4(CYC) and VEGF-P3(CYC) showed a similar global conformation
in solution as demonstrated by Circular Dichroism (CD). These results indicated that the
RI analogue, despite the similar side chains disposition, was unable to expose its binding
key residues in positions favorable for interacting with the receptor. Upon a more detailed
structural characterization, the loss of activity was related to a different arrangement of the
backbone as compared to the parent peptide [39].

Using a combinatorial screening on VEGF-activated endothelial cells, the retro-inverso
peptide D(LPR) was shown to target VEGFR1 and neuropilin-1 [40]. The motif D(LPR) was
successful validated as strong inhibitor of retinal angiogenesis in retinopathy models when
administered in an eye-drop formulation [41], showing the effectiveness of the approach
on short peptides.
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Table 1. Names, peptide sequences reported in the review and their applications.

Name Sequence 1 Application Ref

Anticancer Applications—Diagnostic

VEGF-P3(CYC) I76TMQ79CG92IHQGQ
HPKIRMI80CE93MSF96 *

Inhibition angiogenesis [38,39]

D(LPR) D(Leu-Pro-Arg) Inhibition retinal
angiogenesis; Diagnostic [41–43]

SP5 PRPSPKMGVSVS * Drug delivery [44,45]

uPAR88–92 SRSRY *

Maintaining chemotactic
activity and triggers directed

cell migration
and angiogenesis

[46,47]

RI-3 Ac-D(Tyr- Arg-Aib-Arg)-
NH2

Prevent extracellular
invasion by tumor cells [48]

D(RGD) D(Asp-Gly-Arg) Diagnostic [49–51]

VS SWFSRHRYSPFAVS * Glioblastoma
multiforme (GBM) [52,53]

VAP SNTRVAP *
Gliomas, glioma stem cells,

vasculogenic mimicry
and neovasculature

[54]

WSW SYPGWSW * Glioma cells and
tumor neovasculature [55]

BK RPPGFSPFR * Glioma cells [56]

FP21 YTRDLVYGD
PARPGIQGTGTF * Ovarian cancer [57–59]

T7 HAIYPRH * Drug delivery [60]
Applications in Immunology

TG19320 (rty)4K2KG IgG binding [61,62]

VSVp RGYVYQGL * antigen surface of hepatitis
B virus [63]

OVAp SIINFEKL * antigen surface of hepatitis
B virus [63]

PS1 HQLDPAFGANSTNPD * antigen surface of hepatitis
B virus [63]

HAI HAIYPRH * Crossing BBB [64]
THR THRPPMWSPVWP * Crossing BBB [64]

InsB:9–23 HLVEALYLVCGERGG *

Analogue of diabetogenic
islet peptide—prevents T-cell

activation in humanized
model mice

[65,66]

Application in Neurodegenerative Diseases

Amytrap WKGEWTGR * Blocking the oligomerization
and aggregation of Aβ1–42

[67–71]

IAPP11–20 RLANFLVHSS * Strong inhibitory effects on
amylin aggregation in T2DM [72]

β-syn36–45 GVLYVGSKT * Reduction of amyloid fibril
and oligomer formation [73]

Application in Antimicrobial Antibiotics

RI1018 rrwirvavilrv Preventing formation
of Biofilm [74]

RI-JK6 rivwvrirrwqv Preventing formation
of Biofilm [74]

RI-73 lwGvwrrvidwlr Damaging the
bacterial membrane [75]

BMAP-28 GGLRSLGRKILRAWK
KYGPIIVPIIRIG * Broad antimicrobial activities [76]

1 The sequences reported are those of the parent peptides * (L-residues), unless otherwise indicated, like reporting
D residues as lower-case letters or adding a “D” before the sequence.
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Another example of the use of RI analogues against the VEGF-VEGFR complexes was
shown by Calvanese et al. [42] who designed a series of cyclic peptides embedding the retro-
inverso (RI) version of the consensus sequences RPL/LPPR, corresponding to peptides
capable of preventing VEGF binding to VEGFR1 [41] and VEGFR2 [77], and to specifically
inhibit human endothelial cells (EC) proliferation in vitro [77]. Direct binding experiments
of the peptides to VEGFR1 and VEGFR2 identified a peptide that bound both receptors
with a KD in the low micromolar range but with a significant selectivity for VEGFR1 respect
to VEGFR2 thus showing a potential as VEGFR1-selective diagnostic probe.

The important properties of the of LPR peptide’s RI mimics were also recently demon-
strated by Rezazadeh et al. [43]. Small size, high stability, high affinity for VEGF receptors
and good distribution in tumor tissues were the characteristics of the D(LPR) peptide which
was suggested as a good candidate for use as SPECT probe for molecular imaging of cancer.
D(LPR) was indeed labeled with technetium-99m (99mTc), which is the first-choice radionu-
clide in diagnostic nuclear medicine. The authors prepared two different D(LPR) analogues
having sequences lprpK-HYNIC and HYNIC-Kplpr, both incorporating the HYNIC L-
peptide (sequence L-His-L-Tyr-L-Asn-L-Ile-L-Cys) acting as a bifunctional chelating agent
(BFCA) at the C- or N-termini of the targeting peptide. Their results demonstrated that
D(LPR) could be labeled not only with diagnostic radioisotopes but also with therapeutic
radioisotopes for both imaging and curative purposes.

Another L-peptide, named SP5 (Table 1), that efficiently and specifically binds to the
vasculature of tumors was discovered by in vivo phage display [44]. Its RI analogue, D-
SP5 [45], was designed, prepared, and investigated and showed a stronger targeting ability
to VEGF-stimulated HUVECs. Importantly, D-SP5 recognized the same binding site as the
parent peptide, although the receptor was unknown. Authors also demonstrated that D-
SP5 could be an effective agent for drug delivery for angiogenesis and a potential targeting
vehicle for use in clinical cancer therapy. Also, D-SP5 was conjugated to micelles and
loaded with doxorubicin (Dox), showing significantly stronger tumor inhibition efficiency
compared to L-SP5 micelles/Dox, negative controls, and free Dox.

Another attractive approach for the clinical management of metastases arising from
solid tumors is the control of cell motility. One major regulator of cell migration frequently
overexpressed and commonly targeted by therapeutics is the urinary plasminogen activator
receptor (uPAR), also known as the urokinase receptor which promotes the chemotactic
activity, the migration and the angiogenesis of cancer many cells [78]. The minimal frag-
ment of uPAR spanning residues 88–92 [46] (Table 1) was identified as able to maintain
the uPAR chemotactic activity and to trigger cell migration and angiogenesis properties
in vitro and in vivo [47]. The activity of this peptide, known as uPAR88-92, was mediated
by its direct interaction with the receptor FPR type 1 (FPR1), which is able to activate the
vitronectin receptor [79]. Inhibition of the uPAR/FPR1 interaction represents an attractive
target to inhibit the metastatic process in solid tumors. Carriero et al. [48] reported the
tetrapeptide analogue RI-3, Ac-D(Tyr-Arg-Aib-Arg)-NH2 (Table 1), which at variance with
the precursor peptide, was an antagonist of the uPAR/FPR1 interaction and as such could
prevent in vivo extracellular matrix invasion, tumor cell infiltration into the blood, and
capillary network formation.

Integrins [80,81] are other receptors playing important roles in cell–cell and cell–matrix
interactions during developmental and pathological processes [80,82,83]. They are highly
correlated with angiogenesis, tumorigenesis, metastasis, and drug resistance [84–86]. In
particular, integrin αvβ3 isoform represents an interesting molecular target for many di-
agnostic and therapeutic applications [87–90]. αvβ3 specifically recognizes the consensus
tripeptide Arg-Gly-Asp (RGD), derived from extracellular matrix proteins, which has been
largely exploited as radiolabeled carrier for the early diagnosis of malignant tumors [91].
Recently, Karimi et al. [49] presented a HYNIC-D(RGD) peptide labeled with the radioiso-
tope 99mTc. The radiochemical purity of HYNIC-D(RGD) was about 100%, showing the
efficiency of this method to increase the quality of labeling compared to previous methods
used for cyclic peptides [50]. At the same time, the retro-inverso portion of the peptide
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conferred higher stability in serum and higher affinity for integrins compared to the cyclic
RGD parent peptide. Moreover, the peptide 99mTc-HYNIC-D(RGD) showed radiochemical
properties and in vitro targeting ability for human cancer cells similar to those reported in
previous studies on other analogues [49]. Liu et al. [51] reported the in vitro investigation of
several linear RI peptides based on the RGD motif conjugated to cell-penetrating peptides
based on poly-arginines. Their results suggested that linear RI analogues were potentially
useful as tumor targeting carriers with biological activity similar to RGD alone.

The peptide VS (Table 1) selected through the screening of a phage display library,
also showed high binding affinity towards integrins, in particular against α6β1 and αvβ3.
The RI analogue [52] was designed, prepared and tested against glioblastoma multiforme
(GBM), the most common and lethal tumor of the central nervous system [53]. Specifically,
the RI variant of VS conjugated with PEG-PLA (poly-lactic acid) was used to prepare
micelles which efficiently encapsulated doxorubicin (DOX), penetrated the tumor mass,
and reduced its volume more efficiently compared to the control, the free drug, or other
micelle formulations. These results showed that the Dox-loaded micelles functionalized
with the RI-VS analogue had better anti-glioma effects in vivo, with fewer side effects
compared with other formulations.

The peptide VAP (Table 1) was shown to have high binding affinity in vitro to GRP78
protein, which is overexpressed in gliomas, glioma stem cells, vasculogenic mimicry, and
neovasculature [54]. The prediction of binding for the analogue RI-VAP to GRP78 was
similar to that of the parent peptide and, in addition, remarkable tumor accumulation was
observed experimentally by imaging in vivo. RI-VAP-modified paclitaxel-loaded polymeric
micelles had better anti-tumor efficacy compared to free taxol, to paclitaxel-loaded simple
micelles, and to micelles modified with parent peptide.

The short peptide WSW (Table 1) was reported to efficiently and selectively penetrate
the blood–brain barrier (BBB) and blood–brain tumor barrier (BBTB) to reach glioma cells
and tumor neovasculature, suggesting that it may be a suitable carrier for intracranial
glioma targeting. Ran et al. [55] designed, synthesized and studied RI-WSW that exhibited
higher endocytosis efficiency than the parent peptide. This property was explained by
the higher targeting efficiency of the RI derivative and likely higher penetration efficiency.
Moreover, micelles decorated on the surface with RI-WSW showed strong anti-angiogenesis
and antitumor effects and increased penetration ability in vitro and in vivo toward tumor
cells and angiogenic blood vessels. In a similar study Xie et al. [56] proposed a RI analogue
of bradykinin, named RI-BK (Table 1), capable of crossing BBTB. The molecule was highly
active and selective towards the bradykinin type 2 (B2) receptor, as also demonstrated
by computational analyses. RI-BK was used to decorate paclitaxel (PTX)-loaded micelles
whose accumulation was increased in glioma but not in normal brain. Co-administration
of RI-BK increased the therapeutic efficiency of the drug-loaded nanocarriers in glioma.
These results underscored the efficacy of glioma-targeted drug delivery, based on the use
of micelles functionalized with retro-inverso peptides, in improving therapeutic efficacy
for glioma treatment.

Follicle-stimulating hormone receptor (FSHR) expression is limited to the reproductive
system [92,93] and might be targeted to deliver drugs against ovarian cancer with high
selectivity and specificity. In particular, nanoparticles carrying the RI variant of the peptide
FP21 showed to bind FSHR (Table 1). They were thus used as an ovarian cancer targeted
delivery system [57–59], showing improved biostability compared to the parent peptide,
with no degradation even after 12 h incubation with proteolytic enzymes. The data obtained
on the RI peptide encouraged further developments and optimizations of the molecule for
treating ovarian cancers expressing FSHR [57].

In another study, Zhang et al. demonstrated that the RI derivative of the same
peptide FP21 conjugated to nanocarriers had significantly enhanced anti-tumor effects
working by reducing the tumor volumes in nude mice from 33.3% to 58.5%. This effect was
likely amplified by the high resistance of the ligand to hydrolysis [57–59]. Another tumor
promoter is the Transferrin receptor (TfR), an important transmembrane glycoprotein
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involved in iron transport. TfR is overexpressed in tumors because of the increased
demand for iron during tumor rapid growing [94,95]. Recently, the RI derivative of the
TfR-targeting T7 peptide (Table 1) was shown to have enhanced serum stability and higher
binding affinity to TfR [60] than the parent peptide. This property was efficiently exploited
modifying the surface of liposomes (LIP) to realize a tumor selective drug delivery system.
The RI-T7-LIP particles exhibited significantly higher accumulation in tumors than T7-
LIP and Transferrin-LIP. A complete pharmacokinetic study was performed to further
investigate the potential of RI-T7-LIP in vivo using Docetaxel-loaded RI-T7-LIP which
induced markedly increased apoptotic and necrotic areas in the treated mouse models.

3. Applications in Immunology

As previously observed, a strong topological correlation is at the base of antigenic cross-
recognition between linear antigens and the corresponding retro-inverso isomers [96–98].
In several studies, monospecific murine antibodies were used as conformational probes to
demonstrate the existence of surface similarities between a cyclic peptide mimicking the
CD4 surface, which was a synthetic analogue of the third complementarity-determining
region (CDR3) of immunoglobulins, and its corresponding retro-inverso isomer [60,96].
Anti-CD4 antibodies have been used to inhibit in vivo the clinical symptoms associated to
the CD4-dependent auto-immune disorder allergic encephalomyelitis [22]. On this ground,
RI analogues of CD4 loops were hypothesized as potential synthetic vaccines, as immun-
odiagnostics, and for the development of new generations of immunomodulators for the
treatment of various CD4-related diseases [99]. For these reasons the cross-recognition
of peptide surfaces by anti-CD4 antibodies was investigated using RI-peptide mimetics
showing a strong correlation between antibody recognition and the simple arrays of side
chains, with minimal contributions from the backbone atoms. These observations antici-
pated later studies showing that even simple arrays of alternating side chains, obtained by
glycine-alternated peptide sequences (sequence-simplified peptide antigens), exposed on
the same face of a peptide ideally adopting a fully extended conformation, were sufficient
to retain the binding to antibodies. These insights were obtained studying the surfaces of
sequence-simplified variants of retro-, inverso-, and RI derivative of parent 15-mer peptide
antigens [100]. A series of polyclonal antibodies was generated in rabbits against 15-residue
chimeric peptides and RI analogues able to bind interleukin 2 and to inhibit its interaction
with the p55 interleukin 2 receptor subunit [101].

In diseases of inflammatory origin, such as systemic lupus erythematosus (SLE), one
major event leading to a pathological condition is the interaction of immunoglobulins
(IgG) with the corresponding cellular receptors. The pathogenic mechanism in SLE is the
production of autoantibodies. To inhibit the interaction between IgGs and their receptor,
a proteolytically stable form of the tripeptide Arg-Thr-Tyr tetramerized on a multilysine
scaffold and obtained by inverting the chiral centers of the tripeptide’s amino acids (D-Arg-
D-Thr-D-Tyr, TG19320) was used. The tripeptide bound the Fc portion of the antibodies [61],
prevented the binding to Fc receptors and rescued from death transgenic mice harboring
SLE-prone mutations [62].

Also, several negative examples of the use of RI peptides are reported in the current
literature. Most parameters influencing the activity of these molecules have been described
above. However, other possible reasons for their unsuccessful utilization are yet to be
understood. Nair et al. carried out an interesting study to investigate the success or
failure of retro-inverso isomers to mimic the corresponding all-L molecules in the case
of antigenic epitopes (Table 1) [63]. They based their analysis on the T cell epitopes from
vesicular stomatitis virus glycoprotein peptide (VSVp) and ovalbumin epitope (OVAp)
and on the B cell epitope (PS1) derived from the antigen surface of hepatitis B virus. The
parent VSVp and OVAp showed conformations similar to those of their corresponding
RI analogues (both adopted extended conformations), and in the Ramachandran plots
the distribution of φ and ϕ angles for the parent and the RI analogues occupied the same
plot regions. On the contrary, in the case of the peptide PS1 and its RI derivative the
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two molecules showed distinct conformational propensities. Indeed, the parent peptide
bound the antibody adopting a specific β-turn conformation that was not mimicked by
the RI analogue. Although the plasticity of the epitope conformation in solution allowed a
partial overlap of the angle values accessed by the RI analogue, the latter did not bind the
anti-peptide antibody [63].

Recently, the RI analogues of a family of peptides capable to cross the blood–brain
barrier (BBB), HAI and THR [64] were shown to possess improved protease-resistant
properties and to maintain the original BBB shuttle activity of the parent peptide. However,
the RI derivatives were much less immunogenic and as such provided an important
improvement compared to the original molecules [102]. Another study reported the
RI analogue of a peptide able to suppress T-cell activation in Type 1 diabetes mellitus
(T1D) [103]. Currently, there are neither curative nor preventive treatments to block
the auto-immune destruction of the islets of Langerhans (beta cells). A RI analogue of
the diabetogenic islet peptide named InsB:9–23 (Table 1) [65,66], responsible of the auto-
immune response, was shown to prevent T-cell activation in humanized model mice both
ex vivo and in vivo. The peptide blocked the immune-mediated beta cells destruction,
thereby suggesting a novel therapy for patients at earlier stages of T1D. The use of this
molecule opened a highly positive clinical perspective since the treated animals showed a
larger beta cells reserve compared to animals at later stages of the disease.

In this field, the use of bioinformatic platforms—now largely and freely accessible—is
becoming an invaluable tool to quickly identify new peptides potentially suitable for de-
veloping synthetic vaccines and peptidomimetic therapeutics. Robson et al., for example,
using bioinformatic tools identified the sequence KRSFIEDLLFNKV as a well conserved
region around one of the known cleavage sites of the SARS coronavirus, used for cell entry
by the virus itself. The authors proposed the use of a RI analogue and studied its conforma-
tional flexibility that might offer an advantage for the molecule’s action in vivo because of
the capacity to better adapt on the target binding site. According with preliminary studies
using molecular modeling and docking, the proposed RI peptide was expected to bind to
the angiotensin converting enzyme type 2 (ACE2) which is the target of SARS-CoV in lung
cells, and to work as an inhibitor able to prevent the proteolysis required for activation of
the S spike protein [104].

4. Applications in Neurodegenerative Diseases

Deposition of protein fibrils is one of the leading causes of pathological conditions
associated to neurodegenerative diseases. Protein fibrils form when a protein in β-pleated
sheet conformation self-associates, mainly through hydrogen bonds, precipitating and
generating protein deposits which accumulate in many different organs and tissues [105]. It
is currently debated whether the precipitated insoluble fibrils or actually soluble oligomers
are the cytotoxic aggregative elements working as diseases etiologic agents [106]. However,
blocking or slowing down the aggregating phenomena is believed to be a major therapeutic
option in this field. In the case of Alzheimer’s disease (AD), advanced approaches were
initially based on direct immunization with Aβ1–42, although the first clinical trials were
stopped due to adverse effects involving detrimental T-cell mediated brain inflamma-
tion [107]. Also, no significant improvements in terms of reduction of symptoms and
immunological adverse reactions in patients [108] were observed with bapineuzumab, a
humanized anti-Aβ1–42 monoclonal antibody (mAb). Very recently, aducanumab a mAb
that binds only aggregated and soluble oligomers of Aβ has been approved for treating
AD, strongly indicating that the anti-aggregation therapy with Aβ targeting molecules
is an effective first line treatment for this disease. As alternative anti-aggregating agents,
peptides capable to prevent Aβ1–42 aggregation or to dissociate preformed Aβ1–42 aggre-
gates have been largely investigated. Recently, the synthesis of Amytrap, a tetrameric RI
analogue of the all-L peptide WKGEWTGR has been reported. Amytrap was pegylated
and conjugated to human serum albumin (HSA) to enhance its bioavailability [67] and as
such displayed high affinity for the GSNKG region of Aβ1–42, blocking oligomerization
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and aggregation of the full length polypeptide. Using this molecule, the authors observed a
significant reduction of Aβ1–42 levels in the brain as determined by immunohistochemical
analyses of brain tissues. They also observed that Amytrap sequestered the soluble protein,
shifting its ability to deposit into the brain. Previously, the same authors prepared the RI
analogue of another peptide capable to block the oligomerization of Aβ1–42. The parent
molecule was a chimeric peptide obtained by conjugating the HIV-1 “TAT” sequence to
the Aβ fragment 16–20 (Aβ16–20). Its RI variant, named RI-OR2-TAT, was meant to act as a
cell-permeable and brain-penetrant Aβ aggregation inhibitor [68]. With this molecule, the
authors observed a rapid crossing of the BBB, an effective binding to the amyloid plaques
and a reduction of the Aβ oligomers level of in the brain. Since RI-OR2-TAT inhibited
Aβ aggregation at relatively high concentrations [68], recently it was covalently attached
to nanoliposomes (NLs) using the ‘click’ chemistry. An efficient crossing of the BBB in
in vitro models was observed and lower concentrations of this form of the peptide were
enough to inhibit aggregation of Aβ. Also, protective effects towards the toxicity exerted
by pre-aggregated Aβ on neuronal cells were observed in vivo, preventing memory loss
in transgenic mice. The presence of NL improved the potency of RI-OR2-TAT due to the
multivalent effect deriving from the presence of multiple copies of peptides decorating each
liposome [69]. Morris et al. [70] reported a pre-clinical study of the same molecule labeled
with 18F, [18F]RI-OR2-TAT, to demonstrate its in vivo stability and the hepatobiliary route
as the primary excretion pathway of the intact peptide. These results were the base of a
study where RI-OR2 was modified by replacing hydrophobic amino acids with non-natural
building blocks. The final peptidomimetic, even more resistant to proteolytic degrada-
tion, retarded the aggregation of Aβ1–42 and also partially dissolved newly aggregated
oligomers [71].

Another approach proposed to combat Alzheimer’s disease is blocking the initial
cleavage of the amyloid-β protein precursor (AβPP) by the β-site AβPP cleaving enzyme 1
(BACE1). Some RI-analogues based on a fragment of AβPP were synthesized as chimeras
with the TAT carrier to facilitate cell membrane permeation and crossing of the BBB. The
authors observed a decrease of both Aβ1–40 and Aβ1–42 (Aβ1–40/42) production without
inducing cytotoxicity. Moreover, Aβ1–40/42 levels decreased in plasma and brain, dimin-
ishing also the levels of soluble AβPP production and of insoluble Aβ following chronic
treatments. These results suggested a possible use of the chimeric RI peptides as a selective
disease-modifying therapy for AD [109].

A further application of retro-inverso peptides is to prepare nanocarriers and delivery
systems as new tools in Alzheimer’s disease. A recent approach was based on silencing
BACE1 using RNA interference (RNAi). In particular using small interfering RNAs (siR-
NAs) some authors presented a “dual targeting” strategy based on nanoparticles (NP) built
with a peptide component and a modified polyethylene glycol [110]. The peptide moiety
was a BBB targeting peptide [111], more specifically it was the RI analogue of the all-L
peptide TGNYKALHPHNG. The resulting NPs showed low toxicity and high transfection
efficiency and were able to transfer siRNAs in the brain [112]. Using this system, the
authors observed an increase of the BBB-penetration, of the neuron-targeting efficacy and
higher neuroprotective effects reflected by improved cognitive performance. Also, the
downregulation of the protein-tau phosphorylation level, the promotion of the axonal
transport and the attenuation of microgliosis were observed in mice model [111] following
treatment with these NPs.

Recently, molecular dynamics was used to study the formation of fibrils between
the RI-Aβ1–40/42 and the parent Aβ1–40/42 to elucidate the mechanism of cross-fibril for-
mation and the effect of RI-Aβ1–40/42 on fibril stability. The resulting models indicated
that Aβ1–40/42 and RI-Aβ1–40/42 generated a two-layer structure with similar stability. In
particular, the dihedral angles were of opposite sign for the Aβ1–40 fibrils and the extent of
the twists was different. Furthermore, the twists of RI-Aβ1–42 and of the parent peptide
were close to zero. Analyzing the RI-Aβ fibrils, the authors observed that the number
of hydrogen bonds connecting the chains within the fibril was lower compared to the
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parent peptide fibrils. The average number of missing hydrogen bonds was 7, mostly in
the region around residues 23–29, and this strongly impacted on the different stability
observed between the two fibrils. Data also suggested that the full-length RI-peptides
could support fibril formation and their presence led to a decreased amount of soluble
toxic Aβ oligomers [10]. These observations were in agreement with the experimental
observations reviewed in this work.

In addition to AD, also type 2 diabetes mellitus (T2DM) and Parkinson’s disease
(PD) are related to amyloidogenesis. In T2DM, the Islet amyloid polypeptide (IAPP also
known as amylin) aggregates into β-pleated sheet structures damaging pancreatic islet
β-cells. The “hot spot” peptide segment encompassing residues 8–18 (IAPP8–18, sequence
ATQRLANFLVH) represents the “sticky” region of human IAPP, which is also able to
assemble with IAPP22–28, sequence NFGAIL [113,114]. In order to inhibit the early stages
of IAPP hetero- and self-aggregation, a library of RI peptides covering the region 11–20 of
IAPP (Table 1), was generated and studied evaluating their impact on the fibrillogenesis
properties of full-length human IAPP [72]. The authors found a RI non-toxic analogue
showing strong inhibitory effects on amylin aggregation, as confirmed by negative stain
electron microscopy (TEM). Inquisitively, the RI-analogue alone aggregated already at low
concentrations. The authors also introduced N-methylation as a way to prevent H-bond
formation and avoid aggregation [115]. The new N-methylated RI variant showed a clear
dose-dependent inhibition of fibril formation and was stable against an ample range of
different proteolytic enzymes and in human plasma.

Shaltiel-Karyo and colleagues studied the inhibition of oligomerization of α-synuclein
(α-syn) [116], a protein whose structural deformation is associated with PD. The isoform
β-synuclein (β-syn) is a natural inhibitor of the aggregation of α-syn [73]. The entire
sequence of β-syn was then systematically mapped using synthetic analogues to identify
the domains able to mediate the molecular recognition between β-syn and α-syn. A
synthetic RI-analogue of the 36–45 β-syn fragment (sequence GVLYVGSKTR) was able to
reduce both amyloid fibril and soluble oligomer formation in vitro. The authors also tested
the RI-analogue in a Drosophila model expressing a mutated α-syn in the nervous system
and observed a reduction of α-syn accumulation in the brains of the flies, thus suggesting
that this approach can pave the way for developing a novel class of therapeutic agents to
treat PD in the future.

5. Application of RI Peptides as Antimicrobial Antibiotics

The systematic and widespread misuse and abuse of antibiotics has made antibiotic
resistance a major medical complication following hospitalization [117,118]. The World
Health Organization has identified a list of “priority pathogens”, both Gram-positive and
Gram-negative, which represent the biggest threat to human health caused by multidrug-
resistant bacteria [119]. Among these microorganisms, those collected under the acronym
“ESKAPE” (i.e., Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobac-
ter baumannii, Pseudomonas aeruginosa, Enterobacter spp.) are those needing the urgent and
prompt discovery of new antimicrobials. Many surgical procedures, or medical treatments
that suppress immune system will become impracticable due to infections by antimicrobial
resistant pathogens. Also, prophylactic treatments that are normally effective become
inefficient. Today, the containment of infections by these microorganisms is very problem-
atic [120] and new antibiotic drugs are urgently needed. An alternative to conventional
antibiotics would be the use of antimicrobial peptides (AMPs) [121]. They are widely
spread in nature being present in bacteria as well as in higher eukaryotes and play an
important role in innate immunity and in both adaptive and non-adaptive immune re-
sponses [122]. Their antimicrobial action is based on multiple mechanisms that together
contribute to eliminate pathogens [123,124]. However, despite the interesting and very
promising antimicrobial effects displayed by many AMPs, so far only 10 peptide-based
antimicrobials have reached the clinical use [120].
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Indeed, several peptides have shown nephrotoxic or hemolytic side effects, strongly
discouraging their use as drugs. Given their toxicity, the use of some approved AMPs, such
as colistin, is relegated among the last treatment options against multi drug-resistant Gram-
negative infections [125]. Nevertheless, novel AMPs can be obtained choosing among
a vast repertoire of sequences and structures and novel peptides candidate as potential
therapeutics are continuously developed at least at preclinical level. Starting from naturally
occurring AMPs, synthetic derivatives have been rationally designed in order to maintain
the antimicrobial pharmacophores, to improve the resistance to proteolysis, to reduce
cytotoxicity and possibly improving the activity [126–128].

A recent application of the retro-inverso approach to antimicrobial peptides has been
reported by Neubauer and colleagues, although this procedure not always results in en-
hanced antimicrobial activity [129]. The antimicrobial and hemolytic activities of a set
of 6 AMPs were investigated together with their hydrophobicity, secondary structure
content, and ability to self-associate. The antimicrobial peptides were aurein 1.2, CAMEL,
citropin 1.1, omiganan, pexiganan, and temporin A together with their retro-inverso ana-
logues. These peptides were selected for their broad-spectrum activity against fungi,
bacteria and also for their possible anticancer applications (Table 2). Of interest, CAMEL,
omiganan, pexiganan, and temporin A are in clinical trials, with potential uses against
some ESKAPE bacteria strains (Tables 2 and 3). Of the compounds studied, the majority
displayed antimicrobial activity (Table 3), although in most cases there was a decrease of
the antibacterial potential with respect of the native molecule. In fact, only the RI omi-
ganan displayed enhanced antimicrobial activity mainly against Gram-negative bacteria
compared to parent peptide. Similarly, retro-inverso pexiganan exhibited a good activity
towards K. pneumoniae and P. aeruginosa.

Table 2. Peptide-based antimicrobial compounds in clinical trials and their retro-inverso analogues, based on [118,129].

Peptide Sequence Net
Charge

Helicity a
% ACN b Application Mechanism of Action Status Therapeutic Indication Ref.

SDS DPC

aurein 1.2 GLFDIIKK
IAESF-NH2 * +1

< > 43.93 Antimicrobial and
anticancer properties

Prerequisite
aggregation and
carpet-like mechanism

in vitro [129] [130]

RI-aurein 1.2 fseaikkiid flg-NH2 ** > = 37.10

CAMEL KWKLFKKIG
AVLKVL-NH2 *

+6
= < 33.73

Broad
spectrum antibacterial

Bacterial
membrane disruption Preclinical [119] Bacterial infections [119] [131,132]

RI-CAMEL lvklvagikkf
lkwK-NH2 ** > = 30.71

citropin 1.1 GLFDVIKKVA
SVIGGL-NH2 *

+2
= = 42.40 Broad spectrum

antibacterial and
anticancer properties

Prerequisite
aggregation and
carpet-like mechanism

in vitro [129] [133]

RI-citropin 1.1 lggivsavkk
ivdflg-NH2 ** = > 41.28

Omiganan ILRWPWWPW
RRK-NH2 *

+5

NO NO 32.92

Broad spectrum anti-
fungal, antibacterial

Bacterial
membrane disruption

1. Phase III
complete
(discontinued)

2. Phase III
complete

3. Phase III on
going

4. Phase II
complete

5. Phase II
complete

6. Phase II
complete

7. Phase II
complete

8. Phase II on
going [118]

1. Local catheter
site infections

2. Topical
skin antisepsis

3. Papulopustular
rosacea

4. Acne vulgaris
5. Atopic

dermatitis
6. Vulvar

intraepithelial
neoplasia

7. Condylomata
acuminata
(external genital
warts)

8. Facial
seborrhoeic
dermatitis [118]

[134–136]RI-omiganan krrwpwwpwrli-NH2 ** NO NO 35.48
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Table 2. Cont.

Peptide Sequence Net
Charge

Helicity a
% ACN b Application Mechanism of Action Status Therapeutic Indication Ref.

SDS DPC

Pexiganan
GIGKFLKKAKK
FGKAFVKILK

K-NH2 * +10
= = 30.58

Broad
spectrum antibacterial

Bacterial
membrane disruption

Phase III complete;
rejected, efficacy not
superior to current
therapies [118]

Infected diabetic foot
ulcers [118] [137,138]

RI-pexiganan kklikvfakgfk kakklfk
gig-NH2 ** < < 26.36

temporin A FLPLIGRVLS
GIL-NH2 * +2

< > 42.80 Gram-
positive bacteria

Bacterial
membrane disruption Preclinical [119] Bacterial infections [119] [139,140]

RI-temporin A ligslvrgil plf-NH2 ** < < 38.91

* All-L sequences are reported as capital letters. ** Lower case letters indicate amino acids in the D configuration. Note: a: The symbol =;
>; < is referred to the helicity fraction calculated as in [141]. In particular, = means around 50%, > and < more or less 50%, respectively.
Experimental conditions: CD spectra of the peptides were acquired in 10 mM phosphate buffer pH 7.4, containing SDS (sodium dodecyl
sulfate) and DPC (dodecylphosphocholine) using a Jasco J-815 spectropolarimeter. All measurements were conducted using 0.15 mg/mL
peptide solutions at 298 K [142]. b: Hydrophobicity was determined by HPLC and was expressed as the % v/v acetonitrile at the retention
time of the peptides (tR) [129].

Table 3. MIC values (µg/mL) of anti-microbial peptides and of their retro-inverso analogues against reference strains of
microorganisms [143]. Taken from reference [129].

Gram-Positive Gram-Negative

Peptide E. faecalis 1

PCM 2673
S. aureus 1

ATCC 25923
S. pneumoniae
ATCC 49619

E. coli
ATCC 25922

K. pneumoniae 1

ATCC 700603
P. aeruginosa 1

ATCC 9027

Aurein 1.2 64 128 64 128 16 256

RI-aurein 1.2 256 >256 256 256 128 >256

CAMEL 8 4 0.5 2 0.125 2

RI-CAMEL 64 128 128 128 2 8

citropin 1.1 32 16 32 32 16 128

RI-citropin 1.1 128 64 128 64 32 >256

Omiganan 16 16 8 16 8 16

RI-omiganan 16 8 8 8 4 4

Pexiganan 16 8 1 4 1 2

RI-pexiganan 64 128 4 8 0.125 2

Temporin A 64 4 >256 256 128 >256

RI-temporin A 256 64 >256 256 128 256

1 These bacterial pathogens are comprised in the acronym ESKAPE, which are a group of Gram-positive and Gram-negative bacteria able
to evade commonly used antibiotics due to their ever increasing multi-drug resistance (MDR) [117]. They represent the major cause of
life-threatening nosocomial infections in immunocompromised and critically ill patients [144]. The acronym ESKAPE is based on the
scientific names of six bacteria, Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp. In particular, P. aeruginosa and S. aureus are some of the most ubiquitous pathogens found in highly
resistant biofilms [126,145].

In the list reported in Table 3, CAMEL is the only chimeric peptide, designed by
Merrifield in 1995 [146], containing fragments of two peptides with different antimicrobial
activities [147]. CAMEL, which is in preclinical trial, was one of the strongest antimicrobial
peptides, but its RI analogue was only active toward K. pneumoniae and P. aeruginosa. Inter-
estingly, the secondary structure of the peptide was not the prerequisite for establishing
significant interactions between the peptide and its biological target and the antimicro-
bial activity was only due random interactions with the core lipidic membrane of the
pathogen [146]. The differences in antimicrobial activity between the peptide and the RI
analogue could therefore not be explained.

A major cause of antibiotic resistance is the formation of biofilms, which arise from
bacteria growing on surfaces or at the air-liquid interfaces as a response to exogenous
stresses. In biofilms, bacteria are encased in a protective extracellular matrix containing
water, polysaccharides, proteins, extracellular DNA, and lipids [148]. de la Fuente-Núñez
and colleagues reported the synthesis and analysis of a library of peptides and their RI-
analogues to eradicate biofilms produced by Pseudomonas aeruginosa [149]. They observed
that the RI-analogues (Table 1) named RI1018 and RI-JK6 were more potent at stimulat-
ing degradation and/or preventing accumulation of the stress-related second messenger
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nucleotide guanosine penta- and tetra-phosphate [(p)ppGpp] which plays an important
role in biofilm development in many bacterial species [74]. They also demonstrated that
these analogues killed bacteria growing as biofilms, which have a high adaptive resistance
and are difficult to eradicate. Moreover, these peptides had synergic effect with common
antibiotics, rendering biofilms more susceptible to their attack. Another AMP able to
damage the bacterial membrane is a truncated and modified RI-analogue of Aurein 2.2
(RI-73, Table 1), which was recently used to eradicate preformed Staphylococcus aureus
biofilms [75]. The antimicrobial activity of these analogues was increased 2- to 8-folds and
when conjugated with biocompatible polyethylene glycol (PEG)-modified phospholipid
micelles their toxicity toward human cells and aggregation were strongly reduced. Al-
though RI-73 exhibited a good activity, the PEG-conjugated analogue showed a partially
reduced activity.

A further public health problem in many countries throughout the world is repre-
sented by the insurgence of multi drug-resistance against protozoan parasites, such as
Leishmania. Host defense peptides (HDPs) are becoming promising options for new ther-
apies. HDPs have the advantage of their small size and their amphipathic and cationic
character that is able to induce permeabilization of cell membranes. Cathelicidins, a family
of HDPs, have shown significant antimicrobial activities against various parasites including
Leishmania spp. [150]. In particular, a study was carried out using the bovine myeloid an-
timicrobial peptide 28 (BMAP-28, Table 1), a cathelicidin with broad antimicrobial activities,
and its inversed and RI-analogues [76]. The study demonstrated that D- and RI-BMAP-28
were also effective antimicrobials against Leishmania major, working in a dose dependent
manner with a mechanism leading to disruption of membrane integrity [151]. Thus, the
protection conferred by RI-BMAP28, accompanied by a reduced toxicity and increased
stability, could be exploited to develop effective antimicrobial therapeutics [152].

6. Conclusions and Future Perspectives

In the field of peptidomimetics, retro-inversion has been largely explored to improve
peptide stability while retaining the parent molecule’s activity. Changing the order of
the amino acids and their configuration has been also a mean of introducing novelty and
to overcome existing intellectual property claims [153]. The first examples of their use
were reported by M. Goodman in the mid-1970s [154], who was interested in the study
of stereochemical and conformational properties of retro–inverso (RI) amide bonds in
linear peptides. Interesting examples were next reported by Merrifield with studies on the
CAMEL peptide [146,147], which was a chimeric peptide derived from the merging of two
AMP. Despite the amazing results reported in literature, the application of retro-inversion
to generate peptidomimetics is still rare or however uncommon.

As also evidenced in this review, several studies have indeed reported that the general
and straightforward process of retro-inversion becomes more likely effective with very
short sequences where conformation plays a limited or no role and activity is mostly due
to a simple array of side chains. For instance, Sakurai’s results [155] suggested that the
interaction between the RI analogue of VWRLLAPPFSNRLL and the ganglioside GM1, a
glycolipid with high affinity for the cholera toxin subunit B (CTB), was mediated only by
the peptide side chains while those of the backbone, whose direction was thus irrelevant,
were completely negligible. One could thus expect that a RI analogue can better mimic the
parent peptide when the free energy of interaction of the backbone with all other atoms is
insignificant for the stability of the peptide 3D structure.

Beyond these basic rules applicable to short peptides or other specific examples, the
reasons for the frequent failure of RI isomerization of longer molecules are still largely
unclear, and definite instructions for possibly improving the success rate are unresolved.
The reversal of the peptide backbone and the shift of the H-bond network it is involved into
is a major alteration of the fine equilibrium of the forces that supports the conformation
of a peptide having an organized 3D structure. Therefore, as for the folding of a natural
molecule, the lack of one such important puzzle piece prevents the correct assembling of the
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structure although the side chains may potentially have access to the same conformational
space of the parent molecule. We can thus conclude that the design of a successful retro-
inverso analogue of a folded peptide has the same complications as for the de novo design
of a new protein or peptide and one should thus proceed following the rules, still not well
understood and codified, of protein folding, exploiting and using the geometrical and
structural features of amino acids in D configuration. For example, the RI isomerization and
structure reconstruction of the MDM2/MDMX peptide inhibitor stingin, which adopts an
N-terminal loop and a C-terminal α-helix, lead to an isomer that partially retained binding
(3.0–3.4 kcal/mol reduction) and showed a decreased ability to prevent the interaction with
p53 [11]. These conformation and energy issues have been often discouraging because of
the frequent loss of biological activity observed in larger molecules showing well-defined
tridimensional organizations. Merrifield indeed soon observed that the efficiency of peptide
retro-inversion was not only related to inversion of its chirality but to the global change of
the 3D conformation [146]. These observations have been indirectly confirmed showing
that retro-inverso analogues of unstructured peptides more often maintain or even increase
the activity compared to the parent peptide [12].

On the other hands, peptides that assemble into β-sheets adopting extended confor-
mations establish a large and well-organized network of interactions, mostly H-bonds,
with the adjacent molecules. Also, the side chains are well packed each other. In this
case, despite the strong backbone interactions, retro-inverso analogues have more chance
to be successful if the registry of H-bonds and of side chain-to-side chain interactions is
corrected to account for the inverted amide bonds. The molecular dynamic simulations
of amyloid fibrils in AD [10] or amylin in T2D [156] indeed showed that the interactions
of both side chains and backbone of RI peptides were re-aligned establishing different
patterns of contacts and hydrogen bonding. Also, the twist of the RI analogue β-sheets was
similar and the complex had only slightly lower stability compared to the parent peptides.

Computational approaches might be of great help and might open a new season in
this field as suggested by Robson [104]. Despite their many limitations, we believe their
use still has a place in the design of drugs based on bioactive peptides. This belief stems
from the simplicity of the design, from the rapidity in making synthetic peptides and from
the immediate benefits resulting when the molecules maintain their activity. Therefore, this
review would be an incentive to continue working with these types of molecules, also to
further investigate the conformational and topological space they need to occupy to fully
mimic bioactive peptides with complex structure.
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Abstract: The specificity of a diagnostic assay depends upon the purity of the biomolecules used
as a probe. To get specific and accurate information of a disease, the use of synthetic peptides in
diagnostics have increased in the last few decades, because of their high purity profile and ability
to get modified chemically. The discovered peptide probes are used either in imaging diagnostics
or in non-imaging diagnostics. In non-imaging diagnostics, techniques such as Enzyme-Linked
Immunosorbent Assay (ELISA), lateral flow devices (i.e., point-of-care testing), or microarray or
LC-MS/MS are used for direct analysis of biofluids. Among all, peptide-based ELISA is considered
to be the most preferred technology platform. Similarly, peptides can also be used as probes for
imaging techniques, such as single-photon emission computed tomography (SPECT) and positron
emission tomography (PET). The role of radiolabeled peptides, such as somatostatin receptors,
interleukin 2 receptor, prostate specific membrane antigen, αβ3 integrin receptor, gastrin-releasing
peptide, chemokine receptor 4, and urokinase-type plasminogen receptor, are well established tools
for targeted molecular imaging ortumor receptor imaging. Low molecular weight peptides allow a
rapid clearance from the blood and result in favorable target-to-non-target ratios. It also displays
a good tissue penetration and non-immunogenicity. The only drawback of using peptides is their
potential low metabolic stability. In this review article, we have discussed and evaluated the role
of peptides in imaging and non-imaging diagnostics. The most popular non-imaging and imaging
diagnostic platforms are discussed, categorized, and ranked, as per their scientific contribution
on PUBMED. Moreover, the applicability of peptide-based diagnostics in deadly diseases, mainly
COVID-19 and cancer, is also discussed in detail.

Keywords: peptides; diagnostic; ELISA; microarray; PET; SPECT; imaging diagnostic; non-imaging
diagnostic

1. Introduction

The development of accurate diagnostic methods is an urgent need in today’s world.
Due to the upsurge of various deadly diseases, rare diseases, and cancer, it is crucial
to improve the diagnostic aspects, which will help the clinician to predict and examine
therapeutic responses across a wide spectrum of diseases.

In the past few decades, immunodiagnostics has been an essential tool for clinical
management and prognosis of a disease. To discover novel biomarkers, it is obligatory to
understand the effect of a disease on the physiology of organisms, as well as their impact on
genomic and proteomic patterns. In some scenarios, the development of new diagnostics
is limited because of already known and well-characterized biomarkers. On the contrary,
mapping of protein antigen for selection of linear epitopes by peptide scanning is a widely
used technique [1,2]. Moreover, rapid development in peptide microarray technology has
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further advanced the screening platform for serological screenings [3]. To select, identify,
and design immunodominant linear or continuous epitopes by scanning all the predicted
protein sequences using bioinformatics approaches is easy for an effective, rapid, and
inexpensive way to validate the diagnostic markers.

The first systematic method for identifying T- and B-cell epitopes was the PEPSCAN
method [4–9]. However, the majority of diagnostic assays developed are based on antigen–
antibody reactions, and diagnostic assays are limited to antigenic sites of antibodies; but,
T-cell epitopes can also be defined equally well using similar methods [10].

Moreover, there are a number of methods to determine linear B-cell epitopes. Gen-
erally, epitopes are of two types: (1) continuous epitopes (i.e., epitopes are derived from
the epitope-mapping experiments of antigenic protein sequences); and (2) discontinuous
epitopes (i.e., epitopes are identified by screening of complex peptide libraries [5]. Common
methods used for selection of linear epitopes are (1) prediction (by using algorithms); (2)
epitope recognition; (3) mutation in antigenic sequence or ‘escape mutants’ of viruses;
and (4) PEPSCAN, by which overlapping peptides are tested for their ability to bind the
antibody. The most systematic and reliable method for identifying linear antigenic peptides
among all four methods described earlier is PEPSCAN [7]. However, a linear epitope can
also be selected by using Methods 1 to 3.

On the contrary, structural epitopes are also screened by using combinatorial peptide
libraries, which can be comprised of myriad peptide variants of either chemical or biological
origin. Phage display is a powerful strategy that includes three steps to create a peptide
library to screen functional peptides and proteins for specific biological functions. To create
a peptide library, random DNA sequences are inserted into genes encoding protein 3 (cPIII)
or protein 8 (cPVIII) of the filamentous phages. The library is first screened negatively
against non-specific ligands and then positively against the desired target in vitro and
in vivo. The identified peptides will be chemically synthesized and validated. The detailed
principles and practices have been excellently reviewed by Smith and Perenko [11].

Recently, Songprakhon and co-authors identified 11 different sequences of 12-mer
peptides binding to dengue virus nonstructural protein 1 by using a phage-displayed
peptide library [12].

In addition to phage display, an alternative strategy is combinatorial peptide libraries
that generate functional peptides. Huge peptide libraries can be established by peptide syn-
thesis techniques for screening of unique ligands. Moreover, combinatorial peptide libraries
are advantageous because non-peptidic moieties, such as beta-amino acids, un-natural
amino acid analog, and modified peptide residues (phosphorylated or glycosylated), can be
incorporated into the peptide sequences. The detailed principles and practices have been
excellently reviewed by Bozovičar and Bratkovič in 2019 [13], where the current trends of
peptides in imaging and non-imagining diagnostics are described.

2. Role of Peptides in Diagnostics

To understand the role of peptide in diagnostics, we have thoroughly investigated
the published literature of last decade (w.e.f. 1 January 2011 to 31 December 2020) on
the PUBMED MEDLINE database using specific keywords such as “Diagnostic” along
with two filters “protein” and “peptide”. Although, the data acquired from these searches
were based on algorithms and the results were dependent on the mapping of the arti-
cles/reviews/clinical trials and its match with specific words. However, many interesting
facts were found during the scrutiny of the published data. In our search of the published
articles in last decade (2011–2020) versus the total data published (1997–2022), we did not
observe any big differences in the trend of using peptides versus proteins in diagnostics.
Uses of peptides are always 2.5 times lower than proteins as per the published literature
on PUBMED (Figure 1A1). We have also observed that use of peptides in diagnostics are
constant and has been showing linear growth as per data published in 1 years, 5 years,
and 10 years on PUBMED (Figure 1B1). The published literature on PUBMED for the last
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1 year, 5 years, and 10 years has shown 18,963, 149,130, and 332,657 articles, respectively
(Figure 1B2).
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Figure 1. Role of peptides in diagnostics based on scientific research published on PUBMED: (A1) comparison of the
published data of diagnostics using protein versus peptides-(B1,B2) exploring the role of peptides in diagnostics (1 year,
5 years, and 10 years).

To further understand the role of peptides in diagnostics and get a clear picture of the
usage of peptides in diagnostics, we had critically analyzed our extracted data for the last
decade (w.e.f. 1 January 2011 to 31 December 2020) on the PUBMED MEDLINE database
using specific keywords, such as “Peptide” with three additional filters such as “Drug” or
“Vaccine” or “Diagnostic”. Data acquired from these searches were based on algorithms
and the results were dependent on the mapping of the articles/reviews/clinical trials
related to the keywords as mentioned above. It may contain some redundant data, due
to the limitation of the analysis. However, some very interesting facts were found during
the analysis, such as the total number of published scientific literature on PUBMED using
the keyword “Peptide” along with additional filters such as “Drug” or “Vaccine” or “Diag-
nostic”, which was 440,613, and 25,399, and 347,534, respectively. The data confirm that
the use of peptides in drug was 1.26 times higher than peptides in diagnostics. However,
peptides in diagnostics were 13.7 times higher than peptides in vaccines (Figure 2).
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3. Non-Imaging Diagnostics

Accurate and rapid detection of any diseases in humans has been a continuous
challenge to diagnostic and epidemiological research. Efficient diagnosis is a crucial
step, which helps in making an effective disease management strategy. A multitude of
approaches have been attempted to identify pathogenic viruses and bacteria by using
antigenic synthetic peptides in serological and molecular assays. Detection assays, which
are based on peptides, have become increasingly substantial and indispensable for its
advantages of using short synthetic peptides over conventional methods using recombinant
proteins. Synthetic short peptide ligands with a length of more than eight amino acids
have various advantages in the detection of specific antibodies [14].

To understand the role of peptides in non-imaging diagnostics, we have analyzed the
published literature on PUBMED for last 5 decades (1 January 1970 to 31 December 2020).
Non-imaging techniques such as ELISA, microarray, biosensors, microfluidics, and multiple
Reaction monitoring were compared on PUBMED using keyword “peptide diagnostic”. As
per data published on PUBMED, we observed ELISA ranked 1st followed by microarray
and biosensors (Figure 3).

3.1. ELISA

The ELISA technique was first developed by the Swiss scientists Engvall and Perlmann
in 1971 by modifying the RIA method [15]. It is a quantitative analytical method that
shows antigen–antibody reactions through a colorimetric assay, where an enzyme-linked
conjugate and substrate are used to identify the presence of a specific concentration of the
target molecule in biological fluids. In an ELISA assay, molecules such as peptides/proteins,
hormones, vitamins, and drugs are coated in the polystyrene plate, which display a very
high level of specificity against their cognate antibodies or antigens. Thus, ELISA assays
are considered to be a very specific assay for quantification, where target antibodies or
antigens can be measured in very low concentrations with hardly any risk of interference.
Synthetic peptide-based ELISA can be developed by the three ways mentioned below: (1)
target antibodies are immobilized in wells of the microtiter plate by using the adsorption
procedure, wherein antibodies are immobilized in polystyrene plates; (2) species-specific
anti-IgG or protein G-mediated immobilization, wherein anti-IgG or protein G are first
coated in the plate and then target antibodies are captured by either anti-IgG or protein
G; and (3) peptide-based capture, wherein peptides are directly immobilized in wells
of the microtiter plate by the adsorption procedure. The assay is performed inthe solid
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phase of the microtiter plates, which is generally made up of rigid polystyrene, polyvinyl,
and polypropylene materials. Synthetic peptides are first adsorbed in the microplates,
followed by blocking with bovine serum albumin (BSA) for uncoated sites. The common
enzymes that are employed with ELISA include peroxidase and alkaline phosphatase.
These enzymes are conjugated with secondary antibodies. For alkaline phosphatase, P-
nitro-phenyl phosphate (PNP) are used as substrates, which produce a yellow color in
positive reactions. However, for the peroxidase conjugate, 5-amino salicylic acid and
orthophenylenediamine (OPD) are used as the substrates, which produce a brown color in
a positive reaction. The enzyme–substrate reaction is usually completed within 30–60 min.
Sodium hydroxide (NaOH), hydrochloric acid (HCl), or sulfuric acid (H2SO4) are used to
stop the reaction. The results are read at 400–600 nm on a spectrophotometer, as per the
conjugate used. The technique is reviewed in more detail by Aydin in 2015 [16].
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3.2. Microarray Technology

In late 1980, microarray technology was first developed [17]. Over time, it has become
a valuable research tool for scientists and hold great promise in the field of diagnostics. Pep-
tide microarrays are high-throughput, high-content miniature devices for immunoassays.
Synthetic peptides are used as a probe in microarrays, wherein peptides are adsorbed on
the surface of nitrocellulose-coated glass slides and are exposed to cellular extracts or serum
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or other specimens for molecular recognition events. The advantage of using microarray
technology is the use of a number of different unique peptide biomarkers specific to the
disease in real time. All probes can be immobilized in a random manner to ensure equal
accessibility to all antibodies on the peptide microarray during epitope mapping, thus
avoiding concentration-dependent effects on signal intensity. The technological concept
of a peptide microarray is based on the substitution of linear epitopes of the protein with
short overlapping synthetic peptides. These peptides typically consist of 10–15 amino acids
and capture antigen-specific antibodies from serum samples [18].

3.3. Biosensors

In 1956, Leland C. Clark, Jr. has developed a biosensor to detect oxygen and later
he was known as the ‘father of biosensors’. His famous invention was later called by
his name: the ‘Clark electrode’ [19]. Nowadays, biosensors are very common in clinical
diagnosis and a number of point-of-care technologies (POCTs) have been developed for
monitoring the disease diagnosis and its prognosis. In a general scenario, sensors are
coupled with high-affinity biomolecules that allow selective detection of analytes. There
are more than 84,000 indexed reports on the topic of ‘biosensors’ from 2005 to 2015 on ‘Web
of Science’ [20]. A normal biosensor consists of five components:(1) an analyte, which can
be any target molecule that needs to be detected by the biosensor; (2) a bioreceptor, which
can be any molecule that specifically recognizes the analyte, such as a peptide, protein,
cells, DNA, etc.; (3) a transducer, which is an element that converts one form of energy,
such as bio-recognition, into another form of energy, such as optical or electrical signals;
(4) an electronic circuit, which is a complex electronic circuit that performs amplification
and conversion of signals to a digital form; and (5) a display, consisting of a user friendly
system for interpretation of the results, such as the liquid crystal displays on computers
or a direct printer that generates numbers or curves. It is a combination of hardware and
software that generates the results of the biosensor in a user-friendly manner. A biosensor
is a very sensitive device for measuring signal creating by biological or chemical reactions,
which is proportional to the concentration of an analyte binding to its ligand. Biosensors
are employed for disease monitoring, drug discovery, disease-causing micro-organisms,
detection of pollutants, and presence of bio-markers indicating the disease stage in bodily
fluids (blood, urine, saliva, and sweat). The technique is well reviewed by Bhalla et al.
in 2016 [20].

3.4. Microfluidics

The field of science and technology that is associated with the control and manipu-
lation of liquids at the microliter level is called microfluidics. Microfluidics is one of the
powerful tools that is currently tying together with clinical diagnostics and generating
a highly advanced version of POCT for precise and reproducibly results. It has revolu-
tionized laboratory approaches for biological and chemical analysis from the bench-side
to miniature chips. Moreover, these types of assays arecost effective and also do not re-
quire specific training to handle the device. Principally, the concept of microfluidics was
associated with a framework of complexity and robustness in 1950s. The advantages of
microfluidics are a reduced sample volume, scalability, laminar flow, and, hence, highly
predictable fluid dynamics, a high resolution and sensitivity, and a short analysis time,
leading to its low cost. The development in microfluidic technology has created a platform
for genetic and proteomic analysis at the microscale level. This development is also asso-
ciated with new advancement in technology along with their respective applications in
pathogen detection to POCT devices, high-throughput combinatorial drug screening plat-
forms, schemes for targeted drug delivery, advanced therapeutics, and novel biomaterials
synthesis for tissue engineering.

Since the last two decades, microfluidics has started to show its impact in clinical
diagnosis. The field of microfluidics is also evolving rapidly. The state of the art of
microfluidic technologies is used to address the unmet challenges in diagnostics and can
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expand the horizons on clinical diagnostics, disease management, and patient care. Of
the various microfluidic technologies that are available in the field, some are reliable and
have been tested clinically. They can contribute to bridging the gap between this emerging
technology and real-world applications [21].

Some advanced in vitro models, such as “organ-on-a-chip” technology, represents a
new avenue in the field of scientific research and revolutionized the field of drug screening
and toxicology studies [22]. Perestrelo et al. has reviewed interesting advancement in the
field of microfluidic-based devices and its applications in the biomedical field, such as the
body-on-a-chip concept [23].

3.5. Multiple Reaction Monitoring

In recent years, multiple reaction monitoring (MRM) has become more pivotal in clini-
cal research for developing strategies for precision-based medicine or patient care. Thus,
MRM is now used to evaluate proteomic/peptide biomarker verification with potential ap-
plications in medical screening. In this technique, high-quality tryptic peptides are selected
and validated for quantitation of the proteins, its isoforms, and its post-translational modi-
fications. The multiplexing of selected reaction monitoring (SRM) for targeting the number
of proteins in a single run is known as MRM. It is a powerful technique based on a mass
spectrometric approach for absolute and relative quantification of the proteins/peptides of
interest in complex biological samples. MRM is a highly selective technique with a large
capacity for multiplexing (~200 proteins per analysis per run). If the cost of transition
is considered, it is rapid and cost-effective because the cost of the assay development
to its deployment is low. For MRM assays, a triple quadrupole (QqQ) mass analyzer is
required along with tandem quadrupole mass filters (Q1, Q3) and a collision cell. All
the compartments are identical quadrupoles and may be used either to filter a specific
mass-to-charge (m/z) ratio or to transmit a non-resolved ion of a specific range. Usually,
the first quadrupole, Q1, is set to filter a specific precursor ion, which is passed through a
collision cell and gets fragmented by the low-energy collision induced dissociation (CID)
to create specific product ions. The specific product ion is detected by the Q3 analyzer
for quantification. This process is referred to as the “transition process” and the tech-
nique is named “selected reaction monitoring”; the specific precursor/product ion pair is
termed “transition” [24].

4. Peptides Application in Non-Imaging Diagnostics

In the 21st century, a number of peptide-based diagnostic systems has already been
developed for commercial use or are on the verge of completion. There are a few examples
of ELISAs with peptide-based diagnostic probes: C-peptide [25,26], gliadin [27], vasoactive
intestinal peptide [28] diphtheria toxin (DTx) [29], Chlamydia trachomatis [30–34] human
T-lymphotropic virus type I (HTLV-I) [35], human C. pneumoniae [31–33] and COVID 19
spike protein [36].

Moreover, rapid growth has been observed in peptide-based diagnostic systems
mainly for diagnosis of cancer, heart disease, diabetes, Alzheimer disease, auto-immune
disease, viral and bacterial infections, allergies, etc. (Figure 4). A few examples are quoted
here for reference. Liu et al. has developed a novel affibody-based ELISA for detection
of alpha-fetoprotein (AFP). AFP is an important biomarker associated with primary liver
cancer. The peptide used in ELISA was a 58 amino acid peptide ‘Affibody’, which was
derived from the Z domain of staphylococcal protein A. An affibody dimer (ZAFP D2)2
showed higher binding affinity to AFP along with high thermal stability. The detection
limit of the immunoassay using (ZAFP D2)2 was 2 ng/mL [37]. Sahin et al. has selected
and characterized the DE-Obs peptide HNDLFPSWYHNY by bio-panning of the phage
display library on MKN-45 gastric cancer cells, which showed specific binding in MKN-45
cells [38]. Liu et al. has identified a 7-mer peptide that has the potential to be developed into
a diagnostic test for residual hepatoma cells after trans-arterial chemoembolization [39].
Zhang et al. has demonstrated that the peptide sequence AADNAKTKSFPV has the poten-
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tial to specifically recognize gastric cancer and discriminate neoplastic gastric mucosa from
normal gastric mucosa. This can be used for early cancer detection during endoscopy [40].
Galvis-Jiménez et al. has developed an ELISA test to detect mammaglobin in blood samples
from breast cancer patients vs. controls. Antibodies were generated in rabbits against four
synthetic peptides of mammaglobin. All peptides showed immunogenicity and produced
antibodies that were able to discriminate between the patients and controls. The results
were obtained for an antiserum. B antiserum (against mammaglobin (31–39)) showed the
best sensitivity (86.3%) and specificity (96%) [41].
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Figure 4. Understanding the role of peptides in ELISA in diagnostics through the published literature
on PUBMED in the last decade (1 January 2011 to 31 December 2020). Comparison of the data
published with the keyword peptide ELISA along with additional filters for Alzheimer’s disease,
Heart disease, Allergy, Diabetes, Virus, Autoimmune Disease, Bacteria, and Cancer, respectively. We
observed Cancer was ranked 1st for peptide ELISA.

To understanding the role of GLP-1 in diabetes and its physiology, an accurate mea-
surement of the GLP-1 metabolite is required. In 2017, Wewer Albrechtsen et al. developed
an ELISA for measurement of the primary glucagon-like peptide-1 (GLP-1) metabolite, such
as GLP-1 (7-36NH2) and GLP-1 (9-36NH2). The active form of GLP-1 is (7-36NH2), which
is rapidly degraded by the dipeptidyl peptidase 4 (DPP-4) enzyme and converts, by more
than 90%, into an inactive form or to the primary metabolite (9-36NH2) before reaching the
target via the circulation. The developed ELISA could recognize both GLP-1 (9-36) NH2
and nonamidated GLP-1 (9-37) [42–44]. The ADRB1-AB-immunogen-peptide (ESDEAR-
RCYNDPK) impact of beta1-AAB on “myocardial recovery in patients with systolic heart
failure” was published based on a peptide ELISA [45].

Increased C-peptide level is an important indicator for the diagnosis of diabetes.
Lv et al. has developed an antibody sandwich ELISA for rapid detection of C-peptide in
human urine of diabetic patients. Antibodies were developed in hen and rabbit by using
PLL-C-peptide and BSA-C-peptide, respectively [46].

A peptide-ELISA was developed for detection of human H5N1 influenza viruses.
ELISA was based on the antigenic H5 epitope (CNTKCQTP), which provides highly
specific detection of antibodies to the H5N1 influenza viruses in human sera [47].

A rapid and accurate ELISA-based test was developed for HIV-1/2 antibody detection
by using a peptide cocktail as an antigen. A novel peptide stretch, V3-I, covering the
immunodominant epitope corresponding to the V3 hypervariable loop of gp120 antigens of
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selected Indian isolates, has been studied and incorporated in an antigenic cocktail of gp36,
gp41, and rp24 of HIV-1/2. The peptide cocktail-based ELISA test showed 100% sensitivity
and 99.3% specificity, with no cross reactivity [48]. A synthetic peptide of 11 amino acid
was used to develop an ELISA for HIV-2. The peptide epitope in the ELISA was highly
specific and sensitive towards anti-HIV-2 antibodies. The peptide ELISA showed 100%
sensitivity with 94.9% specificity [47].

Lyme neuroborreliosis (LNB) is a disorder of the CNS caused by systemic infection
of spirochetes. The diagnosis of LNB is a challenge to clinicians. Van Brugel et al. has
demonstrated that the C6-peptide ELISA can be used for the diagnosis of LNB by using a
patient’s CSF. Serum–CSF pairs from LNB patients (n = 59), Lyme non-neuroborreliosis
cases (n = 36), and neurological controls (n = 74) were tested in a C6-peptide ELISA, where
the sensitivity of the C6-peptide ELISA for LNB patients in CSF was 95%, and the specificity
was 83% in the Lyme non-neuroborreliosis patients, 96% in the infectious controls, and 97%
in the neurological controls [49].

Davis has demonstrated that an ELISA can be developed to quantify cellular proteins,
such as NGF, secreted into conditioned culture media. Neurotrophin is critical to neuronal
viability, and has become a popular research focus for the treatment of neurodegenera-
tive diseases [50].

5. Peptide Diagnostics and SARS-CoV-2

In 2019, a new coronavirus, SARS-CoV-2, which causes acute respiratory syndrome,
began to spread around the world. The disease is known as COVID-19 (coronavirus disease
2019) and has so far caused the deaths of about 4 million people worldwide and more or less
serious health problems for hundreds of millions more. It is clear that the need to establish
the right diagnostic and therapeutic approach is critical. The basis for a successful fight
against this pandemic is not only the determination of the most effective therapy but also
prevention based on reliable testing and vaccination. Thousands of scientists immediately
began to address this new problem using a variety of methodological approaches. Several
of these methodologies are based on the use of peptides. Examples of the use of peptides
in studying the properties of SARS-CoV-2 and research into the resultant COVID-19 can be
found below.

5.1. Viral Epitope Profiling of SARS-CoV-2

Analysis of viral epitopes is crucial for understanding the immunogenicity of the
viral proteome, while it is critical for improving the diagnostics and production of a
functional vaccine. Peptides frequently and specifically recognized by COVID-19 patients
were identified by VirScan-based serological profiling and used to create a Luminex assay
predicting SARS-CoV-2 exposure with 90% sensitivity and 95% specificity [51].

5.2. Peptides Used for Antibody Diagnostics

Actually, a large variety of SARS-CoV-2 antibody diagnostic assays are used, including
immunoassays based on the large recombinant protein or vice-versa specific epitope
peptides identified from the whole antigen [52]. Using peptide epitopes would be beneficial
with respect to assay specificity, while large recombinant proteins also include many cross-
reactive epitopes that would react with low specificity antibodies, leading to a lower
specificity of the test.

5.3. Peptides Used for Identification of SARS-CoV-2-Derived T Cell Epitopes

The identification of SARS-CoV-2-derived T cell epitopes is of critical importance for
diagnostic tools as well as for peptides vaccines. One way how to identify them is using
CD4+ and CD8+ T cell depletion assays and FACS-based analysis of activation markers.
Results obtained by using these methods suggested that generation of effective adaptive
immunity against SARS-CoV-2 requires the participation of both CD4+ and CD8+ T cells.
This finding is very important for the preparation of a functional vaccine, as it is clear
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that it is necessary to incorporate both HLA-I-restricted and HLA-II-restricted epitopes in
peptide-based vaccines to obtain optimal vaccination [53].

5.4. Peptides/Proteins as a Markers of COVID-19

D-dimer is produced during lysis of crosslinked fibrin. Results of some studies
suggest that the D-dimer levels can be used as a prognostic marker in patients with COVID-
19 [54–56]. Interferon gamma-induced protein 10 (IP-10) is a small cytokine secreted by
endothelial cells, monocytes, and fibroblasts, which attracts activated Tcells to the site of
inflammation. In COVID-19 patients, IP-10 was overexpressed in the acute phase of the
disease regardless of other clinical characteristics; therefore, it has been suggested as a
potential new biomarker for SARS-CoV-2 infection. In the study, SARS-CoV-2 peptide
pools covering viral proteins were used in order to identify the immune biomarkers of
SARS-CoV-2 infection [57].

6. Imaging Diagnostics

The most common targeted molecular imaging techniques, such as PET and SPECT, are
playing a very important and essential role in modern diagnostics because the information
provided by them are very specific, accurate, and shows disease distribution. On the
contrary, using non-specific contrast agents has a low targeting efficiency, which can be
superseded by using specific probes. Recent technological development has revealed
various methodologies for designing specific, smart, and accurate probes. Among all
the strategies, utilization of peptide-based probes has been the most successful. For
discovery of specific peptide-based probes, the commonly used methods are phage display
and combinatorial peptide chemistry. They have strongly impacted the use of available
targeting peptides in an efficient and specific manner. The discovered peptides are either
a specific target for a variety of disease-related receptors or surrogate biomarkers. These
targeting peptides are either radiolabeled or coupled with the appropriate imaging moieties
and used in imaging diagnostic. For this reason, labeled peptides have soon become a part
of imaging diagnostic systems.

7. PET and SPECT Imaging

In 1951, Wrenn Jr et al. demonstrated the use of a positron-emitting radioisotope for
brain tumor localization [58]; after this, in the 1960s and 1970s, PET gradually grew as
a research imaging modality [59]. However, the clinical utility of PET in neurology and
oncology patients was demonstrated in the 1980s and 1990s [60,61].

PET is a non-invasive molecular imaging modality that uses radioactive tracers in
pico- and nanomolar amounts for visualization and quantitation of biological processes
in vivo. In brief, PET starts with an intravenous injection of a radioactive probe (i.e.,
compound labelled with positron-emitting isotopes) that circulate throughout the body
and accumulate in the inflammatory lesions, which results in the emission of a positron.
The positron ‘annihilates’ with an electron and generates two 511 keV γ-photons that
travels in the opposite direction at 180 degrees. This property is called as ‘collinearity’. The
two photons generated during the annihilation process are detected by the PET detector
ring and known as ‘coincidence detection’. Coincidence detection makes PET imaging
more sensitive compared to SPECT imaging, where the γ-rays emitted from the target
lesions are measured directly by the detectors. A detailed description about the PET and
SPECT techniques and its applications are discussed in detail by Signore et al. in2010 [62].

Interestingly, labelled peptides were introduced into clinic more than three decades
ago, since then these are increasingly being used in clinics for diagnosis of different diseases,
staging, and evaluation of therapy response. These radiolabeled probes are utilized in the
most sensitive molecular imaging techniques, i.e., PET and SPECT.

Human cells overexpress several peptide receptors in the diseased condition, which
works as molecular targets, and radiolabeled peptides bind to these targets with high
affinity and specificity, holding great potential for molecular diagnostic imaging.
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To understand the role of peptides in imaging diagnostics mainly for PET and SPECT,
we have analyzed the published literature on PUBMED for last 5 decades (1 January 1970
to 31 December 2020). As per data published on PUBMED, we observed that PET has
grown drastically in last two decades (Figure 5).
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8. Peptides Application in Imaging Diagnostics

To understand the role of radiolabeled peptide in imagine diagnostics and get a clear
picture of its usage in imaging diagnostics, we had critically analyzed the data for the last
10 years and 5 years on the PUBMED MEDLINE database. The specific keywords were
either “PET” or “SPECT”, used in two separate searches with seven additional filters of the
most common radiolabeled peptides and their analogues used in PET and SPECT imaging,
such as somatostatin receptors, interleukin 2 receptor, prostate specific membrane antigen,
αβ3 integrin receptor, gastrin-releasing peptide, chemokine receptor 4, and urokinase-
type plasminogen receptor. We observed that there is no big difference between the data
published in 5 years versus 10 years for the peptides used in PET and approximately a
similar amount of data published in 5years and 10 years, except for αβ3 integrin and
urokinase-type plasminogen receptor. It shows that most of the research was done in
last 5 years (Figure 6). Similarly, the data obtained from SPECT had shown a similar
pattern as mentioned above for PET; but, interestingly, no published data was obtained for
Interleukin 2 receptor and urokinase-type plasminogen receptor in the search of the last
5 years (Figure 7).
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8.1. Somatostatin Receptors (SSTRs)

In 1973, Roger Guillemin’s group first isolated somatostatin (SST) from an ovine
hypothalamic extract and was characterized as tetradecapeptide [63]. SST is a regulatory
and cyclic disulfide containing a peptide that is naturally present in 14 or 28 amino acids
sequences. SST binds to somatostatin receptors (SSTRs) and regulates several physiological
and cellular processes, which are expressed by many neuroendocrine cells, nerve cells, and
inflammatory cells, such as lymphocytes, peripheral blood mononuclear cells, thymocytes,
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monocytes, and macrophages [64]. The function of SST is mediated by a family of G-
protein-coupled receptors that includes five distinct subtypes, namely, SSTR1–SSTR5 [65].

Due to the wide range of interaction with SSTR in different inflammatory disease
conditions and overexpression of SSTR in immune cells, inflammatory cells, and blood
vessels, it was sensible to develop radiolabeled SST analogues with a different affinity
for SSTRs for diagnostic PET and SPECT imaging in different oncological and inflam-
matory disease conditions, particularly in rheumatoid arthritis, Sjögren syndrome, and
autoimmune thyroid diseases [66]. In brief, labelling of SST analogues were achieved
by conjugation of the peptide with a bifunctional chelator, DOTA, NOTA, or DTPA, and
afterwards labelling with a radionuclide, including 99mTc (EDDA/HYNIC-TOC) or 18F or
68Ga, 123I, 111In, or 64Cu (DOTATATE) [67,68].

Several SST analogues have already been developed and assessed for clinical use; how-
ever, 111In-labelled pentetreotide (also known as 111In-octreotide or OctreoscanTM), a DTPA-
conjugate of octreotide, is extensively studied in diagnostic imaging. 111In-pentetreotide
has a high affinity for SSTR2 and SSTR5; it enters inside the cell by endocytosis, first taken
by lysosomes and then moved to the nucleus. It is predominantly used for the assess-
ment of neuroendocrine tumors and carcinoid tumors. Some other novel radiolabeled
tracers for SSTRs also demonstrated decent affinity, including 68Ga-DOTA-TOC (more se-
lective to SSTR2 and SSTR5), 68Ga-DOTA-TATE and 64Cu-DOTA-TATE (affinity to SSTR2),
99mTc-EDDA/HYNIC-TOC (affinity to 2 and 5 type receptors), and 68Ga-DOTA-NOC
(affinity to 2, 3 and 5 type receptors) [69,70]. A study was performed by Yamaga et al. to
compare the detection rate of68Ga-DOTATATE PET/CT with 111In-octreotide SPECT/CT
in medullary thyroid carcinoma patients (n = 15) with increased calcitonin levels but
negative conventional imaging after thyroidectomy. This study revealed a high sensi-
tivity and accuracy, 100% and 93%, respectively, with 68Ga-DOTATATE PET/CT, while
111In-octreotide SPECT/CT showed a lower sensitivity and accuracy, 46% and 53%, re-
spectively. In the same study, the authors also performed conventional imaging (CI) that
was comparable with PET/CT scans with a sensitivity of 100% and accuracy of 93%, al-
though 68Ga-DOTATATE PET/CT demonstrated a higher detection rate compared to CI in
detecting bone metastases [71].

Nevertheless, Johnbeck et al. performed a head-to-head comparison of the diagnostic
accuracy of PET/CT scans of 64Cu-DOTATATE with 68Ga-DOTATOC in neuroendocrine
tumor patients (n = 59). In this study, the authors found that 701 lesions were concordant
in both PET/CT scans; however, only one of these scans detected an extra 68 lesions. The
authors concluded that the patient-based sensitivity was the same for 64Cu-DOTATATE
and 68Ga-DOTATOC PET/CT scans in these patients. However, 64Cu-DOTATATE had a
comparatively better lesion detection rate, as patient follow-up discovered that the majority
of the extra lesions detected by 64Cu-DOTATATE were true positive [72]. Nevertheless,
the study also revealed thata >24 h shelf life and at least 3 h scanning window makethe
64Cu-DOTATATE PET/CT scan more convenient to use in the clinical setting.

8.2. Interleukin-2 Receptor

Interleukin-2 (IL-2) has a very high affinity for interleukin-2 receptors (IL-2R), which
is hetero trimers of the α, β, and γ subunit, named CD25, CD122, and CD132, respectively.
The α-subunit, i.e., CD25, contains the key binding site for IL-2, which could be present as
a soluble or transmembrane receptor [62]. High levels of IL-2R are expressed by activated
lymphocytes during inflammatory processes, whileIL-2R expression is lower in resting
immune cells; therefore, this receptor is an appropriate biomarker for the diagnosis of
active inflammation in chronic inflammatory disease patients.

IL-2 is one of the most studied research radiotracer for imaging of infiltrating T
cells in different inflammatory diseases, and radiolabeled with different radionuclides,
including99mTc, 123I, 125I, 35S, and, recently,18F for PET imaging [62].

Signore et al. performed a study to evaluate in vivo the binding of 99mTc-IL2 with
infiltrating lymphocytes in thirty patients with cutaneous lesions suspected of being
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melanoma [73]. In this study, histology revealed 21 melanoma lesions and 9 classified as
benign. The authors reported 99mTc-IL2 uptake in 15 out of 21 (71%) melanomas lesions
and 2 out of 9 (22%) benign cutaneous lesions. Additionally, in the 99mTc-IL2 scan, the
target-to-background ratio significantly correlated with the number of IL2R-positive tumor-
infiltrating lymphocytes. This study demonstrated that the 99mTc-IL2 scan might provide a
tool for the in vivo assessment of tumor-infiltrating IL-2R-positive cells, which could be
extremely beneficial for patient selection with unlabeled IL2 immunotherapy.

For PET imaging of IL-2, a novel method was published by Di Gialleonardo et al. on
how to synthesize N-(4-Fluorobenzoyl)-interleukin-2 (FB-IL2) that specifically binds to
IL-2R [74]. In addition, recently Khanapur et al. presented an improved synthesis of the
same radiotracer [75]. To enable the use of FB-IL2 in clinical studies, a fully automated
Good Manufacturing Practices (GMP)-compliant production process has been developed
and published by Erik FJ de Vries’s group at University Medical Centre Groningen, The
Netherlands [76]. In addition, the same group performed a clinical trial (ClinicalTrials.gov;
identifier NCT02922283) in patients with metastatic melanoma (stage IV). In this study, the
researchers found FB-IL2 to be safe and feasible for human patient study without any side
effects, although serial PET imaging was not able to detect a treatment-related immune
response in this patient cohort [77].

8.3. Prostate-Specific Membrane Antigen (PSMA)

Prostate-specific membrane antigen (PSMA), also known as glutamate carboxypep-
tidase II (GCPII), or folate hydrolase, is an integral cell-surface membrane glycosylated
metalloenzymeoverexpressed in prostate carcinomas. It has 19 amino acids (AA) intracellu-
lar N-terminal domain, 24 AA transmembrane helix, and a 707 AA extracellular C-terminal
domain bearing 2 zinc ions and 2 binding pockets [78].

Mannweiler et al. investigated paraffin-embedded sections of patients with primary
prostate carcinoma and distant metastases (n = 51). The immunohistochemistry data
revealed that 96% of the primary tumors and 84% of metastases showed expression of
PSMA, in the advanced prostate cancer cohort [79]. While only one case, i.e., 1.9%, was
entirely negative for PSMA in both the primary and metastatic tissue. Therefore, PSMA is
a suitable biomarker for diagnosis, staging, and therapy response monitoring in prostate
cancer patients.

First images of prostate carcinoma patient detected by 68Ga- labelled HBED-CC
conjugate of the PSMA-specific pharmacophore Glu-NH-CO-NH-Lys (68Ga-PSMA) was
published by Afshar-Oromieh et al. [80]. In this study, an18F-fluoroethylcholine (F-FECH)
PET scan was unable to detect any lesions, while a 68Ga-PSMA PET scan revealed a lesion
adjacent to the urinary bladder matched with tumor relapse.

Recently, Grubmüller et al. performed a study to evaluate simultaneous [68Ga]Ga-
PSMA-11 PET/MRI for primary tumor-node-metastasis staging in prostate cancer pa-
tients (n = 122) prior to planned radical prostatectomy, compared with histology data. In
this study, PSMA-PET/MRI correctly diagnosed prostate cancer in 119 of 122 patients
(97.5%).The diagnostic accuracy for T staging was 82.5%, for T2 stage was 85%, for T3a
stage was 79%, for T3b stage was 94%, and for N1 stage was 93% [81]. This study confirms
the efficacy of [68Ga]Ga-PSMA-11 PET/MRI for an accurate staging of newly diagnosed
prostate cancer patients.

Another study was performed to compare the metabolic features of high-grade glioma
(HGG) and low-grade glioma (LGG) tumors using 68Ga-PSMA-617 and 18F-FDG PET scans.
In this study, the patients (n = 30) underwent both 68Ga-PSMA-617 and 18F-FDG PET scans
over two consecutive days and then surgical treatment was performed. This study revealed
that the 68Ga-PSMA-617 PET scan is superior to the 18F-FDG PET scan in differentiating
HGG and LGG [82].

Nevertheless, several PET and SPECT studies with radiolabeled PSMAPET radiotrac-
ers were also performed in patients with thyroid cancer [83], hepatocellular carcinoma [84],
prostate adenocarcinoma [85], glioblastoma [86], myeloma [87], sinonasal glomangioperi-
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cytoma [88], Sjögren syndrome [89], and bladder cancer [90], which shows PSMA-targeted
radiotracers are now playing an increasing role in the diagnostic imaging of patients.

8.4. αvβ3 Integrin Receptors

Integrinsare a class of 24 heterodimeric transmembrane glycoproteins made up of
different 18 α-subunits and 8 β-subunits, and play a key role in cellular interactions
and transduction of signals between the extracellular matrix and interior of the cell [91].
The αvβ3 integrin, also referred as the vitronectin receptor, plays a key role in tumor
metastasis and angiogenesis, so diagnostic examination with αvβ3 expression offers a great
prospective strategy. On the surface of vitronectin, αvβ3-binding was mediated by RGD
tripeptide, i.e., Arg-Gly-Asp, which acts as the core recognition motif [92]. In diagnostic PET
and SPECT imaging, αvβ3 integrin is the most extensively studied integrinthat provides
crucial information about the metastatic potential of tumor, and offers an optimal in vivo
biomarker for angiogenesis.

Galacto-RGD is a radiolabeledαvβ3 antagonist that helps in the monitoring of αvβ3
expression with PET imaging and the first of its class studied in human patients. Haub-
ner et al. radiolabeled glycosylated RGD-peptide (Galacto-RGD) using 4-nitrophenyl
2-fluoropropionate as a prosthetic group with a radiochemical yield of 85% and a high
radiochemical purity of >98% [93]. Afterwards the same group performed a PET imaging
study in nine patients, who suffered from either malignant melanoma with distant/lymph
node metastasis, or chondrosarcoma, or soft tissue sarcoma, or osseous metastasis of renal
cell carcinoma, or villonodular synovitis. Researchers selected these patients based on
substantial evidence that these pathologies express αvβ3 [94]. This study demonstrated a
9-fold higher radiotracer accumulation in the tumor than in the muscle, which confirms
the superior properties of Galacto-RGD for molecular imaging of αvβ3 integrin receptors.

A feasibility study is recently performed by Makowski et al. using Galacto-RGD
PET/CT imaging in patients with acute myocardial infarction (n = 12) for αvβ3 expression
assessment [95]. In this study, Galacto-RGD uptake significantly correlated with infarct
size (R = 0.73). In addition, the authors found significant inverse correlation with restricted
blood flow for all myocardial segments (R = −0.39) and in severely hypo-perfused areas
(R = −0.75).

An SPECT tracer, NC100692, was evaluated for imaging αvβ3 expression in human
breast cancer patients by Bach-Gansmo et al., where the authors were able to clearly detect
19 of 22 tumors using this tracer, which was safe and well tolerated by these patients [96].

Another novel integrin-targeted PET imaging radiotracer Fluciclatide (also known
as AH111585) was evaluated for αvβ3 and αvβ5 imaging in melanoma and renal tumors.
The authors demonstrated that an increased 18F-fluciclatide uptake occurs at sites of acute
myocardial infarction, in specific areas of subendocardial infarction, and hypokinesia
associated with subsequent functional recovery [97]. Data from this study suggested that
18F-fluciclatide is a potentially useful imaging biomarker for PET imaging of myocardial
αvβ3 integrin expression.

8.5. Other Peptides for PET and SPECT Imaging

A number of radiolabeled peptides are already established in clinics or are being
evaluated in different phases of clinical trials for PET and SPECT imaging of various
inflammatory diseases. Apart from the above mentioned peptides, many other peptides are
also under investigation, which includes but are not limited to peptides for bombesin (BBN)
receptors, gastrin-releasing peptide (GRPR), chemokine receptor 4 (CXCR4), urokinase-type
plasminogen receptor (uPAR), glucagon-like peptide receptor 1 (GLPR1), and caspase-3
imaging [98,99].

Recently, Kraus et al. evaluated the possibility of the C-X-C motif chemokine receptor 4
(CXCR4)-directed imaging with 68Ga-Pentixafor PET/CT, to diagnose and quantify disease
involvement in 12 myeloproliferative neoplasms patients, together with 5 non-oncologic
control patients. Study data revealed that 12 out 12 patients were found positive in PET/CT,
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which was also confirmed by immunohistochemical staining [100]. This is the first data
that shows the feasibility of CXCR4-directed imaging with 68Ga-Pentixafor PET/CT in a
myeloproliferative neoplasm patient cohort. In the beginning, CXCR4 was recognized as a
co-receptor in human immunodeficiency virus-1 (HIV-1), which attracted the researchers’
attention; afterwards, more investigation revealed overexpression of CXCR4 in 30 different
cancers, including pancreatic, breast, lung, colorectal, prostate, ovarian, and skin cancers,
lymphoma, and leukemia [101,102].

Zhang et al. published the first-in-human study of a 68Ga-labeled heterodimeric
peptide BBN-RGD [103]. This novel radiotracer, 68Ga-BBN-RGD, targets αvβ3integrin as
well as GRPR. In this study, the authors investigated the diagnostic accuracy and safety
of 68Ga-BBN-RGD PET scans in healthy volunteers (n = 5) and prostate cancer patients
(n = 13) and comparedit with 68Ga-labelled BBN. This study did not show any obvious side
effect of 68Ga-BBN-RGD administration in any healthy volunteer and/or patient. In patient
scans, 68Ga-BBN-RGD PET/CT diagnosed 3 of 4 primary tumors, while only 2 of 4 primary
tumors were diagnosed with 68Ga-BBN PET/CT. Interestingly, the authors found that 68Ga-
BBN was not able to detect lesions that were GPRR -ve and αvβ3 integrin +ve; however,
68Ga-BBN-RGD was able to detect these lesions. Therefore, this novel approach for dual
αvβ3 integrin and GRPR, targeting PET radiotracers, demonstrated a great potential in
diagnosis and staging of primary prostate cancers as well as metastases lesions. Recently,
another novel dual-targeting 68Ga-NODAGA-LacN-E[c(RGDfK)]2Glycopeptide has also
been developed for PET imaging of cancer patients, which can diagnose integrin αvβ3
and galectin-3 expression in tumor and tumor endothelial cells [104]. As evident from
the details above, enough novel radiolabeled peptides are now available in the clinical
setting and many more peptides are currently in preclinical investigation and indifferent
clinical trial stages; therefore, there is no doubt that it will have enormous clinical impact
in diagnostics in the coming years.

9. Challenges in Peptide-Based Diagnostics

The major challenges in peptide-based diagnostics are the synthesis and purification
of peptides. Fmoc/tBu strategies are widely used for solid-phase peptide synthesis (SPPS).
The first amino acid is coupled to the resin. The first step is to deprotect the amine and then
coupled with the free acid of the second amino acid. This cycle repeats until the desired
sequences have been synthesized. SPPS cycles may also include capping steps, which
block the ends of the unreacted amino acids from reacting. At the end of the synthesis,
the crude peptide is cleaved from the solid support, while simultaneously removing all
protecting groups using a strong acid reagent, such as trifluoroacetic acid or a nucleophile.
The crude peptide can be precipitated from a non-polar solvent such as diethyl ether in
order to remove soluble organic by-products. The crude peptide can be purified using
reversed-phase HPLC [105,106].

To purify the longer peptides is very challenging, because the impurities of the by-
products have somewhat similar sequences and shows the same retention time in HPLC
purification. Kent and co-workers have proposed that some peptide sequences for intra-
molecular or inter-molecular non-covalent interactions, which ultimately cause insoluble
peptide aggregates, are not easy to solubilize for purification [107]. Moreover, synthesis of
longer peptide sequences >50 amino acids has always been a challenging task for chemists,
even when using well-advanced and automated peptide synthesis systems. Difficult
peptide sequences are hydrophobic in nature and contain a large number of β-branched
amino acids along with leucine, valine, phenylalanine, or isoleucine, etc. Peptide sequence
with glycine may induce β-sheet packing. These type of peptide sequences can form β-
sheet or α-helical structures within the molecule and therefore they have high aggregation
potential and low solubility in aqueous or organic solvents. This results in generally
difficult handling, synthesis, and purification [106].

Beside this, there are some challenges that depend upon the technique used for
diagnosis. For example, non-imaging techniques, such as ELISA, microarray, and biosensor,
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are (1) a labor-intensive process—to prepare antibodies through a sophisticated cell culture
technique; (2) high purity primary antibodies or synthetic peptides are required to set-up
the experiments; (3) due to insufficient blocking of the surface onthe microtiter plate there
is high possibility of getting false-positive or false-negative results; (4) antibodies instability
during transportation and storage may cause false-negative results; (5) unavailability of
specific antibodies or difficult peptide synthesis may cause a problem in setting up the
process; and (6) it is a time-consuming process, requiring at least 24 h to complete [108].

The main limitation to set up the analysis is depended upon substances such as
antigen-specific antibodies, a peptide epitope for specific antibodies, and its purity. Impure
substances may cause either false-positive results or a low signal-to-noise ratio. However,
imaging diagnostics are also having quite similar challenges but is seen to be more specific
than non-imaging diagnostic because only labeled peptide probes are used.

As per the guideline for method validation ICH Q2 (R1), specificity is defined as
follows: “Specificity is the ability to assess unequivocally the analyte in the presence of
components, which may be expected to be present” (European Medicines Agency, ICH
Topic Q 2 (R1), accessed on 12 August 2021) [109].

The specificity of the method is based on detection of a single or specific analyte,
showing no cross reactivity to other molecules. This type of approach can be achieved
by using unique peptide probes discovered or designed for specific target recognitions.
These are used as a ligand in non-imaging diagnostics and as a tracer in imaging diagnostic.
However, in some cases high similarities in analytes are observed, where a selective
approach is considered to be the best solution that can be achieved.

For an adequate target-to-background ratio, the probe should be highly specific
towards its receptor and should show a high binding affinity. Moreover, it should be
functionally stable in physiological conditions and be cleared quickly from non-targeted
sites in order to provide high-quality results. Additionally, it is also necessary to check the
toxicity and immunogenicity of the probe for clinical translation [110].

In conclusion, peptide-based diagnostics is an interdisciplinary approach, for which
scientists are performing basic research to discover unique peptides for targeting specific
receptors reflecting a disease state, organic chemists are developing and characterizing the
peptide-based probes, and biophysicists are improving image quality. Finally, clinicians
are reviewing the outcome and importance of the diagnostics methods developed.
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Abstract: Concerns associated with nanocarriers’ therapeutic efficacy and side effects have led to the
development of strategies to advance them into targeted and responsive delivery systems. Owing to
their bioactivity and biocompatibility, peptides play a key role in these strategies and, thus, have been
extensively studied in nanomedicine. Peptide-based nanocarriers, in particular, have burgeoned with
advances in purely peptidic structures and in combinations of peptides, both native and modified,
with polymers, lipids, and inorganic nanoparticles. In this review, we summarize advances on
peptides promoting gene delivery systems. The efficacy of nucleic acid therapies largely depends
on cell internalization and the delivery to subcellular organelles. Hence, the review focuses on
nanocarriers where peptides are pivotal in ferrying nucleic acids to their site of action, with a special
emphasis on peptides that assist anionic, water-soluble nucleic acids in crossing the membrane
barriers they encounter on their way to efficient function. In a second part, we address how peptides
advance nanoassembly delivery tools, such that they navigate delivery barriers and release their
nucleic acid cargo at specific sites in a controlled fashion.

Keywords: amphiphilic peptides; non-viral gene delivery; nanocarrier; peptide self-assemblies;
stimuli responsive

1. Introduction

Introducing exogenous nucleic acids into human target cells has been receiving a great
deal of attention for the treatment of several human diseases, in particular cancer and other
genetic disorders. Quite recently, a new treatment involving gene editing CRISPER has
made a mark by using mRNA encoding Cas [1,2]. In face of the worldwide coronavirus
pandemic, mRNA has moved into the limelight as vaccine and many companies are
working on other mRNA vaccines and therapeutics [3,4]. Both vaccines and disease
intervention involve delivering nucleic acids to intracellular locations on a path strewn
with obstacles. To ultimately accomplish modification of protein expression by replacing or
adding missing or defective genes, regulating gene expression at the RNA level (e.g., gene
silencing by RNA interference, modification of RNA processing), controlling microRNA
activity or by genome editing and reprogramming of cells, nucleic acids face a number of
challenging barriers. Hence, despite a broad range of possible therapeutic approaches, the
clinical success of gene therapy has yet to meet the expectations. The lack of efficacy and
issues with clinical safety, in particular with viral vectors, which make up about 70% of
vectors used in gene therapy, are the main reasons gene delivery systems fail in clinical
trials [5,6]. This has led to the emergence of non-viral vector systems, such as liposomes and
polymer supramolecular assemblies with better biological safety. However, their efficacy is
predominantly hampered by insufficient localization of the therapeutic agents at the site
of interest, both at the extracellular and intracellular level [7]. Owing to their remarkable
potency, selectivity and low toxicity, peptides offer ideal alternatives to overcome these
hurdles [8]. In addition, advancements in nanosystems continue to open new avenues for
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an efficient delivery of therapeutics and, thus, nanotechnology has become a favored tool
in medicine [7].

Nanocarriers based on their size, shape, charge, and surface chemistry are internal-
ized by target cells through different pathways including clathrin-mediated endocytosis,
caveolae- or cholesterol-mediated endocytosis, phagocytosis, and macropinocytosis [9,10].
After entering cells by endocytosis, nanocarriers usually remain sequestered in correspond-
ing transport vesicles and their fate depends on the endocytic pathway but also on the
physicochemical properties of the nanocarriers. Endosomal sequestration consists of multi-
ple membrane fusions, in which the endocytic vesicles sequentially merge with early and
late endosomes, proceeding all the way to the lysosomal compartment [10]. A constant
decrease in intravesicular pH and increase in digestive enzymatic content throughout
this pathway have a major impact on the stability of payloads and, subsequently, on effi-
cacy [10,11]. These limitations have led to the search for strategies that can properly protect
the macromolecular drugs from degradation and specifically target the major subcellular
compartments. Furthermore, a boost of discovery research for the better understanding of
intracellular trafficking routes highlight the need for carriers that overcome the barriers
associated with the delivery to the intracellular site of action [11].

The major shortcomings of most commonly used non-viral nucleic acid delivery
systems, such as lipoplexes and polyplexes include nonspecific distribution, inefficient
cytoplasmic delivery, and organelle targeting. In contrast, peptide-based nanocarriers,
e.g., peptide nanoparticles, also called peptiplexes, or peptidic multicompartment micelles,
and nano-assemblies equipped with peptides hold great promise as delivery platforms,
since they can be tweaked to facilitate penetration of cell membranes and to localize to
distinct subcellular compartments. In addition, peptides are easy to synthesize with a
desired bioactivity, and, by multivalent presence, endow the nanocarrier with high avidity
for the target [10,12]. Owing to the highly specific targeting capacity of corresponding
peptides, therapeutic nanocarriers are able to pass through the cell membrane and reach the
specific tissue and cells which results in enhanced intracellular distribution and extended
therapeutic window [13]. Furthermore, smart delivery systems are promising options to
provide solutions related to uncontrolled release of payloads: besides a biocompatible
nanocarrier and suitable targeting moieties, these platforms include stimulus-responsive
elements which endow them with triggered cargo release [14].

The concept of using peptides as targeting moieties for therapeutic and diagnostic
purposes has created new avenues for modern pharmaceutical industries [13,15]. Although
clinical progress in the application of peptides, alone or combined with nano-assemblies, is
slowly moving forward, large investments and wide-ranging research efforts confirm their
promising potential as a delivery platform for therapeutic systems. Increased interest in
smart nanocarrier design with particular focus on, but not limited to, cancer therapy with
the aim of precision medicine application has boosted this unique class of pharmaceutical
compounds into high demand [16–18].

In this review, we discuss various types of membrane active and stimuli responsive
peptides with regard to their role in refining different nanocarriers for gene delivery
applications. As peptides take center stage, we do not cover predominantly lipidic nor
inorganic nanoparticle gene delivery systems. We describe properties of peptides that
promote site-specific localization of nucleic acids and of peptide-based nano-assemblies.
Then, we lay the emphasis on peptide designs that confer stimuli-responsiveness upon
nanosystems with the aim to control payload release. Targeting, controlling, and stimuli-
responsive peptides advance nanosystems from non-specific carriers of nucleic acids to
smart site-specific gene delivery systems.

2. Peptide-Guided Delivery of Nucleic Acids across Biological Barriers

Membrane active peptides interact with cellular membranes by traversing them,
disrupting them or by residing at the membrane interface and fusing with them [19]. They
are known to overcome site-specific delivery barriers and facilitate intracellular delivery
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of various bioactive cargos with low cytotoxicity [19,20]. Although there is a wide variety
of membrane-active peptides, here we mainly discuss peptides for targeting nucleic acid
delivery systems to specific cells and tissues, and peptides that assist in the delivery of
nanocarriers across membrane barriers, such as cell penetrating peptides (CPPs), peptides
facilitating endosomal escape and those that target nanocarriers to subcellular organelles
(Figure 1).

Figure 1. Classes of membrane active peptides facilitating the delivery of nucleic acid across biological barriers. Created
with BioRender.com (Access to BioRender: June–July).

2.1. Tumor-Targeting Peptides

The ability of peptides to mediate translocation across membranes, traffic to desired
sites, as well as executing many fundamental cellular functions made them promising
candidates for targeting [21]. Owing to the high mortality related to cancer, substantial
research investments have been made over the past decades in order to develop specific
cancer diagnostics and treatments that improve survival rate [22]. The aberrant prolifera-
tion of tumor cells, accompanied by the up-regulation of their molecular markers result in
high levels of specific receptors in the tumor and its microenvironment [23]. Thus, tumor-
targeted delivery methods incorporate peptides or antibodies that are selective to the
receptors overexpressed on the tumors [24]. Selective targeting of these tumor-associated
markers promises the accurate targeting of signaling pathways that are dysregulated in the
tumor [25].
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Although the use of antibodies to target tumors has become highly successful both in
tumor diagnosis and therapy, some deficiencies associated with antibodies, such as inade-
quate pharmacokinetics and limited tissue accessibility, as well as impaired interactions
with the immune system limit their clinical application. Compared to antibodies and other
tumor-targeting ligands, peptides offer better cell or tissue penetration, high affinity and
targeting specificity, low immunogenicity, high stability, and improved pharmacokinetics
by chemical modifications [26]. Tumor-targeting peptides, usually comprising less than
50 amino acids, are synthesized naturally or artificially [27,28]. For example, peptide
sequences containing an arginine-glycine-aspartic acid (RGD) motif are among the most
prominent targeting moieties for non-viral delivery systems [29]. The strong affinity of
the RGD motif for integrin receptors expressed on vascular endothelial cells and overex-
pressed on many cancer cells [30] facilitates cell attachment and uptake of nanocarriers by
receptor-mediated endocytosis (Figure 2) [31].

Figure 2. Schematic representation of (a) fabrication of the RGD10-10R/siRNA complex, (b) tumor-
targeted siRNA delivery involving ligand/receptor interactions. siRNAs accumulated in the tumor
tissue and then entered the tumor cells in a receptor (αvβ3)-mediated endocytosis (RME) man-
ner in vitro. After being internalized by cells, peptide/siRNA complexes escaped from the endo-
somes/lysosomes. Then, siRNAs were released from the complexes and loaded by RNA-induced
silencing complex (RISC). Targeted messenger RNA complementary to the guide strand (antisense
strand) of siRNA was selected and cleaved by argonaute protein. Reprinted with permission from [31].
Copyright 2015 Springer Nature.
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Likewise, the synthetic nonapeptide LyP-1 is an example of a tumor targeting peptide
that can selectively bind to its primary receptor p32 protein overexpressed in various tumor-
associated cells and atherosclerotic plaque macrophages [32]. Binding leads to proteolytic
cleavage of LyP-1 into a truncated version whose exposed C-terminal CendR motif becomes
active and triggers binding to NRP1 and/or NRP2 cell surface receptors [32,33]. This
interaction promotes cellular internalization of LyP-1 and its bioconjugates. NRP1/2 also
mediates transfer to the nucleus, which makes LyP 1-based delivery systems more effective
in imaging and treatment of diseases [34]. An overview of different tumor-targeting
peptides developed for cancer gene therapy is presented in Table 1.

Table 1. Examples of peptides used for targeting in cancer gene therapy.

Peptide Name Cargo Cancer Type Ref.

RGD siRNA breast [35]
cRGD siRNA brain [36]

siRNA skin [37]
iRGD siRNA pancreatic [38]

siRNA lung [39]
RGDfC siRNA and doxorubicin liver [40]
CRGDK siRNA and BAplatin breast [41]
CGKRK siRNA breast and brain [42]
KTLLPTP siRNA and paclitaxel pancreatic [43]
HAIYPRH siRNA and doxorubicin breast [44]
LyP-1 and iRGD siRNA ovarian [45]
YHWYGYTPQNVI siRNA liver [46]
T7 pDNA bone [47]

2.2. Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are short peptides (less than 30 amino acids) derived
from naturally occurring proteins, designed de novo or a combination of both [48]. CPPs
by virtue of their ability to permeate the cell membrane in an innocuous manner provided
a means for successful cellular entry and intracellular trafficking of a wide variety of cargos
including nucleic acids (Figure 3) [49–53]. In addition to sequence length, charge and
amphipathicity are the main structural parameters determining internalization but also
cargo interactions. Penetration of nucleic acids across the cell membranes is a key step in
gene delivery and paves the way for an efficient gene therapy [52]. Nucleic acids can be
conjugated to CPPs, either by non-covalent complex formation or by covalent bonds [54].
CPPs promote the intracellular distribution of these membrane-impermeable therapeutic
molecules without destroying the integrity of cellular membranes and, thus, widen the
therapeutic window of cargos [13].
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Figure 3. Schematic illustration of cell penetrating TAT peptides complexed with siRNA and inte-
grated into modified tobacco mosaic virus (TMV) for virus-inspired gene silencing. Reprinted with
permission from [52]. Copyright 2018 American Chemical Society.

CPPs can be classified according to their physicochemical properties as cationic, am-
phipathic, and hydrophobic, which largely impacts the type of cell-membrane interactions
and uptake mechanism [55]. Extensive literature is available on the structure–activity rela-
tionship of CPPs [56–59]. Examples of CPPs classified according to their physicochemical
properties and the genetic cargo they delivered are summarized in Table 2.

Table 2. CPP classification based on physicochemical properties.

Cell-Penetrating Peptides

Cationic Amphipathic Hydrophobic
Name(origin) Cargo Ref. Name(origin) Cargo Ref. Name(origin) Cargo Ref.

Diatos Peptide Vectors
(DPV) siRNA [60] MPG pDNA

siRNA [61,62] C105Y pDNA [63–66]

HIV-1 twinarginine
translocation (TAT)

pDNA
siRNA [67–74] Transportan pDNA

siRNA [72,75,76] K-FGF pDNA [77]

arginine-rich peptides pDNA
siRNA [78–82] NickFect (NF) pDNA

siRNA [83–86] Bip pDNA [87]

Polyarginine pDNA [75,76,88–90] PepFect (PF) pDNA
mRNA [91,92] Melittin-derived

peptides siRNA [93]

Penetratin pDNA [94–96] MAP siRNA [97]
L5a pDNA [98,99] Crotamine pDNA [100–102]

VP22 pDNA [103,104]

Protamine pDNA
mRNA [105–109] Antennapedia

(Antp)
AON
siRNA [110,111]

Pep-1 pDNA [112,113]
CADY siRNA [114–116]
FGF pDNA [77]
pVEC pDNA [117,118]

104



Int. J. Mol. Sci. 2021, 22, 9092

Cationic CPPs show a high affinity for negatively charged cell membranes because of
electrostatic interactions and, thus, internalize into the cell through a receptor-independent
mechanism. The key factors determining the activity of cationic CPPs are the number and
position of positively charged amino acids in their structure [57]. TAT and penetratin, the
first cationic CPPs discovered, have been widely used to promote cellular uptake and trans-
fection efficiency of various lipid-, polymer-, and peptide-based nanocarriers [119–121].
Accordingly, several artificial homopolymers of arginine and lysine peptides have been
developed to effectively translocate cargo across the membrane [122,123]. Notably, the
rate of cell uptake and subsequently transfection efficiency was higher for arginine-rich
peptides compared to polylysines [123–125].

Although most naturally occurring CPPs are cationic, the major class of CPPs is amphi-
pathic [48]. Amphipathic CPPs consist of polar and non-polar (rich in hydrophobic) amino
acid regions that are able to fold into α-helical and β-sheet-like structures. The secondary
structure might change in response to different physiological conditions which, in turn,
affects their penetration ability [57]. Prominent representatives of amphipathic CPPs are
various variants of N-Methylpurine DNA Glycosylase or MPG, where amphiphilicity
is a leading factor for their translocation across the membrane [126]. MPGs undergo a
conformational transition from unordered into a folded state upon their interaction with
membrane phospholipids mediated by polar residues. The resulting β-sheet conformation
governed by the hydrophobic domain of MPG lead to transient pore-formation in the
cell membrane, which in turn enable the MPG/cargo complexes direct penetration across
the membrane independent of endocytosis [126,127]. In addition to MPGs’ function in
promoting cellular internalization, it is well known for its strong electrostatic interactions
with oligonucleotides [128]. Consequently, MPG family members form stable noncovalent
nanocomplexes with nucleic acids that enter cells independently of the endosomal pathway.
Accordingly, MPG has shown to efficiently deliver small interfering RNA (siRNA) and
plasmid DNA (pDNA) into cultured cell lines [129]. Transportan and its analogs NickFect
and PepFect are other examples of amphipathic peptides that can condense pDNA and
siRNA into stable nanocomplexes [130–132]. Although their hydrophobicity appears to be
responsible for the nanocomplexes’ stability, the pH-induced change of their charge plays
a key role in promoting oligonucleotide condensation and high delivery efficiency.

Hydrophobic CPPs with low positive or negative net charge are less common and their
uptake mechanism is not well understood. For example, natural C105Y, K-FGF, and Bip
peptide belong to this group and their non-polar amino acids’ affinity to the hydrophobic
domain of cell membranes mediate their translocation [48].

2.3. Peptides Facilitating Endosomal Escape

Endosomal escape is a crucial step in improving intracellular delivery and efficiency
of nucleic acids [133]. Following endocytosis as the major uptake route for many peptide-
based nanocarriers, most internalized nanocarriers significantly suffer from their interaction
with endosomal membrane which leads to their entrapment and eventually their enzymatic
degradation in the lysosomal compartment [134,135]. Peptides are the most promising
candidates for promoting endosomal escape [136,137]. In particular, pH-sensitive peptides
that at physiological pH adopt a random coil structure, transform to an α-helical conforma-
tion able to induce membrane pore formation in the acidic environment of endosomes [138].
Similarly, studies on viruses escaping the lysosome have shown that some viral peptides
change from a hydrophilic ring structure to a hydrophobic spiral structure which will
target the core of the bilayer and destroy the stability of the membrane [139]. Peptide
development aims at facilitating escape from the endosome via pore formation, the “proton
sponge effect”, or conformational changes.

2.3.1. Fusogenic Peptides

Fusogenic peptides (FPs) are short peptides with the potential to promote membrane
destabilization and delivery of nucleic acids to the cytosol and/or the nucleus [140]. Fu-
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sogenic peptides consist of hydrophilic and hydrophobic domains that are able to form
helical structures at endosomal pH. This allows for direct engagement with the endosomal
membrane upon which further energetically favorable conformational changes induce
pore formation in the membrane. Disruption of the bilayer eventually leads to endosomal
escape of nanocarriers equipped with FPs and release of cargos to the cytoplasm (Figure 4).
Overcoming the endosomal membrane barrier presents an important role in facilitating
nucleic acids localization to distinct subcellular compartments as their site of action [54].
However, before integrating a fusogenic peptide into gene delivery systems, the cellular
uptake mechanism should be considered. Since the fusogenic activity of these peptides is
due to a pH-dependent shift in conformation, non-acidic endocytotic pathways, such as
caveolae-mediated endocytosis and macropinocytosis will revoke their membrane lytic
activity [141].

Figure 4. Schematic representation of FP and CPP-mediated delivery. (A) A conventional CPP-
mediated delivery. (1) (A) cationic CPP (blue) interacts electrostatically with the anionic cell-surface,
and a CPP-fused cargo (green) is internalized into the endosome by endocytosis. (2) Because the
endosomal escape efficiency of CPP is low, the cargo-CPP is subjected to lysosomal degradation.
(B) FP- and CPP-mediated delivery. (1) An FP (red)- and CPP-fused cargo is internalized into the
endosome by endocytosis. (2) Because the efficiency of FP-mediated endosomal escape is relatively
high, the cargo-FP-CPP is efficiently transferred from the endosome to the cytoplasm. Reprinted with
permission from [142]. Copyright 2017 Elsevier.

Fusogenic peptides are either derived from the transduction domain of proteins that
interact with cell membranes such as HA2, INF7, and melittin or are synthetic amphipathic
peptides that can penetrate membranes [141,143].

Wild-type HA2(1–23) peptide and a glutamic acid-enriched analogue (INF7) from
influenza virus hemagglutinin are the oldest and best studied fusogenic peptides used for
gene delivery [144–149]. These peptides, based on the protonation of their acidic residues
upon a decrease in pH, assume a helix structure and consequently promote the endosomal
escape, which, in turn, results in enhanced transfection efficiency [150,151].
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Melittin, a cationic amphipathic peptide composed of 26 amino acids, is derived from
the venom of the honey bee Apis mellifera. Melittin with its predominantly hydrophobic
20 N-terminal amino acids and hydrophilic C-terminus acts mainly like a natural detergent
on the membrane and is well known for its cytolytic activity [152]. Oligomerization of this
peptide results in the formation of transmembrane channels which lead to osmotic cell
lysis [153]. Owing to its cytotoxicity, the use of melittin as an agent to promote gene delivery
in transfected mammalian cells is limited. More recently, less toxic melittin analogues that
retained their ability to escape from the endosome were shown to enhance the efficiency of
non-viral gene delivery systems [154–156].

A number of pH-responsive synthetic amphipathic peptides mimic the fusogenic
activity of virus-derived peptides. The most prominent representatives consist of non-
polar alanine-leucine-alanine repeating units with considerable repetitive content of ei-
ther glutamic acid, lysine, or arginine, and are named GALA, KALA, or RALA, respec-
tively [157–161]. Likewise, upon protonation at endosomal pH (5.0), they assume an am-
phipathic α-helical conformation which is associated with a significant affinity for binding
to phospholipid membranes. As a consequence, pore formation, membrane fusion, and/or
lysis are induced. Their membrane lytic activity explains extensive utilization of these
fusogenic peptide in modulating non-viral gene delivery systems [76,162–166]. Similar to
GALA, JTS-1, a negatively charged amphipathic peptide with strong nonpolar amino acids
in the hydrophobic domain and glutamic acid residues in the hydrophilic domain is able to
form an α-helical structure [167]. Owing to the endosomolytic capacity of JTS-1-modified
carriers, improved transfection activity was reported in several studies [168,169].

Taking advantage of the fusogenic properties of peptides, alone or in combination
with other advantageous attributes, promotes the efficacy of peptide-based nanocarriers
for traversing membranes and, thereby, improves their therapeutic effects. Yet, there is a
strong need for systematic study of different fusogenic peptides under similar conditions
in order to elucidate the mechanisms and pin down the parameters that ultimately will
maximize therapeutic outcome. This comprehensive comparison of fusogenic peptides
will allow for designing a robust, widely applicable delivery system.

2.3.2. Histidine-Rich Peptides

The combination of being able to condense nucleic acids and at the same time promote
endosomal escape spurred efforts to incorporate histidine-rich amphipathic peptides into
various gene delivery systems [170]. As described for fusogenic peptides, histidine residues
that become protonated during acidification of the endosome interact with negatively
charged membrane lipids (Figure 5) and destabilize the membrane [171]. Histidylation
of different non-viral vectors among which polylysine was the first example, was found
to increase the buffering capacity of vectors [172]. Substituting several lysines with his-
tidines turns polylysine into a successful gene delivery vector with enhanced transfection
efficiency [173–178].
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Figure 5. Schematic illustration of the intracellular trafficking of mPEG-b-PLA-Phis-ssPEI and siRNA complexes. After
internalized by tumor cell, (I) the complexes rapidly disassemble to release siRNA and free polyethylenimine (PEI)
molecules in response to the acidic and reductive microenvironment, (II) efficiently escape from the endosome, facilitated
simultaneously by cleaved PEI chains inducing membrane destabilization, the “proton sponge effect” of polyhistidine and
polyethylenimine, as well as the relative small size of after disassembly, (III) achieve efficient gene silencing by cytosolic
target mRNA cleavage. Adapted with permission from [179]. Copyright 2018 Elsevier.

Influenza-derived, histidine-rich H5WYG peptide that is capable of traversing in-
tracellular barriers to deliver nucleic acids, is another well-known example that raised
great interest. This pH sensitive peptide has been extensively applied to improve the gene
delivery efficacy of different polymeric, peptidic, and lipid-based carriers [180–186].

Cationic LAH4 is another widely studied histidine-rich peptide where the protonation
of the imidazole groups invokes chloride ion, as well as proton influx into the endosome,
creating a hypertonic environment. Although the so-called “proton sponge effect”, i.e.,
the osmotic influx of water triggering endosome lysis, has been recognized as the pri-
mary route of endosomal escape, other mechanisms also exist [187,188]. Changes in pH
modulate the amphipathicity and membrane topology of LAH4 and derivatives: they
are transmembrane at neutral pH, whereas under acidic conditions, LAH4 peptides align
parallel to the phospholipid bilayer surface [189,190]. The interactions of the peptides with
the bilayer interface eventually result in pore-formation [191] and membrane lysis [192],
thereby modulating nucleic acid delivery. Inspired by the ability to enhance the efficiency
of several gene delivery systems, researchers in the past extensively used LAH4 peptides as
targeting moiety [187,193–198]. By now, there is a growing number of peptidic, as well as
polymeric and lipidic carriers that utilize other histidine-rich moieties, such as O10H6 [199],
MS(O10H6) [200,201], histidine-rich Tat peptide [202–204], or His6 RPCs [205,206] to de-
velop new promising gene delivery strategies. The possibility of intracellular delivery of
nucleic acids in a nontoxic manner, which is a necessary prerequisite for gene therapy,
has opened interesting perspectives in non-viral gene delivery. Nevertheless, there are
many unanswered questions regarding the precise capacity or trafficking routes involved
in favoring endosomal escape [172]. Hence, a comprehensive screen and quantification of
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this step will provide further improvements for exploiting histidine-rich peptides in the
field of gene therapy.

2.4. Peptides Assisting Delivery to Subcellular Organelles

A major focus in gene therapy is delivering nucleic acids to those intracellular com-
partments where they are therapeutically most effective. By escaping the endosome, siRNA
and mRNA cargos arrive at their final destination, the cytosol, whereas DNA cargoes
require translocation to the nucleus or to mitochondria. Intracellular targeting peptides
serve a promising approach to specifically direct their cargo to the respective organelles
and ensure membrane interactions that support delivery. Obviously, such peptides are
particularly favorable candidates to be integrated into gene delivery systems [10,207]. The
degree of translocation enhancement depends on the characteristics of both, delivery sys-
tem and targeting peptide [208]. In the following sections, we address the mechanisms
of intracellular nanoparticle trafficking and provide examples employing intracellular
targeting peptides to ensure nuclear and mitochondrial targeting of nucleic acids.

2.4.1. Nuclear Localization Signals

Nucleocytoplasmic transport is major consideration for effective non-viral gene deliv-
ery [207,209]. Once inside the cell, most DNA must translocate into the nucleus where they
can be either transcribed into the messenger RNA (mRNA) or interfere with transcription
and RNA processing [210,211]. Nuclear localization signals (NLSs) are short peptide motifs
rich in arginine, lysine, or proline that mediate nuclear translocation and when attached to
foreign macromolecules or nanocarriers, deliver them to the nucleus [212]. For example,
polymersomes, artificial vesicles resulting from self-assembly of amphiphilic copolymers,
bypass the nuclear pore complexes (NPCs) that regulate transport into and out of the
nucleus and deliver payloads directly into cell nuclei (Figure 6) [213]. Active transport
of macromolecules to the nucleus is carried out by interactions of the NLS with importin
receptors (karyopherins) and specific proteins of the NPC [214,215].

In view of the fact that the nuclear membrane is the main barrier restricting transgene
expression of most non-viral carriers, gene therapy is the obvious field for the application
of nuclear targeting peptides [216]. The significance of incorporating NLS peptides into
non-viral delivery systems that can adequately favor the genetic materials release into the
nucleus manifests itself by expanding case studies [207,217]. Hereby, positively charged
NLS peptides either are attached to the negatively charged DNA via electrostatic interac-
tions or are covalently coupled to the phosphate backbone of the DNA or to the condensing
agent of the non-viral vector [216].

A frequently used NLS is derived from the large tumor antigen of Simian virus
40, SV40 (PKKKRKV). The positive charges of SV40 NLS peptide not only help in DNA
condensation, but also mediate nuclear targeting [218]. Consistently, addition of the SV40
NLS peptide and its derivatives enhanced the transfection efficiency of many non-viral
carriers [219–222].

Another interesting NLS is M9, a 38 amino acid peptide derived from heterogeneous
ribonucleoprotein A1 (hnRNP A1) which is a major nuclear pre-mRNA binding protein.
M9 is responsible for ferrying hnRNP A1 into the nucleus and also contains a nuclear
export sequence (NES) [223]. Owing to its rather low positive charge, M9 is relatively
poor at condensing DNA. On the other hand, it strongly interacts with its known receptor
transportin 1 [224]. Therefore, utilizing the nuclear import effect of M9 in combination
with positively charged biomaterials that condense the DNA offers great potential for gene
therapy [142,225,226]. Furthermore, an NLS sequence derived from the HIV-1 viral protein
(Vpr) promotes nuclear import through a karyopherin α–independent mechanism [227].
Examples for an enhanced transfection efficiency with Vpr-containing non-viral vectors
are reviewed by Cartier and Reszka [217].
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Figure 6. Organelle-specific targeting of polymersome NCs into the cell nucleus. (a) NLS-NCs self-
assemble from amphiphilic PMOXA-PDMS-PMOXA triblock copolymers. Two model compounds
are used to test for nuclear delivery: Ruthenium red (RR) that is encapsulated within the NLS-NC
lumen, and Bodipy 630/650 that incorporates into its polymeric membrane. (b) The nuclear transport
mechanism involves Kapα•Kapβ1 that (1) authenticates NLS-NCs for selective NPC transport,
(2) binds to FG Nups, and (3) releases NLS-NCs into the nucleus upon binding RanGTP. Reprinted
with permission from [213]. Copyright 2020 National Academy of Sciences.

Other examples of targeting sequences that facilitate nuclear transport of exogenous
DNA include Xenopus protein nucleoplasmin [228,229], adenoviral peptide (Ad) [217,230],
human T-cell leukaemia virus (HTLV) [224], Epstein–Barr virus nuclear antigen (EBNA)-
1 [231]. By overcoming intracellular barriers, these peptides greatly expand the perspectives
in non-viral gene delivery.

2.4.2. Mitochondrial Delivery

Mitochondria have their own genome whose mutations are associated with numerous
disorders, such as cancer, diabetes, neurodegenerative diseases including Parkinson’s
disease, and more recently infectious and autoimmune diseases [225,226]. Given the link
between mitochondrial dysfunction and disease, targeting of therapeutic interventions
to these subcellular organelles is of vital importance [232,233]. Efficient mitochondrial
gene therapy requires nanocarriers that, once inside the cell, target mitochondria and
ferry nucleic acids across the outer (OMM), as well as inner mitochondrial membrane
(IMM) [234]. The hydrophobicity and negative charge of MMs require that for efficient
mitochondrial delivery, negatively charged DNA be shielded by carrier molecules, such as
peptides that have amphiphilic and cationic properties.

Many natural and artificial short peptides and polypeptides have mitochondrial tar-
geting ability [235,236]. Typically, these peptides comprise hydrophobic (phenylalanine,
tyrosine, isoleucine) and positively charged (D-arginine, lysine) amino acids. The devel-
opment of mitochondrion-targeted delivery strategies involving mitochondrial targeting
sequences (MTSs), which are typically tens of amino acids in length, mostly takes advan-

110



Int. J. Mol. Sci. 2021, 22, 9092

tage of MM properties including the high negative potential (−160 to −180 mV) and the
intrinsic protein import machinery. Although MTSs vary in length, they have in common
an α-helical structure with an amphiphilic surface that mediates internalization by en-
dogenous transmembrane transporters. However, because of their rather large size, low
solubility and insufficient permeability across the plasma membrane, MTSs by themselves
are not suitable for delivering exogenous nucleic acids.

In addition to MTSs that are recognized by translocators, several smaller peptides
consisting of 4–16 cationic and hydrophobic residues efficiently target and permeate mito-
chondrial double membranes [235,237]. These mitochondria-penetrating peptides (MPPs),
also known as mitochondrial CPPs (mtCPPs), typically appear to penetrate cellular mem-
branes directly rather than by endocytosis [238]. Consequently, nanocarriers targeted by
MPPs circumvent endosome/lysosome segregation, which also increases the chance of
(gene) delivery to the mitochondria. In addition, MPPs appear to have marginal effects on
mitochondrial membrane potential [239]

Considering that cell and mitochondrial membrane barriers have distinct compositions
and properties, a single peptide will not be able to mediate the crossing of both. Here,
combining CPP activity and mitochondrial targeting can act synergistically to optimize
delivery of peptide-based DNA nanoparticles to mitochondria (Figure 7) [233,240]. For
example, a library of fusion peptides with mitochondria targeting (mtCPP1) and cell-
penetrating properties (Pepfect14, a stearylated CPP forming ASO nanocomplexes with
splice-correction activity in cells [241]) that self-assembled with antisense oligonucleotides
(ASO) into complexes was successful in knocking down mitochondrial mRNA [242]. A
combinatorial approach to develop mitochondrial gene expression was also pursued by
incorporating an MTS into WRAP peptides (short tryptophan/arginine rich peptides; [243])
which formed nanocomplexes with plasmid DNA encoding the mitochondrial ND1 gene
that were taken up by cells and targeted to mitochondria [244]. Systematic analysis of CPPs
and MTSs revealed that while both types of peptides were rich in Ala and Arg, the latter
included Leu, suggesting a role for Leu in targeting to mitochondria [245].

Figure 7. Mitochondrion-targeting peptides and peptidomimetics based on their structural classes
and reported applications. Abbreviations: MTSCPP, MTS with cell-penetrating peptides; MPP,
mitochondrion-penetrating peptides; SS-peptides, Szeto−Schiller peptides; CAPH, cationic am-
phiphilic polyproline helix; CRP, cysteine-rich peptides; FLAG-modified peptide, FLAG tag-based
peptide that self-assembled into a nanofiber; AMP, peptides derived from antimicrobial peptides;
CPM, nonpeptidic cell-penetrating motif; OMM, outer mitochondrial membrane; IMM, inner mito-
chondrial membrane; IMS, intermembrane space. Reprinted with modification from [233]. Copyright
2020 American Chemical Society.
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3. Peptide-Related Nano-Assemblies for Nucleic Acid Delivery

Peptides have great potential as self-assembly building blocks on account of pri-
mary and secondary structure variability. Depending on the design, they form vari-
ous supramolecular assemblies, such as vesicles [246], micelles [247], nanotubes [248],
nanofibers [249], or nanoribbons [250]. Choosing corresponding peptide building blocks
allows for tuning size and shape of the nano-assembly to obtain improved nanocarrier prop-
erties including cargo loading and delivery. Moreover, the weak interactions involved in
peptide self-assembly are sensitive to environmental conditions, enabling nano-assemblies
to exhibit specific functionalities in response to different external stimuli, such as tempera-
ture, pH, redox state, enzymes, or even light. We first focus on examples of supramolecular
assemblies where peptides represent the predominant building block of the nanocarriers or
are integrated into the nanocarriers to improve their targeting and gene delivery properties,
and then discuss examples with stimuli-responsiveness.

Prominent structures that serve as nucleic acid carriers are micelles entrapping DNA
during self-assembly, also called “micelleplexes” [251]. If purely peptidic, micelleplexes
possess minimal cytotoxicity [20]. However, often peptides are used as a targeting or
uptake-facilitating moieties associated with nanocarriers made out of different, less bio-
compatible materials. A micelle forming polymer-peptide conjugate used as an siRNA
carrier has recently been reported as an effective tool in anti-metastasis cancer therapies
(Figure 8) [252]. Methoxy-polyethylene glycol combined polycaprolactone conjugated with
a cytoplasm-responsive peptide CH2R4H2C (MPEG-PCL-CH2R4H2C) was used to entrap
anti-RelA siRNA (siRelA). RelA is a subunit of NF-κB involved in metastasis, especially
cancer cell migration and invasion. The MPEG-PCL part of the conjugate was expected
to improve blood retention and tumor accumulation and to facilitate micelle formation.
Consistent with this notion, siRelA/MPEG-PCL-CH2R4H2C micelleplexes successfully
delivered siRNA into cancer cells in a lung metastasis mouse model, causing inhibition of
RelA accompanied by significant suppression of metastasis.

Figure 8. The structure of MPEG-PCL-CH2R4H2C and nano-micelle formation. Reprinted with
permission from [252]. Copyright 2020 Multidisciplinary Digital Publishing Institute (MDPI).

More recently, peptide-assisted polymeric micelles were used for inhibiting the mitotic
cycle of prostate cancer cells by siRNA delivery in cell lines and in tumor-burdened nude

112



Int. J. Mol. Sci. 2021, 22, 9092

mice [253]. The hydrophilic segments of acetal-polyethylene oxide-b-polycaprolactone
(A-PEO-PCL) copolymers were chemically modified with a TAT peptide and a ligand for
prostate-specific membrane antigen (DCL) to enhance targeting and cell penetration of
self-assembled micelles loaded with siRNA and docetaxel (anti-cancer drug).

Other small molecules, for example a palmitoyl chain conjugated to the N-terminus
of GGGAAAKRK [254], proved useful in promoting self-assembly of peptides to distinct
nanocarriers with a hydrophobic core. Accordingly, surfactant-like palmitoyl-GGGAAAKRK
formed peptide nanofibers (PNFs) in the presence of siRNA specific for the down-regulation
of BCL2 protein. Human SH-SY5Y cells showed significant uptake of PNF:siBCL2 con-
structs in vitro and silencing of BCL2 in specific loci of rat brains demonstrated effective
delivery of siRNA. In another example, a branched amphiphilic peptide comprising oligoly-
sine segments with DNA binding properties formed different structures depending on
the peptide/DNA ratio: at high peptide/DNA ratio, it coated the DNA surface forming
nanofibers and at low peptide/DNA ratio, it condensed the DNA into nanometer-sized
compacted structures [255]. Using pDNA encoding green fluorescent protein (GFP) as
cargo, the peptide nanocarrier demonstrated higher transfection efficiency in HeLa cells
compared to Lipofectin (commercial transfection agent) when the total number of transfec-
tants alive was considered.

Another type of versatile and reproducible supramolecular nanocarrier with well-
defined structure and composition are dendrimers [256]. Many types of dendrimers in-
cluding peptide dendrimers (PPI; [257]), poly(L-lysine) dendrimers, and polyamidoamine
(PAMAM) dendrimers that display electrostatic interactions with nucleic acids and protect
the cargo from degradation, are particularly suited for gene delivery. In addition, den-
drimers lend themselves to surface conjugation of peptide moieties that enhance gene
delivery. Conjugation of TAT (HIV transactivator of transcription) peptide to PAMAM den-
drimer formed nanometer-sized (105 nm–115 nm) ‘dendriplexes’ with GFP pDNA [258]
that displayed an increased transfection efficiency in Vero cells compared to PAMAM
without TAT.

Stimuli-Responsive Gene Delivery Systems

Peptide-based assemblies are particularly attractive for developing stimuli-responsive
therapeutic nanocarriers for several reasons: they are biocompatible, readily degraded and
then removed from the organism, but most importantly, highly sensitive to environmental
conditions. Small changes in external factors, such as temperature or pH, can induce
transformation of secondary structures (α-helices, β-sheets, and β-turns), thereby affecting
the morphology and concomitantly the function and bio-activity of the polypeptides [259].
Moreover, control over cargo release is a highly sought-after feature in gene delivery
systems and stimuli-responsive nanocarriers can deliver nucleic acids more efficiently
by reducing unspecific release. To date, peptide vectors forming complexes with DNA
by electrostatic interactions still make up the majority of peptide-based nanocarriers. As
stimuli-responsiveness can be readily obtained by modifying the peptide sequence, these
nanoparticles (peptiplexes) represent the main targets for a control of cargo release by
external stimuli. However, nano-assemblies, based on their modularity offer not only
increased DNA loading capacity but are also more susceptible towards environmental
stimuli.

The pH-responsive peptides have been intensively investigated in delivery and diag-
nostic systems because pH variations are typical for many biological systems, intracellular
compartments (lysosomes and endosomes), specific organs (gastrointestinal tract and
vagina), and pathological conditions [260,261]. Particularly, the microenvironment of many
tumor tissues has a lower pH (<6.5) compared to normal tissues (pH 7.4). Thus, polypep-
tides that change conformation in a pH-dependent fashion can find application in selective
binding to cancer sites which can be exploited for tumor diagnosis and treatment. Nanocar-
riers taken up by endocytosis encounter acidification in the endosome, which is exploited
by pH-responsive peptides to increase endosomal escape. For example, (Fmoc)2KH7-TAT,
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an amphiphilic, pH-responsive chimeric peptide [262], complexed with pGL-3 reporter
plasmid mediated transfection of 293T and HeLa cells by promoting endosomal escape via
protonation of KH residues. Moreover, co-delivery of p53 plasmid and doxorubicin using
(Fmoc)2KH7-TAT self-assembled micelleplexes inhibited cell growth in vitro and tumor
growth in vivo.

Nanocarriers with peptide-mediated redox-sensitivity have emerged as a fascinating
type of biomedical material with potential for triggered gene and drug delivery inside cells.
Sensitivity of peptides to the redox state is provided by disulphide bonds, diselenide bonds,
succinimide-thioether linkage or by redox sensitive groups, such as “trimethyl-locked”
benzoquinone [263]. In a reducing environment, redox-responsive nanocarriers undergo a
change in conformation and release their cargo. A major advantage of redox-responsive
nanocarriers is their stability in normal tissues which avoids cytotoxicity caused by the
unwanted release of therapeutic cargo. Tumor tissues show 4-fold higher glutathione levels
compared to healthy tissue and thus triggers redox-responsive cargo release [264].

A “smart”, redox-sensitive peptide designed to trigger the assembly of gadolinium
nanoparticles inside cells, was successfully applied in magnetic resonance imaging of tu-
mors in a xenograft mouse model [265]. Acetyl-RVRR-C(StBu)-K(Gd-DOTA)-CBT contains
an RVRR sequence which mediates cell membrane translocation but is also a cleavage site
for intracellular furin, typically upregulated in many tumors, and a disulphided Cys motif.
After entering the cell, the disulfide bond is reduced by intracellular glutathione (GSH)
and subsequently, the RVRR motif is cleaved by furin in situ. The cleavage product quickly
condenses to amphiphilic dimers that self-assemble via π-π stacking into Gd-containing
nanoparticles.

Peptide structures and the weak interactions contributing to self-assembly of peptide-
based nanocarriers are inherently sensitive to temperature [266,267]. An interesting ex-
ample of a thermo-responsive, purely peptidic DNA nanocarrier are multi-compartment
micellar nanoparticles (MCM-NPs) assembled from (HR)3gT peptide (Figure 9) [20].

Figure 9. Schematic representation and TEM micrograph of the self-assembled (HR)3gT multi-
compartment micellar nano-assembly (MCM) at 4 ◦C (left) and temperature-induced disassembly of
MCMs into disperse or clustered smaller MCMs and individual micelles at 37 ◦C (right). Modified
from [20] with permission from the Royal Society of Chemistry.

Although the multicompartment micellar structure of NPs was stable at 4 ◦C, in-
creasing the temperature to 37 ◦C triggered structural changes that led to the disassembly
into smaller MCMs and individual micelles after several hours. On account of the high
cellular uptake efficiency and thermo-responsive disassembly at physiological temperature,
MCM-NPs are a promising DNA delivery vehicle with great potential for application
in vivo. Similar multicompartment micellar NPs assembled from H3SSgT peptide bearing
a disulfide functional group between hydrophilic and hydrophobic domain, were devel-
oped for redox-responsive codelivery of oligonucleotides and drugs [268]. The disulfide
bond conferred responsiveness to physiological concentrations of reducing agent upon
NPs, resulting in release of the incorporated cargo. The advantage of a supramolecular
multicompartment structure over individual micelles lies in the increased capacity for
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oligonucleotide condensation [269]. Together with the ability to entrap various hydropho-
bic cargos, this makes MCM-NPs well-suited for biomedical applications.

Light has received much attention as an external stimulus, as it provides spatiotem-
poral control that can be triggered remotely. By crosslinking peptides with specific light-
absorbing molecules it is possible to obtain photo-responsive conjugates that allow for light-
stimulated assembly of nanostructures or light-induced release of cargo molecules. Such
light-sensitive conjugates of peptides and photosensitizers can serve as light-controllable
phototherapeutic agents [270].

Photo-crosslinking by UV (254 nm) of poly(ethylene glycol)-b-poly(l-glutamic acid)
diblock copolymer was shown to convert the core of self-assembled core-shell micellar
structures to nanogels that, depending on the composition of the copolymer, could release
drug payload in a pH-dependent manner [271]. These results indicated the potential of
nanogels fabricated by photo-crosslinking of polypeptide micelles as intelligent delivery
systems.

Micelles with a photocleavable poly(S-(o-nitrobenzyl)-l-cysteine) (PNBC) core sur-
rounded by a hydrophilic poly(ethylene glycol) (PEO) corona were also obtained by self-
assembly of PNBC-b-PEO amphiphilic block copolymer [272]. UV irradiation (365 nm)
of these micelles gradually removed nitrobenzyl groups from PNBC-b-PEO resulting in
a shrinkage of the micelles. If micelles were prepared in the presence of doxorubicin, a
photo-triggered release of the drug was observed in vitro. Since self-assembly is achieved
in aqueous solution, photocleavable polypeptide-based block copolymers lend themselves
to developing photoresponsive nanomedicines for anticancer therapy.

4. Combinatorial Approach for Advanced Nucleic Acid Delivery

In view of gene therapy, endowing nanocarries with targeting features and stimuli-
responsiveness that provides site-specific, triggerable control over cargo release could
optimize delivery efficacy, and, at the same time, minimize adverse effects.

For example, folate-receptor targeting, acid-sensitive polymeric micelles (F-ASPM)
have been successfully applied to deliver siRNA to breast cancer cells (Figure 10) [273].
In this approach, poly (L-histidine)-polythelene-glycol (PEG-PHIS) and folate-conjugated
PEG-PHIS amphiphilic block copolymers in the presence of CPP-coupled siRNA self-
assembled into micelles where folate functioned as targeting ligand and histidine residues
provided pH-responsiveness. As PEG-PHIS block copolymers have a pKb of 6.5–7.0,
micelles formed by this copolymer dissociate at pH 6.5–7.0 which renders them suitable
for constructing drug/DNA delivery systems that are sensitive to the extracellular tumor
environment. In addition, c-myc silencing siRNA conjugation to a CPP was obtained
by reduction-sensitive disulfide bonding which turned the resulting micelles into a dual
responsive nanocarrier able to target tumor cells where release and delivery of siRNA are
promoted by the respective peptide sequences.

The combination of targeting and stimuli-responsiveness is also provided by ROSE,
a redox-sensitive, oligopeptide-guided, self-assembling, and efficiency-enhanced carrier
system [274]. In ROSE, adamantyl-PEG chains with and without disulfide bonded SP94
targeting oligopeptide, mixed with hydroxypropyl-β-cyclodextrin formed supramolecular
complexes condensing tumor-suppressor microRNA-34a (miR-34a). Oligopeptide-guided
specificity for hepatocarcinoma cells and release of miRNA following disulfide cleav-
age in the reducing environment significantly improved the tumor-suppressing effect of
ROSE/miR-34a over conventional gene delivery strategies.
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Figure 10. Diagram of F-ASPM formation and the mechanism of siRNA delivery into cancer cells. (i) synthesis of PEG-PHIS
and F-PEG-PHIS. (ii) self-assembly of amphiphilic block copolymers in the presence of siRNA-CPP into acid-sensitive
nanocarriers with active targeting ability (F-ASPM). (iii) binding of F-ASPM to cancer cells by folate receptor targeting.
(iv) pH-stimulated release of siRNA-CPPs from F-ASPM. (v) GSH-mediated cleavage of disulfide bond of siRNA-CPPs
leading to release free siRNA into cytosol. Reprinted with permission from [273]. Copyright 2016 John Wiley and Sons.

5. Conclusions

Since the introduction of peptides as potential delivery system for a variety of thera-
peutic cargos, extensive research has focused on their application in gene therapy. To be
suitably tailored for gene therapy, peptide-based nanocarriers must comply with issues
of targeting, cellular uptake, and intracellular trafficking, all of which involve biological
membranes and how they can be overcome. A combinatorial approach, e.g., designer pep-
tides composed of cationic cell-penetrating and hydrophobic endosomal escape domains in
combination with a gene carrier peptide composed of targeting and cationic DNA-binding
domains affording triggered, site-specific (cytosol, nucleus, mitochondria) release of nucleic
acids, may offer some improvement of efficacy. Other properties, including, but not limited
to, low cytotoxicity, target specificity, biodegradability, and cost and time efficiency of
synthesis greatly contribute to the potential of peptides in nanomedicine. Nevertheless,
to broadly realize bench to bedside translation of peptide-related gene delivery systems,
innovative technologies need to be pursued to achieve peptide-based nanocarriers that
more specifically and efficiently deliver nucleic acids or nucleic acid modifying systems
to the desired sites. In many cases, such nanocarriers would further benefit from either
sustained or triggered delivery options.

Advances in peptide development have made peptide-assisted gene delivery more
efficient in vitro and, in some instances, in small animal models [275]. For example, cell
and tissue selectivity could be greatly enhanced in the newest generation of CPPs [276].
Other advances which allow for improved performance with regard to targeting and
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delivery of nucleic acids include adapting peptide sequences to facilitate escape or release
from intracellular vesicles or respond to environmental stimuli for a controlled release of
cargo, and the development of composite, multivalent peptide-based, or peptide-coupled
structures.

Intriguingly, while revolutionary and versatile peptide tools have inspired a great
deal of hope regarding the treatment of genetic diseases, peptide nanocarriers are awaiting
clinical translation. For example, none of the nanocarriers associated with CPPs have
so far been approved for clinical studies. Evidently, besides overcoming membrane bar-
riers, a string of challenges remain that need to be tackled for peptide nanocarriers to
make a breakthrough in clinical application whereas lipid-based formulations, for all their
drawbacks [277], are being used in the field of gene therapy and as a delivery vehicle
in mRNA-based vaccines [278]. Short circulation half-lives, inadequate biodistribution,
and poor chemical and physical serum stability, especially susceptibility to proteolytic
degradation associated with off-target nucleic acid release, hamper clinical translation
of peptide-based nanocarriers. Refining their preparation with regard to gene loading
efficiency and product homogeneity would be a possible improvement. However, reaching
the final target with high selectivity and adequate accumulation at the target site remains a
major issue for in vivo applications. Here, peptide modifications (unnatural amino acids,
cyclization) and conjugate molecules (PEGylation, hydrocarbon chains) that prolong the
circulation time and enhance the structural stability of nanocarriers in the serum come to
mind [279,280]. Peptidomimetics, often based on natural peptide sequences, that exhibit
improved proteolytic stability or even new folds and morphologies designed to enhance
bio availability, improve transport through the blood–brain barrier, or reduce the rate of
clearance, are emerging. However, their modifications bear the risk of reducing potency
or even introducing toxicity, for example D-amino acids [281]. Another alternative to
clear abovementioned hurdles is developing advanced multifunctional carriers comprising
various agents, each of which can overcome the barrier through distinct dictated functions.
Undoubtedly, peptides offer the largest potential when it comes to nucleic acid condensa-
tion, targeting, endosomal escape, and subcellular localization as a part of multifunctional
advanced delivery systems. But again, the combination of functionalities bears the danger
of affecting the individual functions. Thus, extensive research on the development of
stimuli-responsive purely peptidic systems with suitable physicochemical properties for
nucleic acid delivery is being pursued at many levels.

A better understanding of the mechanisms by which peptide-based delivery systems
use to overcome membrane but also other biological barriers, together with advancements
in the synthesis of innovative materials tailored to environmental conditions and extensive
in vivo studies herald a bright future for peptide-based delivery systems in gene therapy
and in nanomedicine in general.
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Abstract: A novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has been identified as the pathogen responsible for the outbreak of a severe, rapidly developing
pneumonia (Coronavirus disease 2019, COVID-19). The virus enzyme, called 3CLpro or main
protease (Mpro), is essential for viral replication, making it a most promising target for antiviral
drug development. Recently, we adopted the drug repurposing as appropriate strategy to give fast
response to global COVID-19 epidemic, by demonstrating that the zonulin octapeptide inhibitor
AT1001 (Larazotide acetate) binds Mpro catalytic domain. Thus, in the present study we tried to
investigate the antiviral activity of AT1001, along with five derivatives, by cell-based assays. Our
results provide with the identification of AT1001 peptide molecular framework for lead optimization
step to develop new generations of antiviral agents of SARS-CoV-2 with an improved biological
activity, expanding the chance for success in clinical trials.
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1. Introduction

The recent outbreak of COVID-19 pandemic, caused by severe acute respiratory
syndrome-Coronavirus-2 (SARS-CoV-2), has raised serious global concern for public health.
Due to the highly contagious nature of this life-threatening virus, new therapeutics are
urgently required to counteract its transmission [1]. SARS-CoV-2 is a medium-sized,
enveloped, positive-strand RNA virus (~30 kb) of genus Betacoronavirus, consisting of
29,903 nucleotides, flanked by two untranslated sequences of 254 and 229 nucleotides at
the 5′-and 3′-ends, respectively [2,3]. The viral genome has 12 protein-coding regions,
which deciphers two categories of proteins: several structural proteins conferring char-
acteristic global shape to the virus and participating to viral entry in the host, and non-
structural proteins which assist virion in the infection and replication by conserving a linear
arrangement [4]. SARS-CoV-2 enters human cells through the binding to the angiotensin-
converting enzyme 2 (ACE2) by its viral spike protein. The spike protein S forms the outer
layer of the coronavirus, giving the characteristic crown-like aspect, and initiates host cell
invasion [5]. The next step is the replication process, through the transcription of its RNA
viral genome. A typical CoV genome contains at least six ORFs (Open Reading Frame) which
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usually encode four well-conserved and characterized structural proteins: S (spike), E
(envelope), M (membrane) and N (nucleocapsid) proteins. Precisely, in all coronaviruses
the replication phase is initiated by production of the replicase proteins with the translation
of ORF1a and ORF1ab via a –1 ribosomal frame-shifting mechanism [6]. This mechanism
produces two large viral polyproteins, pp1a and pp1ab (~450 and ~790 kDa, respectively),
which are then cleaved into 16 non-structural proteins (Nsp1–Nsp16), required for correct
viral replication and transcription [7,8]. The proteolytic process needed for the formation
of the Nsps is mainly conducted by two cysteine proteases: papain-pike protease (PLpro),
which performs three cleavages, and main protease (Mpro), also called chymotrypsin-like
protease (3CLpro), which is responsible for the remaining 11 cuts [8]. Therefore, processing
of the viral polyproteins is required to generate the viral non-structural proteins involved
in the formation of the replicase complex, which is responsible for properly structuring
virions [9]. Mpro protease activity becomes thus crucial for viral life cycle and its inhibition
can prevent the virus replication. Accordingly, the vital role of Mpro for SARS-CoV-2
replication and the lack of homologous human proteins make it the most promising target
for antiviral drug development. Mpro digests the polyprotein 1ab at multiple cleavage sites
by hydrolysis of the Gln-Ser peptide bond mainly in the Leu-Gln-Ser-Ala-Gly recognition
sequence [10], leading to the formation of non-structural proteins (NSPs). This cleavage
site in the substrate is distinct from the peptide sequence recognized by human homologs,
decreasing the possibility to interfere with off-targets in the host.

X-ray crystallography investigations of Mpro reveal that the active form of the protein
is a homodimer, containing two protomers. Each protomer is formed by a tertiary structure
that consists of the catalytic domains I (residue 8–101) and II (residue 102–184) folded into
a six-stranded β-barrel hosting the active site, and the helical domain III (residue 201–303)
consisting of a cluster of five antiparallel α-helices functionals for the dimerization of
the protease [11]. A flexible loop connects domain II to domain III. The Mpro active site
contains a Cys-His catalytic dyad located in the cleft between domains I and II, in which
the side chain of cysteine 145 functions as the nucleophile in the proteolytic process. The
active site is composed by canonical sub-pockets that are denoted S1, S1′, S2, S3, and S4
(Figure 1) [12].

Figure 1. 3D model of the interaction between N3 and Mpro. The protein is represented by gold
molecular surface and green tubes (atom color code: C, as tubes; polar H, sky blue; N, dark blue;
O, red; S, yellow). N3 is depicted by magenta tubes (atom color code as for protein). The protein
sub-pockets are indicated by red labels. The black dashed lines indicate ligand-protein H-bonds.
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The amino acid sequence of the active site is highly conserved among coronaviruses.
The catalytic dyad residues are H41 and C145, and residues involved in the binding of
substrates include F140, H163, M165, E166, and Q189 [10]. These residues have been
found to interact with the ligands co-crystallized with Mpro in different studies, like N3
compound that binds irreversibly Mpro pocket [13]. Crystallographic data also suggest
that Ser1 of one protomer interacts with Phe140 and Glu166 of the other as the result of
dimerization. These interactions stabilize the S1 binding pocket; thereby, dimerization of
the main protease is likely responsible for its catalytic activity [10].

Recently, we adopted the drug repurposing approach [14] as suitable strategy to give
fast response to global COVID-19 epidemic, by demonstrating that the zonulin octapeptide
inhibitor AT1001 (Larazotide acetate) [15], currently in phase 3 trials in celiac disease, binds
Mpro catalytic domain by means of an integrated approach of molecular modeling and
fluorescence resonance energy transfer (FRET) assay [16]. Specifically, we observed that
AT1001 shares a similar structural pattern to the peptidomimetic inhibitors of that enzyme,
N3. These structural motifs, mainly represented by AVL residues in N3 and GVL in AT1001,
provided the rationale to investigate AT1001 as a potential new inhibitor of Mpro enzyme.
Our in silico analysis suggested that the octapeptide docks well in the catalytic domain
of Mpro, presenting a global turn arrangement. In addition, there have been two in-vivo
studies establishing the efficacy of AT1001 in mitigating ALI [15]. One of two shows the
efficacy of AT1001 therapy during a lethal influenza, suggesting that the protective effect
of the drug during influenza infection consists in acute lung injury (ALI) attenuation by
diminishing pulmonary edema. To take advantage by previous studies that showed a
strong safety profile in both AT1001 administration, systemically (IV) or locally (mucosal
airways), we have proceeded in our investigation. The obtained results prompted us to
consider AT1001 a new lead compound to a challenging development of potential protease
inhibitor candidates. Thus, in the present study we have investigated the putative antiviral
activity of AT1001 along with five derivatives, endowed with cap groups and different
sequence length.

2. Results

Based on our previously reported results [16], we tried to investigate the antiviral
activity of AT1001 (1, Table 1) by cell-based assays. Considering the intrinsic low membrane
permeability of peptides, we designed AT1001 derivatives endowed of cap groups (2–6,
Table 1) in order to mask the charged free N-and C-terminal positions of 1 at physiological
pH to improve the cellular wall crossing as theoretically predicted (Table S1) [17]. In partic-
ular, we inserted small cap groups, such as acetyl and pivaloyl, at the N-terminus in order
to preserve the main interactions given by the parent compound accordingly to the chemi-
cal modifications without any steric hindrances [16], obtaining: 2 (Ac-GGVLVQPG-NH2),
3 (Ac-GGVLVQPG-NHCH3), 4 (Piv-GGVLVQPG-NHCH3). Furthermore, by maintaining
a cap group on the N-terminus, a C-terminus methyl amide group was introduced to
give peptide 3 and 4. This kind of modification can increase lipophilicity and reduce the
capability to form hydrogen bonds, thus facilitating the penetration of peptides across
biological membranes and improving pharmacokinetic properties.

Finally, we also considered reducing the sequence length of peptide 2–4 to enhance
the membrane passage designing the peptides 5 (Ac-GVLVQ-NHCH3) and 6 (Ac-GVLV-
NHCH3). The rational design of shorter analogues was based on molecular dynamics
investigation, integrated by MM-GBSA predictions, of AT1001 bound to Mpro showing that
the N- and C-terminal residues (G1, Q6, P7 and G8) fluctuated largely than the remaining
amino acids [16].
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Table 1. Root mead square deviation (RMSD), predicted ∆Gbind, enzymatic inhibition, and activity against SARS-CoV-2 in
Vero cells of 1–6.

Peptide RMSD (Å)
∆Gbind

(kcal/mol)
Inhibition a

(%)

Antiviral Activity (EC50, µM) b Cytotoxicity (µM)

UC-1074 UC-1075
Cell

Morphology
(MCC) c

Cell Growth
(CC50) d

AT1001
(1) 0.000 −106.26 27.7 ± 0.2 >20 >20 100 82.5 ± 6.2

2 0.864 −112.34 27.1 ± 0.5 ≥17.6 ± 2.4 >20 100 83.0 ± 17.0
3 0.664 −109.41 27.4 ± 1.1 >20 >20 100 81.8 ± 2.1
4 0.696 −105.79 26.2 ± 0.3 ≥20 >20 100 74.9 ± 4.9
5 0.614 −95.86 27.0 ± 1.1 >20 >20 100 75.0 ± 2.2
6 1.081 −80.38 25.0 ± 0.5 ≥20 >20 100 77.4 ± 0.7

Remdesivir - - - 0.89 ± 0.44 1.06 ± 0.44 100 70.6 ± 4.9
a Relative to concentration range: 0.1–1 µM16. 50% of inhibition was observed for calpeptin. b Effective concentration required to reduce
virus plaque formation by 50%. Virus input was 100 CID50. c Minimum cytotoxic concentration that causes a microscopically detectable
alteration of cell morphology. d Cytotoxic concentration required to reduce cell growth by 50%.

Following the same in silico investigation of AT1001 [16], we verified that the designed
chemical modifications did not affect the global conformation of 2–6 in respect to the
parent compound (Table 1 and Figure S1). Indeed, we observed small RMSD (Root Mean
Square Deviation) values of 2–6 binding poses in respect to the parent peptide, ranging in
0.614–1.081 Å (Table 1). Moreover, the analysis of dihedral angles (Table S2) suggested that
2–6 preserve a global turn conformation as previously observed for 1 [16].

Furthermore, 2–6 kept most of the interactions observed for 1 with macromolecular
counterparts (Figures 1, 2 and S1). In detail, the V3 is accommodated in S2 pocket delimited
by H41, M49, M165, D187, Q189, and its backbone NH is H-bonded to Q189 side chain.
The L4 accepts two H-bonds from main chain NH of G143 and C145 and gives van der
Waals contacts with N142, H163, E166, F140, L141, H172 of S1 pocket. It is noteworthy that
the van der Waals interactions identified for V3 and L4 of 1–6 are observed in the co-crystal
structure with N3 (by its leucine and 3-methylpyrrolidin-2-one group) and calpeptin (by
its leucine and butyl group) [18]. The G1 and G2 NH group are engaged in H-bond with a
backbone of E166, and the CO group of G2 accepts an H-bond from NH of E166. The Q6
side chain is hydrogen bonded to the side chain of N119. The backbone CO of Q6 and P7
accept an H-bond from NH group of T26 and N142 side chain, respectively. The C-terminal
carboxylate is H-bonded to side chains of S46 and Q189. The latter interactions were not
hampered accordingly to the chemical substitution of carboxylic acid into amide group of
2 (Figures 2a and S1a). As expected, the NHCH3 group of 3 and 4 preserves the hydrogen
bond but at longer acceptor-donor distance (~0.6 Å) compared to the amide group of 2.
The acyl group at N-terminal also contribute with van der Waals contacts, and 3 and 4 are
hydrogen bonded to side chain of Glu166 by their NH group of G1. For shorter peptides (5
and 6), the acetyl group is accommodated into S3 pocket formed by M165, L167, P168 and
T190. Compared to N3 and calpeptin, 2–6 establish further van der Waals contacts with
another deep crevice delimited by T25, T26, L27, H41, M49, and C145.
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Figure 2. 2D panel representing interactions formed by fragments 2 (a), 3 (b), 4 (c), 5 (d) and 6 (e) with
Mpro. In each panel (a–e) the molecular structure of 2–6 is depicted in black, while the protein amino
acids are indicated with three letter code, encircled with colored lines (negatively charged amino
acids, red; positively charged amino acids, dark blue; polar amino acids, light blue; hydrophobic
amino acids, green circles). The purple arrows indicate H-bonds. The arrows are directed from donor
to acceptor of H-bond.

We monitored, over time, the crucial ligand-protein contacts identified for 2–6 docked
poses into Mpro catalytic cavity by means of molecular dynamics simulations (100 ns,
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310 K). The inspection of trajectories revealed that 2–6 keep most of the interactions with
Mpro surrounding macromolecular residues for the duration of the whole simulations
(>50%), especially with: T26, N119, N142, G143, C145, Hi164, E166, Q189 (Figure S2). The
heavy-atom-positional RMSD (root mean square deviations) of 2–6, referenced to protein
main chain (Figures S3–S7) appears constant through the trajectory, and their atom-relative
orientation is kept over time, confirming the RMSD values of 2–6 docked poses compared
to AT1001. Moreover, unfavorable conformational rearrangement of the enzyme was not
observed during trajectories (Figure S8). We evaluated the trend of predicted MM-GBSA
∆Gbind by calculations from molecular dynamics of each ligand-protein. The analysis of
the averaged binding energies (Table S3) revealed the agreement with the values obtained
from docked complexes, further corroborating their stability. Furthermore, the breakdown
of the averaged MM-GBSA binding free energy of residues surrounding 2–6 at a distance
of 5 Å (Table S4) agree with interactions observed from molecular docking and molecular
dynamics investigations.

The compounds (1–6) were synthesized according to the microwave-assisted peptide
synthesis using standard Fmoc methodology. In this work, the synthesis of this type of
modified peptide, was performed on a Rink Amide-resin. The whole reaction was carried
out following Scheme 1. The Rink amide Fmoc group was first removed using piperidine in
DMF to give the free amine, which was then reacted with o-NBS-Cl and DIEA in NMP. The
newly formed sulfonamide was deprotonated using DBU in NMP [19] and the resulting
anion then reacted with methyl iodide. Next, the complete deprotection of o-NBS group
was performed using DBU, as bases, and thiophenol, as thiols (Scheme 1, see also material
and methods for further details).

Scheme 1. On resin N-methylation.

Before cell-based assay aimed to evaluate the antiviral activity, we checked the binding
of AT1001 analogues by FRET assay. As previously kinetic measurements of enzymatic of
AT1001 against Mpro showed a shape-bell dose-response profile with a maximum inhibitory
activity at 27% at 0.1 µM, we checked if 2–6 maintained the inhibitory activity profile of the
parent compound (Table 1). As expected, we observed a similar percentage of activity of
AT1001 (Table 1).

Based on these results we proceeded with antiviral tests (Table 1). The different
peptides were evaluated for their efficacy in inhibiting the replication of two SARS-CoV-2
clinical strains (UC-1074 = 1.58 × 104 CCID50/mL and UC-1075 = 1.08 × 106 CCID50/mL)
in Vero cells with remdesivir included as reference compound. The peptides 1, 3 and 5
a negligible activity against SARS-CoV-2; only peptide 2 against one of the SARS-CoV-2
strain (UC-1074) showed a micromolar range activity (EC50 = 17.6 ± 2.4 µM, Table 1),
similar to the reported value of N3 (EC50 = 16.77 ± 1.70 µM) [12] but lower then calpeptin
(EC50 = 0.072) [18] and remdesivir (Table 1). However, the remaining peptides (4 and 6)
presented a comparable activity respect to 2, even though they were lower. As expected,
increasing the virus titer on Vero cells, there is a decrease in antiviral activity by tested
compounds. All peptides altered cell morphology at a concentration of 100 µM and
inhibited Vero cell growth with CC50 values in the range of 74–83 µM, comparable to the
reference compound remdesivir.

We also evaluated the 1–6 antiviral activity against two unrelated viruses: cytomegalovirus
(CMV, Table 2) and varicella-zoster virus (VZV, Table 3). In order to measure peptides effec-
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tiveness against cytomegalovirus, we used Ganciclovir and Cidofovir as known antiviral
compounds; while we choose Aciclovir and Birivudine as specific reference compounds
against VZV virus.

Table 2. Activity of the synthesized peptides against cytomegalovirus (HCMV) in human embryonic
lung (HEL) cells.

Peptide
Antiviral Activity (EC50, µM) a Cytotoxicity (µM)

AD-169 Strain Davis Strain Cell Morphology
(MCC) b

Cell Growth
(CC50) c

AT1001 (1) >20 >20 ≥100 ND d

2 >20 >20 ≥20 ND d

3 >20 >100 ≥20 ND d

4 >20 100 100 ND d

5 >20 >100 ≥100 ND d

6 >4 >20 ≥20 ND d

Ganciclovir 2.56 ± 0.23 1.18 ≥394 350.23
Cidofovir 1.27 ± 0.18 0.67 ± 0.49 ≥317 159.22 ± 76.5

a Effective concentration required to reduce virus cytopathic effect by 50%. Virus input was 100 CCID50.
b Minimum cytotoxic concentration that causes a microscopically detectable alteration of cell morphology.
c Cytotoxic concentration required to reduce cell growth by 50%. d Not determined.

Table 3. Activity of the synthesized peptides against varicella-zoster virus (VZV) in human embryonic
lung (HEL) cells.

Peptide
Antiviral Activity (EC50, µM) a Cytotoxicity (µM)

TK+ VZV
Strain OKA

TK-VZV Strain
07–1

Cell Morphology
(MCC) b

Cell Growth
(CC50) c

AT1001 (1) 44.14 59.06 ≥100 ND d

2 50.05 48.42 >100 ND d

3 58.09 81.09 >100 ND d

4 78.20 >100 ≥100 ND d

5 59.80 >100 >100 ND d

6 >20 >20 100 ND d

Aciclovir 8.39 116 ± 93 >444 >444
Birivudine 0.23 ± 0.04 2.13 >300.3 >300.3

a Effective concentration required to reduce virus plaque formation by 50%. Virus input was 20 plaque forming
units (PFU). b Minimum cytotoxic concentration that causes a microscopically detectable alteration of cell
morphology. c Cytotoxic concentration required to reduce cell growth by 50%. d Not determined.

Indeed, no activity for 1–6 was detected by treated the infected cells with cytomegalovirus,
whereas against varicella-zoster virus was observed an activity in high micromolar range.

3. Discussion

Recently, we repurposed the zonulin octapeptide inhibitor AT1001 for the SARS-
CoV-2 treatment. Our structural studies were limited to in silico analysis integrated by
experiments demonstrating the inhibition of main protease, indicating a potential antiviral
activity. Based on the previous results we investigated the anti-SARS-CoV-2 activity of
AT1001, along with five derivatives. The latter are structurally featured with capped N-and
C-terminals, considering the intrinsic low cell membrane permeability of peptides. AT1001
is currently in Phase 3 trials in celiac patients, showing a strong safety beyond a great
efficacy for this indication. Thus, in order to remain consistent with structure of AT1001
and preserve its robust safety profile, we introduce small cap groups. The theoretical
investigation integrated by FRET assay suggested that the chemical modifications did not
affect the binding towards the virus enzyme. The biological activity investigation showed
that 2, followed by peptides 4 and 6, gives a comparable antiviral activity respect to N3, and
could be considered for the hit to lead optimization step. The better antiviral activity could
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be ascribed by an improved membrane permeability as theoretically predicted, beyond
preserving the affinity towards the biological target. Moreover, the experimental results
are in qualitative agreement with in silico analysis. Indeed, the peptide 2, endowed with
an amide at C-terminal, established more favorable H-bond with S46 and Q189 respect to
3 and 4 featured of NHCH3 group in that position. We envisaged to increase the mem-
brane crossing by shortening the sequence length of parent compound, by designing,
synthesizing and testing the derivatives 5 and 6. The shorter peptide 6 maintained the
antiviral activity in the range of 2, even though establishing less extended interactions with
macromolecular counterparts gives rise to a lower biological activity than 2. Compared to
5, peptide 6 presents the right balance between affinity and cell membrane permeability.
Indeed, the lower activity of 5 compared to 6, could be ascribable to the lower cell perme-
ability. It is worth of note that the peptides were incubated for five days in cells. Even
though this long time could be detrimental for the activity due to possible peptidase hy-
drolysis, we observed an antiviral action against infected cells suggesting an improvement
of antiviral profile in shorter incubation times.

It should be highlighted that for anti-cytomegalovirus and anti-varicella-zoster virus
tests, we used the standard HEL cells, instead of Vero cells currently employed for anti-
SARS-CoV-2 experiments. Thus, these data could not directly address a selectivity property
by our tested compounds against SARS-CoV-2. However, the toxicology profiles ob-
tained on Vero and human embryonic lung cells demonstrated strong safety by using the
tested compounds.

Recently, the Mpro inhibitor PF-07321332 was announced by Pfizer (https://cen.acs.
org/acs-news/acs-meeting-news/Pfizer-unveils-oral-SARS-CoV/99/i13/, accessed date:
15 July 2021) as promising Phase 1 clinical candidate. To date, in our opinion, our re-
sults could not be easily compared with PF-07321332 inhibitor. Firstly, peptides 1–6 are
non-covalent Mpro inhibitors, despite the Pfizer candidate acting as covalent Mpro binder.
Furthermore, our identified lead compounds require pharmacokinetics and pharmacody-
namics improvements. However, the lack of an approved COVID-19 therapy still require
drug discovery campaign and we do believe that by expanding the chemical diversity of the
potential ligands, increases the possibility to reach more efficacious and safer treatment. To
the best of our knowledge, our proposed leads represent the first class of peptide inhibitors
of Mpro. Despite reported known Mpro binders so far, our structural investigation suggest
that tested ligands interact with another deep subpocket (delimited by T25, T26, L27, H41,
M49 and C145), giving new insights for drug design. In addition, our main goal remains
the attempt to discover new drugs with a remarkable antiviral activity against SARS-CoV-2
maintaining a low cytotoxic profile that characterizes many drugs used, like Remdesivir.
In fact, although remdesivir is currently approved by the USA-FDA to treat COVID-19
patients, its clinical efficacy remains debatable. Considering the strong safety profile of
AT1001 administered to human subjects, it represents a good starting point to circumvent
the adverse effect showed by most of repurposed drugs.

Overall, the present data has strongly suggested the identification of AT1001 peptide
molecular framework for the hit to lead optimization step to develop new generations of
antiviral agents for the treatment of SARS-CoV-2. Furthermore, the structural information
and biological activities observed lay foundations for an ongoing rational design of both
peptides and peptidomimetics with improved pharmacodynamics and pharmacokinetics
properties. These outcomes could provide further chances of disclosing an interesting
hit to be directed towards further investigations and for adding another piece to tackle
the hard challenge to develop clinical candidates against SARS-CoV-2, which lacks any
therapeutical treatment so far.

4. Materials and Methods
4.1. Molecular Docking

The Build Panel of Maestro (version 11, Schrödinger, LLC., New York, NY, USA) was
used to construct the 3D structures of 2–6, and successively optimizing their geometries
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through: OPLS3 force field [20], Polak-Ribière conjugate gradient algorithm (maximum
derivative <0.001 kcal/mol), GB/SA (generalized Born/surface area) [21] solvent treatment
of H2O. Then, the peptides were processed by LigPrep [22], accounting for the protonation
states at pH of 7.0 ± 1.0. Protein Preparation Wizard [23,24] was employed to process
the X-ray structure of Mpro (PDB ID: 6LU7) [12]: bond order assignment and hydrogen
addition; missing side chain and loop check; check of alternate positions of the residues,
side chain charge assignment at pH 7.0 ± 1.0; H-bond network improvement through the
optimize preference. The H2O molecules were removed. Molecular docking predictions
were carried out by Glide (v. 7.2, Schrödinger, LLC., New York, NY, USA), by using
peptide specific protocol (SP-PEP) [25]. The docking protocol was validated by redocking
the co-crystallized N3 with Mpro and overlapping the docked and experimental poses
(Figure S9; RMSD = 1.076 Å). The receptor grid, proper for peptide docking, was sized as
10 Å inner and 22 Å outer boxes, with a center coordinates: −10.80 (x), 12.53 (y), 68.70 (z).
A first set of SP-PEP was carried out by means of default parameters, with extended
sampling option for conformer generation and expanded sampling for initial pose selection.
100 poses for 2–6 were generated, treating the ligands as flexible allowing only trans
conformation for amide bonds. The following scoring contribution were considered: Epik
state penalty; reward of intramolecular H-bonds; and aromatic hydrogen. The 2–6 docked
poses obtained from the first calculation run were used as starting conformations for a
second round by means of the same parameters generating 100 conformations for each
input one. All 10,100 conformations from the first two calculation sets were collected and
classified by docking score, and the best 100 ranked conformers were used as input for
a third round of predictions generating further 10,000 docked poses. Predicted apparent
Caco-2 cell permeability (QPPCaco) was calculated by QuikProp of Schrödinger suite [17],
using default parameters and Caco-2 cells as model.

Maestro (version 11, Schrödinger, LLC., New York, NY, USA) was utilized for theoretic
study and to generate all depictions.

4.2. MM-GBSA

The best 100 ranked conformers of 2–6 from the three rounds of molecular docking
calculations were rescored by MM-GBSA predictions, by means of the Prime 3.1 [26,27]
module of the Schrödinger suite (Schrödinger, LLC., New York, NY, USA) applying default
parameters. A distance of 5 Å from each ligand was used to define flexible residues. Briefly,
the binding energies of the protein and ligand are calculated by: Prime Energy + Implicit
Solvent Energy in the free and bound states, accounting for the prediction of the energetic
penalty due to strain between the ligand and protein in both states.

The ϕ, ψ and χ1 angles of best docked pose of each ligand were analyzed by PROMO-
TIF 3.0 (School of Animal and Microbial Sciences University of Reading, Whiteknights, UK;
Biomolecular Structure and Modelling Unit, Department of Biochemistry and Molecular
Biology, University College, Gower Street, London, UK) [28].

4.3. Molecular Dynamics

The docked complexes of 2–6 bound to Mpro were used for molecular dynamics simu-
lation. These complexes were prepared by System Builder (Schrödinger, LLC., New York,
NY, USA) [29] in Desmond v. 4.9 (DE Shaw Research, New York, NY, USA) [30,31], by suing:
a cubic box with a 10 Å buffer distance, OPLS3 force field [20], the TIP3P [32] solvation
model, Na+ and Cl− ions for electroneutrality, along with a NaCl solution (0.15 M). These
systems were firstly optimized by the LBFGS methodology using default parameters and
then underwent to the following relaxation protocol: (1) restrained solute heavy atom NVT
simulation (2 ns, 10 K, small time steps); (2) restrained solute heavy atom NVT simulation
(240 ps, 10 K with Berendsen thermostat, fast temperature relaxation constant) 1 ps of
velocity resampling; (3) restrained solute heavy atom NPT simulation (240 ps, 10 K) with
Berendsen thermostat and Berendsen barostat (1 atm), fast temperature relaxation constant,
slow pressure relaxation constant, velocity resampling of 1 ps; (4) restrained solute heavy
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atom NPT ensemble simulation (240 ps) through Berendsen barostat (1 atm) and Berendsen
thermostat (310 K), fast temperature relaxation constant, slow pressure relaxation constant,
velocity resampling of 1 ps; (5) 480 ps NPT simulation employing Berendsen thermostat
(310 K) and Berendsen barostat (1 atm), normal pressure relaxation constant and fast tem-
perature relaxation constant. Unrestrained molecular dynamics of 100 ns (310 K) with NPT
(1.01 bar) ensemble class were run, through 1.2 ps of recording time and 2.0 fs of integration
time step. Each equilibration phase was evaluated by the Simulation Quality Analysis tool
of Desmond, examining pressure, volume, temperature, total and potential energies.

4.4. Synthesis
4.4.1. Material

Nα-Fmoc-protected amino acids, coupling reagents (HOAt, HBTU), Fmoc-L-Gly-
Wang resin, Rink Amide-resin, N, N-Diisopropylethylamine (DIEA), piperidine and triflu-
oroacetic acid (TFA) were purchased from Iris Biotech (Marktredwitz, Germany). Peptide
synthesis solvents, reagents, as well as CH3CN for High Performance Liquid Chromatog-
raphy (HPLC) were reagent grade and were acquired from commercial sources and used
without further purification unless otherwise noted.

4.4.2. Microwave Peptide Synthesis

The synthesis of peptides (1–6) was performed with a solid phase approach using
a standard Fmoc methodology on a Biotage Initiator + Alstra automated microwave
synthesizer (Biotage, Uppsala, Sweden).

Synthesis of 1

Peptide was synthesized on an Fmoc-L-Gly-Wang resin (0.7 mmol/g, 150 mg), previ-
ously deprotected with 30% piperidine/DMF (1 × 3 min, 1 × 10 min) at room temperature.
The resin was then washed with DMF (4 × 4.5 mL) and protected amino acids added
on to the resin stepwise. Coupling reactions were performed using Nα-Fmoc amino
acids (4.0 eq., 0.5 M), HBTU (3 eq, 0.6 M), HOAt (3 eq, 0.5 M), and DIEA (6 eq, 2 M) in
N-methyl-2-pyrrolidone (NMP) for 10 min at 75 ◦C (2×). After each coupling step, the
Fmoc protecting group was removed as described above. The resin was washed with DMF
(4 × 4.5 mL) after each coupling and deprotection step. The N-terminal Fmoc group was
removed, the resin was washed with DCM (7×), and the peptide released from the resin
with TFA/TIS/H2O (ratio 90:5:5) for 3 h. The resin was removed by filtration and the crude
peptide recovered by precipitation with cold anhydrous ethyl ether to give a white powder
that was then lyophilized.

Synthesis of 2

Peptide was synthesized onto a Rink Amide-resin (150 mg, loading 0.71 mmol/g),
previously deprotected with 30% piperidine/DMF (1 × 3 min, 1 × 10 min) at room
temperature. The synthesis was then performed using the conditions stated for 1.

Synthesis of 3–6

Peptides were synthesized onto a Rink Amide-resin (150 mg, loading 0.71 mmol/g),
previously deprotected with 30% piperidine/DMF (1 × 3 min, 1 × 10 min) at room
temperature. The resin was then washed with DMF (4 × 4.5 mL) and the primary amino
group was protected and simultaneously activated by reacting it with o-NBS-Cl (4 eq) and
DIEA (10 eq) in N-methyl-2-pyrrolidone (NMP) overnight. After this step, the methylation
was carried out by treating the resin with DBU (10 eq, 30 min) and CH3I (10 eq, 30 min) in
NMP (2×). Then, the o-NBS protecting group was removed with thiophenol (10 eq) and
DBU (5 eq) for 30 min. All steps were performed at room temperature. The synthesis was
then performed as described above.
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N-Terminal Capping

A capping step was performed: for peptides 2, 3, 5 and 6 by adding a solution of
Ac2O/DCM (1:3) shaking for 30 min and for 4 by adding a solution of Piv-Cl (4 eq.) e
DIPEA (8 eq.) in DCM for 30 min.

4.4.3. Purification and Characterization

All crude peptides were purified by RP-HPLC on a preparative C18-bonded silica
column (Phenomenex Kinetex AXIA 100 Å, 100 × 21.2 mm, 5 µm) using a Shimadzu SPD
20 A UV/VIS detector, with detection at 214 and 254 nm (Table S5). Mobile phase was:
(A) H2O and (B) ACN, both acidified with 0.1% TFA (v/v). Injection volume was 5000
µL; flow rate was set to 17 mL/min. The following gradient was employed: 0–18 min,
5–50% B, 18.01–20 min, 50–90% B, 20.01–21 min, returning to 5% B. Analytical purity
and retention time (tr) of each peptide were determined using HPLC conditions in the
above solvent system (solvents A and B) programmed at a flow rate of 0.500 mL/min,
fitted with analytical C-18 column (Phenomenex, Aeris XB-C18 column, 100 mm × 2.1,
3.6 µm). LC gradient was the following: 0–7 min, 5–90% B, 7.01–8 min, returning to 5%
B, 8–11 min, isocratic for 3 min. All analogues showed >99% purity when monitored
at 220 nm. Homogeneous fractions, as established using analytical HPLC, were pooled
and lyophilized.

Ultra high resolution mass spectra were obtained by positive ESI infusion on a LTQ
Orbitrap XL mass spectrometer (Thermo Scientific, Dreieich, Germany), equipped with the
Xcalibur software for processing the data acquired. The sample was dissolved in a mixture
of water and methanol (50/50) and injected directly into the electrospray source, using a
syringe pump, at constant flow (15 µL/min). Analytical data are shown in Supplementary
Materials (Table S5 and Figures S10–S15).

4.5. Enzymatic Inhibition Assays

The recombinant SARS-CoV-2 Mpro (Proteros) (20 nM at a final concentration) was
mixed with serial dilutions of AT1001 and Dabcyl-KTSAVLQSGFRKM-E(Edans)-NH2
substrate (5 µM) in 20 µL (reaction volume) assay buffer solution (20 mM HEPES, pH 7.5,
1 mM DTT, 1 mM EDTA, 100 mM NaCl, 0.01% Tween20). The appropriate volume of
substrate was added in reaction buffer along with 42.5 nL compound in 100% DMSO.
Finally, the appropriate volume of target enzyme was added, and the reaction started
with an incubation time of 10 min. The fluorescence signal of the Edans was monitored
at an emission wavelength of 500 nm by exciting at 360 nm, by means of Pherastar FSX
microplate Reader (BMG LABTECH GmbH, Ortenberg, Germany). Calpeptin was used as
reference to set up the experiments.

4.6. Biological Activity
4.6.1. SARS-CoV-2

Vero cells (ATCC-CCL81TM) were used to evaluate the activity of the peptides against
SARS-CoV-2. Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Ther-
moFisher, Merelbeke, Belgium) supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate and 10 mM
HEPES at 37 ◦C in a 5% CO2 humidified atmosphere. Two SARS-CoV-19 strains, denoted
UC-1074 and UC-1075, were isolated in Vero cells from nasopharyngeal swabs of two
COVID-19 patients who had, respectively, a Ct of 19 and 22, for detection of SARS-CoV-2 E
protein by RT-qPCR real-time reverse transcription PCR (RT-qPCR). The infectious virus
titer of the clinical isolates was determined in Vero cells and expressed as 50% cell culture
infectious dose (CCID50) per mL, being of 1.58 × 104 (UC-1074) and 1.08 × 106 (UC-1075)
CCID50/mL. For the antiviral assays, Vero cells were seeded in 96-well plates at a density
of 1 × 104 cells per well in DMEM 10% FCS medium. After 24 h growth, the cell culture
medium was removed and cells were treated with different compound concentrations
in DMEM 2% FCS and mocked-infected or SARS-CoV-2-infected with 100 CCID50/well
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(final volume 200 µL/well). After 5 days of incubation at 37 ◦C, viral CPE was recorded
microscopically and the 50% effective concentration (EC50) was calculated for each peptide
(Figure S16) and remdesivir (reference anti-SARS-CoV-2 compound). In parallel, the cyto-
toxic effects of the derivatives were assessed by evaluating the MCC (minimum cytotoxic
concentration that causes a microscopically detectable alteration of cell morphology). The
effects of the compounds on cell growth were as well determined by counting the number
of cells with a Coulter counter in mock-infected cultures and expressed as cytostatic con-
centration required to reduce cell growth by 50% (CC50). All SARS-CoV-2-related work
was conducted in the high-containment BSL3+ facilities of the KU Leuven Rega Institute
(3CAPS) under licenses AMV 30,112,018 SBB 219 2018 0892 and AMV 23,102,017 SBB 219
2017 0589 according to institutional guidelines.

4.6.2. Cytomegalovirus and Varicella-Zoster Virus

The compounds were investigated against the following viruses: varicella-zoster virus
(VZV) wild-type strain Oka (ATCC VR-795), thymidine kinase deficient (TK−) VZV strain
07−1 (kindly provided by Shiro Shigeta, Fukushima Medical Center, Fukushima, Japan),
human cytomegalovirus (HCMV) strains AD-169 (ATCC VR-538) and Davis (VR-807). The
antiviral assays are based on the inhibition of virus-induced cytopathic effect (HCMV) or
plaque formation (VZV) in human embryonic lung (HEL) fibroblasts (HEL 299 (ATCC®

CCL-137™). Confluent cell cultures in microtiter 96-well plates were inoculated with 100
CCID50 of virus (1 CCID50 being the virus dose to infect 50% of the cell cultures) or with
20 plaque forming units (PFU) (VZV). After adsorption for 2 h, the viral inoculum was
removed and the cultures were further incubated in the presence of varying concentrations
of the test compounds. Viral cytopathic effect or plaque formation was recorded after 5
(VZV) or 6−7 (CMV) days post-infection. Antiviral activity was expressed as the EC50 or
compound concentration required inhibiting virus induced cytopathic effect or viral plaque
formation by 50% (Figure S16). The cytostatic activity measurements were based on the
inhibition of cell growth. HEL cells were S12 seeded into 96-well microtiter plates at a rate
of 5 × 103 cells/well and incubated for 24 h. Then, medium containing the test compounds
at different concentrations was added. After 3 days of incubation at 37 ◦C, the cell number
was determined using a Coulter counter. The cytostatic concentration was calculated as
the CC50, or compound concentration required to reduce cell proliferation by 50% relative
to the number of cells in the untreated controls. CC50 values were estimated from graphic
plots of the number of cells (percentage of control) as a function of the concentration of
the test compounds. Alternatively, cytotoxicity of the test compounds was expressed as
the minimum cytotoxic concentration (MCC) or compound concentration that causes a
microscopically detectable alteration of cell morphology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22179427/s1, Table S1. docking scores and QPPCaco values of 1–6; Table S2. Dihedral
angle analysis of 2–6; Table S3. average MM-GBSA ∆Gbind from molecular dynamics; Table S4.
Averaged MM-GBSA ∆Gbind for residues from molecular dynamics; Table S5. Analytical data of
peptides 1–6; Figure S1. superimposition of AT1001 (purple) with 2–6 into Mpro; Figure S2. Protein-
ligand contact histograms during the simulation; Figure S3–S7. RMSD of 2–6; Figure S8. RMSD of
protein Cα atoms bound to 2–6; Figure S9. N3 docked and crystallized pose overlay; Figure S10–S15.
HRMS spectra and HPLC chromatograms of peptide 1–6 title; Figure S16. Dose-response curves.
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Abstract: We examined the effects of ALOS4, a cyclic peptide discovered previously by phage library
selection against integrin αvβ3, on a human melanoma (A375) xenograft model to determine its
abilities as a potential anti-cancer agent. We found that ALOS4 promoted healthy weight gain in
A375-engrafted nude mice and reduced melanoma tumor mass and volume. Despite these positive
changes, examination of the tumor tissue did not indicate any significant effects on proliferation,
mitotic index, tissue vascularization, or reduction of αSMA or Ki-67 tumor markers. Modulation
in overall expression of critical downstream αvβ3 integrin factors, such as FAK and Src, as well
as reductions in gene expression of c-Fos and c-Jun transcription factors, indirectly confirmed our
suspicions that ALOS4 is likely acting through an integrin-mediated pathway. Further, we found no
overt formulation issues with ALOS4 regarding interaction with standard inert laboratory materials
(polypropylene, borosilicate glass) or with pH and temperature stability under prolonged storage.
Collectively, ALOS4 appears to be safe, chemically stable, and produces anti-cancer effects in a
human xenograft model of melanoma. We believe these results suggest a role for ALOS4 in an
integrin-mediated pathway in exerting its anti-cancer effects possibly through immune response
modulation.

Keywords: cancer; cyclic peptide; integrin; αvβ3; ALOS4; melanoma

1. Introduction

Integrin αvβ3 has been shown to play an essential role in different stages of cancer
progression [1], metastasis [2], invasion [3,4], and angiogenesis [5]. Structurally, integrin
αvβ3 possesses a common integrin-binding motif and an Arg-Gly-Asp (RGD) recognition
sequence [6] shared with several extra-cellular matrix (ECM) proteins including vitronectin,
fibronectin, and fibrinogen [7]. Due to high expression in activated proliferating and an-
giogenetic [5] endothelial cells, integrin αvβ3 has become a cancer theraputic target [8]
and is considered a cancer prognostic biomarker [9] that correlates well with tumor pro-
gression [10,11] and invasion in such cancers as glioma [12], prostate carcinoma [13,14],
osteosarcoma [2], breast cancer [9,15], and melanoma [16]. Melanoma is known to be one
of the most fatal types of skin cancer, with a five-year relative survival rate of less than 20%
for patients diagnosed with active metastasis [17,18]. Current therapeutic approaches to
treatment of malignant melanoma include surgical resection of the tumor, immunotherapy,
biological therapy, chemotherapy, radiation therapy, and combination targeted therapy [19].
The search for new therapeutic targets for a melanoma cure has revealed that overex-
pressed integrin αvβ3 in transformed melanocytes [16] mediates tumor angiogenesis and
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is associated with organ-specific metastasis of human malignant melanoma [16], which has
suggested a number of therapeutic approach possibilities for targeting αvβ3. Among the
approaches [20] used to inhibit integrin signal transduction, tumor growth, angiogenesis,
and metastasis are blocking αvβ3 with monoclonal antibodies [21], cyclic RGD antagonist
peptides [22], or other antagonists [8]. Unfortunately, despite demonstrated anti-cancer
activity in nude mice, previous attempts for developing αvβ3 inhibitors such as the cyclic
peptide Cilengitide [23] and functional anti-αvβ3 antibodies such as Abegrin [24] have
failed in clinical trials.

ALOS4, a synthetic 9-amino acid cyclic non-RGD peptide (NH2-CSSAGSLFC-COOH
(MW = 871.98)) was previously discovered using a phage–display technique targeted to
integrin αvβ3 binding [25,26]. Using a murine melanoma model, we previously demon-
strated anti-cancer properties of ALOS4 [25]. In this study, we investigated the effects of
ALOS4 on a subcutaneous xenograft model of A375 human melanoma for effects on tumor
growth, tumor tissue development, and expression of downstream targets of αvβ3. In
addition, we also characterized the physiochemical aspects of ALOS4 formulated stability
and toxicity issues such as alterations in mouse behavior, blood cell profile, and blood
chemistry in healthy (nominally cancer-free) mice. Our findings suggest that ALOS4 is sta-
ble in chemical formulation and poses no overt toxicity risks, yet is effective in melanoma
tumor reduction by an αvβ3-related mechanism and perhaps other mechanisms.

2. Results
2.1. ALOS4 Selectively Affects Tumor Development in the A375 Xenograft Model

In our previous research, we have shown that ALOS4 treatment leads to tumor
growth inhibition and increased survival of C57BL/6J mice inoculated with murine B16F10
melanoma cells. In this study, we used a xenograft model to further confirm ALOS4
anti-cancer properties using immunodeficient nude mice, which were SC inoculated with
human A375 melanoma cells followed by administration with 0.3, 3, or 30 mg/kg ALOS4.
We found that 3 and 30 mg/kg of ALOS4 preserved normal weight gain of nude mice
compared with untreated control animals, whose weight was significantly decreased during
tumor development (two-way ANOVA followed by a Bonferroni means separation test:
Interaction between weight and time F[39,490] = 0.5072, p = 0.9947; time F[30,490] = 37.52,
p < 0.0001; treatment F[3,490] = 17.47, p < 0.0001; Figure 1A). A ROC analysis of tumor
mass in mice treated with 30 mg/kg ALOS4 (Figure 1B) yielded a Youden’s index cut-
off value of 0.22 (p = 0.047), which differentiated between responder and non-responder
individuals, excluding two animals from analysis (Figure 1C, circled). Tumor mass data
from lower doses of ALOS4 when analyzed by ROC did not yield significant results.
Comparison of tumor mass collected at termination point at day 18 (not including two
non-responders) demonstrated a dose-dependent inhibition of tumor growth by ALOS4
treatment (Figure 1C; Kruskal-Wallis ANOVA followed by a Dunn’s test, p = 0.0239).

We also observed that ALOS4 in a dose-dependent manner inhibited tumor growth
(by estimated volume) in all examined concentrations showing maximal two-fold changes
in growth inhibition with 30 mg/kg on day 17 (Figure 1D; two-way ANOVA followed
by a Bonferroni means separation test: Interaction: F[33,310] = 3.590, p < 0.0001; Day:
F[11,310] = 13.71, p < 0.0001; Treatment: F[3,310] = 42.13, p < 0.0001). We similarly con-
ducted an ROC analysis of the results to distinguish responders from non-responders
(Figure 1G–I). Responders (Figure 1E) and non-responders (Figure 1F) for each ALOS4
dose both yielded significant reductions in tumor volume compared with saline-injected
control mice (two-way ANOVA followed by Bonferroni means separation test: Figure 1E:
Interaction: F[33,156] = 2.860, p < 0.0001; Day: F[11,156] = 1.898, p = 0.0433; Treatment:
F[3,156] = 36.04, p < 0.0001; Figure 1F: Interaction: F[33,202] = 1.809, p = 0.0072; Day:
F[11,202] = 9.847, p < 0.0001; Treatment: F[3,202] = 20.43, p < 0.0001). Youden’s index values
for ROC analysis of each ALOS4 dose were as follows: 231.6, p = 0.0056 (Figure 1G), 220.5,
p = 0.0111 (Figure 1H), 226.9, p = 0.0210 (Figure 1I). TGI% values for each ALOS4 treatment
group were similar and were as follows (ALOS4 mg/kg): 0.3, 61.1; 3, 66.3; 30, 61.5.
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Figure 1. Effect of ALOS4 on body weight and tumor volume in SC A375 human melanoma mouse model. (A) Differences 
in the body weight gain of the nude mice inoculated with xenograft A375 SC tumor after 5 weeks administration with 0.3, 
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in SC A375 model. (D) Tumor volume growth in all treated nude mice. (E) Saline and ALOS4-treated responders only. (F) 
Saline and ALOS4-treated non-responders only. (G–I) ROC analyses of ALOS4-treated mice to determine threshold for 
positive drug response (Youden’s Index). *p < 0.05; *** p < 0.001. (n = 8). 
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Figure 1. Effect of ALOS4 on body weight and tumor volume in SC A375 human melanoma mouse model. (A) Differences
in the body weight gain of the nude mice inoculated with xenograft A375 SC tumor after 5 weeks administration with 0.3,
3, or 30 mg/kg of ALOS4. (B) ROC analyses of 30 mg/kg ALOS4-treated mice to determine threshold for positive drug
response (Youden’s Index) at day 18 (n = 10). (C) Tumor mass (g) with two excluded (circled) non-responder mice based on
ROC cutoff value. *, Dunn’s test p < 0.05. (D–I) ROC Analysis of responders and non-responders to ALOS4 treatment in SC
A375 model. (D) Tumor volume growth in all treated nude mice. (E) Saline and ALOS4-treated responders only. (F) Saline
and ALOS4-treated non-responders only. (G–I) ROC analyses of ALOS4-treated mice to determine threshold for positive
drug response (Youden’s Index). * p < 0.05; *** p < 0.001. (n = 8).

We further performed immunohistochemistry staining in ex vivo tumors obtained
from SC xenografts to identify the effects of ALOS4 treatment on common hallmarks of
cancer development and progression. Pleomorphism grades did not differ among control
and ALOS4 treatments (all were rated at 2) and all examined tissue sections, regardless
of treatment, had evidence of vascular invasion of the tumor mass (except tumor samples
from one individual treated with 30 mg/kg ALOS4). Mitotic indices were also similar
between controls and ALOS4 treatments (ALOS4 mg/kg, mean ± SD: 0, 6.2 ± 0.51; 0.3,
5.3 ± 1.13; 3, 6.68 ± 0.67; 30, 5.72 ± 0.98).

Analysis of the effect of ALOS4 on the expression of alpha smooth muscle actin
(αSMA), a marker of vascular smooth muscle cells, was used to assess the number of
blood vessels in the tissue sections to indicate the vascular invasion (Figure 2A–D). Con-
trols treated with saline showed relatively low to moderate vascular density around and
within the tumor tissue (Figure 2A). ALOS4 treatments of 0.3 and 30 mg/kg similarly
showed moderate vascular density around and within the tumor tissue (Figure 2B,D),
whereas ALOS4 treatment of 3 mg/kg showed relative moderate to high vascular density
around and within the tumor tissue (Figure 2C). Overall, ALOS4 did not appear to pro-
duce any significant effects on tumor vascularization in the xenograft model of human
melanoma (Figure 2I).
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Figure 2. Effect of ALOS4 on carcinogenesis markers presentation in human melanoma A375 SC tumors from nude
mice. (A–D) Representative photographs of slides stained for αSMA marker showing the number of blood vessels in
the tissue sections (10×). Arrows demonstrate representative vessels in the tumor tissues. Scale: 50 µm. (A) Tumor of
a saline-treated mouse shows low to moderate αSMA expression. (B) Tumor of an ALOS4 0.3 mg/kg-treated mouse
demonstrates relative moderate vascular density around and within the tumor tissue. (C) Tumor of an ALOS4 3 mg/kg-
treated mouse demonstrates relative moderate to high vascular density around and within the tumor tissue. (D) Tumor of
an ALOS4 30 mg/kg-treated mouse demonstrates relative moderate vascular density around and within the tumor tissue.
(E–H) Representative photographs of slides stained for Ki-67 marker. (E) Tumor of a saline-treated mouse shows a
high number of positive cells within the neoplastic cell population. (F) Tumor of an ALOS4 0.3 mg/kg-treated mouse
demonstrates a high number of positive cells within the neoplastic cell population. (G) Tumor of an ALOS4 3 mg/kg-treated
mouse demonstrates a moderate to low number of positive cells within the neoplastic cell population. (H) Tumor of ALOS4
30 mg/kg-treated mouse demonstrates a moderate to low number of positive cells within the neoplastic cell population.
Scale: 50 µm. (I,J) Quantification of histopathological evaluation scoring grades for αSMA (I) and Ki-67 (J) markers.

Non-parametric Kruskal–Wallis ANOVA analysis of Ki-67 proliferation marker showed
a tendency toward dose-dependent reduction of expression in tumors treated with ALOS4
(p = 0.089). Thus, ALOS4 0.3 mg/kg dose and saline-treated controls both appeared to have
a higher score in Ki-67-positive cells within the neoplastic cell population (Figure 2E,F).
ALOS4 treatment with 3 mg/kg demonstrated a moderate to low number of Ki-67-positive
cells (Figure 2G), whereas ALOS4 treatment with 30 mg/kg demonstrated a relatively
low number of Ki-67-positive cells (Figure 2H). Comparisons of the Ki-67 results were
performed using a tumor pathology scoring index for clinical relevance; however, and
despite the appearance of dose-dependent reductions in Ki-67 expression, these reductions
are not considered clinically meaningful.

2.2. The Effect of ALOS4 on Integrin-Related Signal Transduction

Since ALOS4 was discovered based on αvβ3 integrin binding, we analyzed the effect
of ALOS4 on integrin-related signal transduction. Integrin mediated “outside-in” signals,
activate growth factor receptors and cytoplasmic kinases, which regulate gene expres-
sion of immediate early genes [27]. Activation of αvβ3 integrin is known to induce the
Fyn/Ras/Raf/MEK/ERK cascade, also called the MAPK pathway [28]. This pathway is
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highly or constantly activated in most cancer types and contributes to cancer proliferation,
survival and migration [29]. Since we showed previously that ALOS4 treatment in B16F10
cells reduced migration [25], we hypothesized that ALOS4 may affect the MAPK pathway.

A375 cells were treated with concentrations of 0.01, 0.1, or 1.0 µM for 48 h and protein
extracts were prepared for Western blots. We observed that 1.0 µM of ALOS4 significantly
upregulated focal adhesion kinase (FAK), as well as proto-oncogene tyrosine protein kinase
(Src) and pSrc levels (Figure 3A,B; One-way ANOVA: FAK, F[3,8] = 12.86, p = 0.0020; Src,
F[3,8] = 12.1, p = 0.0024; pFAK, F[3,8] = 5.28, p = 0.0267; pSrc, F[3,8] = 14.44, p = 0.0019),
while not affecting levels of extracellular signal-regulated kinase (ERK) and pERK (ERK,
F[3,8] = 1.288, p = 0.3429; pERK, F[3,8] = 0.3928, p = 0.7617).
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treated for 24 (n = 6) and 48 (n = 3) h with ALOS4 at 0.01, 0.1, or 1.0 µM were analyzed for c-Fos 
and c-Jun mRNA expression using qRT-PCR. Data presented as percentage of control. */# at p < 
0.05, **/## at p < 0.01, and ***/### at p < 0.0001. 

Figure 3. Effect of ALOS4 on αvβ3 integrin signaling. Representative gel bands (A) and Western blot densitometry results
(B) performed for A375 cells treated for 48 h with ALOS4 at 0.01, 0.1, or 1.0 µM and analyzed for ERK/pERK, FAK/pFAK,
and Src/pSrc protein expression. Data are presented as percentage of control normalized to GAPDH, n = 3 for each treated
group. (C) A375 cells treated for 24 (n = 6) and 48 (n = 3) h with ALOS4 at 0.01, 0.1, or 1.0 µM were analyzed for c-Fos and
c-Jun mRNA expression using qRT-PCR. Data presented as percentage of control. */# at p < 0.05, **/## at p < 0.01, and
***/### at p < 0.0001.

We also examined the expression of the immediate early genes c-Fos and c-Jun in
ALOS4-treated A375 human melanoma cells. A375 cells were treated with ALOS4 at
concentrations of 0.01, 0.1, or 1.0 µM for 24 h or 48 h and RNA was extracted for qRNA
analysis. We found that ALOS4 treatment significantly decreased c-Fos gene expression
after 24 and 48 h (Figure 3C, left panel; One-way ANOVA: 24 h, F[3,20] = 76.99, p < 0.0001;
48 h, F[3,8] = 19.19, p = 0.0005). A similar phenomenon was observed in c-Jun transcription
levels, which showed significant decrease after 24 h at higher doses (Figure 3C, right panel;
One-way ANOVA: F[3,15] = 10.69, p = 0.0005), whereas c-Jun was increased by 0.01 µM
ALOS4 at 48 h (Figure 3C, right panel; One-way ANOVA: F[3,5] = 9.331, p = 0.0172).
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2.3. ALOS4 Does Not Adhere to Inert Materials and Is Stable over a Range of Acid/Base and
Temperature Conditions

We chose to perform a series of chemical stability and recoverability tests on ALOS4
to determine its practical applicability as a drug in formulation. To ensure that ALOS4 was
stable and did not adhere to standard laboratory materials, we incubated ALOS4 formu-
lated in 0.9% NaCl solution at a range of concentrations from 1–100 µM in polypropylene
microtubes for 60 min at room temperature, then transferred solutions to either polypropy-
lene or borosilicate glass liquid chromatography (LC) vials. LC-MS analysis showed that
ALOS4 recoverability was near 100% in both borosilicate LC glass vials and standard
polypropylene LC vials (Figure 4A).
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Figure 4. ALOS4 inert materials adherence, pH stability, temperature stability, safety, and toxicity. (A–C) LC-MS analysis of
ALOS4 recoverability following inert materials exposure and storage under different pH, temperature, and formulation
time conditions. (A) ALOS4 does not adhere to borosilicate LC glass vials or polypropylene LC vials at concentrations
up to 100 µM. Data represent mean ± SEM (n = 3). (B) ALOS4 showed optimal stability in standard saline solution (0.9%
NaCl) in comparison with saline containing 0.1% Tween-80 at concentrations of 0.5, 5, 50, 500, or 5000 pmol/µL ALOS4
incubated for 60 min at 25 ◦C in standard polypropylene tubes. Data represent mean ± SEM (n = 3), *** at p < 0.001.
(C) ALOS4 demonstrates stability in a variety of pH and temperature conditions. ALOS4 (10 µM) was incubated in standard
polypropylene tubes under different pH conditions at and stored at 4, 25, or 37 ◦C for 1 or 24 h. Data represent mean
± SEM (n = 3). (D,E) ALOS4 shows no effect on ICR mouse (D) body weight or (E) body-temperature following repeated
IV administration at 10, 30, 90, 180, or 360 mg/kg ALOS4 (n = 5). Weight-gain of mice was measured three times per
week, one hour prior to ALOS4 injections. Percent of weight change was calculated according to baseline weight prior to
treatment. Body temperature was measured 30 min after ALOS4 administration. (F) ALOS4 repeated doses (10, 30, 90, 180,
or 360 mg/kg) administrated intravenously for 14 days did not affect survival of ICR mice (n = 5).
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Solubilizing agents are commonly used to stabilize peptides in solution and to re-
duce inert substrate interaction. Therefore, we compared two solvent options for ALOS4,
standard saline solution (0.9% NaCl) and saline solution containing 0.1% Tween-80 (polysor-
bate). Solutions of ALOS4 ranging from 0.5–5000 pmol/µL formulated in both solvents
were incubated for 60 min at room temperature in standard polypropylene tubes. LC-MS
analysis showed that ALOS4 formulated in the saline solution containing Tween-80 had
significantly reduced peptide stability by 1.2-fold in comparison with ALOS4 formulated
in 0.9% NaCl only (Figure 4B; Two-way ANOVA, F(1,10) = 3217.54, p < 0.0001).

Evaluation of ALOS4 (10 µM) stability at different ranges of acid/base and tempera-
ture conditions was conducted in saline after 1 or 24 h in different pH solutions above and
below the physiological pH (7.4): pH 3.4, 4.4, 5.4, 6.4, 7.4, and 9.4. Stability analysis was
also performed under three regimes: at 4 ◦C (storage temperature), 25 ◦C (room temper-
ature), and 37 ◦C (body temperature). LC-MS analysis indicated that ALOS4 was highly
stable (90–100% recoverability) at all measured temperatures and all analyzed acid/basic
conditions at both time points (Figure 4C).

2.4. ALOS4 Shows High Safety and No Toxicity In Vivo

To evaluate ALOS4 safety and toxicity, uninoculated (nominally cancer-free) ICR
mice were IV administrated ALOS4 and monitored for clinical signs of toxicity including
body weight changes, body temperature, alopecia, nasal bleeding, and mortality. ICR
mice were injected with doses of ALOS4 every other day over 21 days with 10, 30, 90,
180, or 360 mg/kg (for a total of ten doses). Mouse weights were taken daily and rectal
temperatures were recorded 30 min following ALOS4 injection. We observed no alterations
in weight-gain (Figure 4D) or body temperature changes (Figure 4E) of treated mice in
comparison with control mice during the course of the trial. Further, to determine the
maximal tolerant dose (MTD) of ALOS4, ICR mice were ALOS4 IV-injected at a range of
doses from 10–360 mg/kg and monitored for survival and clinical symptoms. We found
that even at the maximum tested repeated dose of 360 mg/kg ALOS4, 21-day survival was
100% (Figure 4F). No adverse overt clinical signs were observed during the trial. Necropsy
assessment for organ damage (histology of liver, spleen, kidney, lungs, and brain) did not
reveal any overt signs of tissue damage or inflammation.

To evaluate potential effect of ALOS4 on mouse locomotory activity and anxiety-like
behaviors, we used two standard behavioral paradigms: the open-field ambulation and
elevated plus maze (EPM) tests.

We found that an IV acute single dose of ALOS4 of 30, 90, or 180 mg/kg administered
to ICR mice did not affect locomotor activity in general (Figure 5A: One-way ANOVA
analysis, F[3,16] = 0.9406, p = 0.4441) with only an exception for total traveled distance at
the dose of 180 mg/kg (Figure 5B: One-way ANOVA, F[3,16] = 3.308, p = 0.0471, followed
by Bonferroni’s means separation test [180 mg/kg, p = 0.0329]), and did not produce any
anxiety-like behaviors (Figure 5C: One-way ANOVA, F[3,16] = 0.1064, p = 0.9551; Figure 5D:
One-way ANOVA, F[3,16] = 0.04374, p = 0.9874).
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tance, * at p < 0.05 (B). Mice tested in the EPM test for anxiety-like behavior showed no changes in 
two analyzed parameters (with exception to 180 mg/kg ALOS4 for OE/TE ratio): Open arm time 
(OT):/Total time (TT) ratio (C); Open entry (OE)/ Total entry (TE) ratio (D). 
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(Table 1). We observed a 40% decrease in WBC count with 180 mg/kg ALOS4, which was 
far outside the normal range. Blood biochemical results of ALOS4 and control-treated 
mice showed higher than normal or normal values in cholesterol, TP, and alkaline phos-
phate concentrations and lower than normal range in both total bilirubin and chlorides in 
all injected groups (Table 2). Thus, ALOS4-dependent alterations of blood parameters 
were minor and clinically non-significant in comparison with controls. 

  

Figure 5. ALOS4 does not affect mouse locomotion or produce anxiety-like behaviors. (A,B) Behavior
of ICR mice (n = 5) was not affected by intravenous administration with three acute single doses of
ALOS4 (30, 90, or 180 mg/kg). Mice tested in the open-field arena for locomotory activity showed
no changes in either cumulative central arena area dwell time (A) or total traveled distance, * at
p < 0.05 (B). Mice tested in the EPM test for anxiety-like behavior showed no changes in two analyzed
parameters (with exception to 180 mg/kg ALOS4 for OE/TE ratio): Open arm time (OT):/Total time
(TT) ratio (C); Open entry (OE)/Total entry (TE) ratio (D).

2.5. ALOS4 Does Not Affect Blood Cell Counts or Blood Chemistry

Blood of ICR mice collected 24 h after ALOS4 IV treatment with acute single doses of
30, 90, or 180 mg/kg and was evaluated for complete blood count (CBC) and basic blood
chemistry profile. Analysis of blood compared with the normal rage of ICR mice blood
scores [30] showed that ALOS4 generally does not affect blood counts of ICR mice when
compared with the control group injected with saline. There were several cell count values
that differed from the established laboratory normal range with some doses of ALOS4
treatment; however, control mice treated with saline also deviated from the laboratory
normal values as well. Specifically, in the CBC (Table 1), lower values were observed
in white blood cells (WBC), mean corpuscular hemoglobin (MCHC), and platelet counts
(except 90 mg/kg dose) of ALOS4-treated animals. However, to attribute this decrease to
an ALOS4-specific effect may not be correct, since in most of these cases the saline-treated
mice also had scores laying out of normal range and may simply be an injection response
(Table 1). We observed a 40% decrease in WBC count with 180 mg/kg ALOS4, which was
far outside the normal range. Blood biochemical results of ALOS4 and control-treated mice
showed higher than normal or normal values in cholesterol, TP, and alkaline phosphate
concentrations and lower than normal range in both total bilirubin and chlorides in all
injected groups (Table 2). Thus, ALOS4-dependent alterations of blood parameters were
minor and clinically non-significant in comparison with controls.
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Table 1. Complete blood count of ALOS4-treated ICR mice.

Normal Range Saline ALOS4
30 mg/kg

ALOS4
90 mg/kg

ALOS4
180 mg/kg

WBC 103/µL 6.5–24.5 5.49 ± 1.8 4.51 ± 1.3 6.07 ± 1.2 3.2 ± 0.06
RBC 106/µL 7.31–10.03 9.21 ± 0.8 9.16 ± 0.3 9.78 ± 0.3 8.02 ± 0.6
HGB g/dL 13.1–16.2 14.68 ± 1.02 14.3 ± 0.6 15.42 ± 0.5 13.2 ± 1.04

Hematocrit % 36.8–48.7 44.8 ± 3.2 43.96 ± 1.9 47.88 ± 1.1 40.12 ± 3.15
MCV fL 46.0–50.9 48.94 ± 1.2 47.96 ± 0.6 48.96 ± 0.24 49.96 ± 0.32
MCV pg 15–18 16.06 ± 0.3 15.6 ± 0.2 15.76 ± 0.15 16.42 ± 0.2

MCHC g/dL 33.7–36.4 32.82 ± 0.5 32.54 ± 0.23 32.2 ± 0.4 32.88 ± 0.4
Platelets 103/µL 674–1675 535.4 ± 139.7 582.4 ± 132 770.2 ± 189 661.8 ± 160.5

n = 5, mean counts are presented.

Table 2. Plasma Biochemistry of ALOS4 treated ICR mice.

Normal Range Saline ALOS4
30 mg/kg

ALOS4
90 mg/kg

ALOS4
180 mg/kg

Creatinine mg/dL 0.2–0.4 0.31 ± 0.03 0.26 ± 0.014 0.25 ± 0.06 0.27 ± 0.02
Calcium mg/dL 9.8–10.8 11.34 ± 0.25 10.29 ± 0.11 10.38 ± 0.29 10.42 ± 0.1

Phosphorus mg/dL 6.4–11.3 10.43 ± 0.9 8.6 ± 0.56 9.53 ± 0.4 8.44 ± 0.75
Glucose mg/dL 169–282 176.2 ± 7.4 169.8 ± 6.9 170.75 ± 10.7 183.2 ± 14.3

Urea mg/dL 39–62 55.48 ± 2.9 46.08 ± 1.7 48.23 ± 3.2 46.02 ± 3.9
Cholesterol mg/dL 56–133 140.4 ± 7.9 108.2 ± 9.5 142.25 ± 13.7 141.8 ± 9.1

TP g/dL 4.7–5.8 6.23 ± 0.11 6.17 ± 0.18 6.32 ± 0.13 6.28 ± 0.09
Alb g/dL 3.3–4.0 4.3 ± 0.09 4.3 ± 0.14 4.3 ± 0.06 4.36 ± 0.024

Globulin g/dL 1.4–2.0 1.93 ± 0.12 1.87 ± 0.07 2.02 ± 0.07 1.59 ± 0.4
Total Bilirubin mg/dL 0.16–0.32 0.1 ± 0.02 0.11 ± 0.02 0.14 ± 0.02 0.11 ± 0.03

Alkaline Phos IU/L 43–125 0.31 ± 0.03 0.26 ± 0.014 0.25 ± 0.06 0.27 ± 0.02
SGOT IU/L 69–191 11.34 ± 0.25 10.29 ± 0.11 10.38 ± 0.29 10.42 ± 0.1
SGTP IU/L 26–120 10.43 ± 0.9 8.6 ± 0.56 9.53 ± 0.4 8.44 ± 0.75

Sodium mmol/L 151–156 176.2 ± 7.4 169.8 ± 6.9 170.75 ± 10.7 183.2 ± 14.3
Potassium mmol/L 7.3–10.2 55.48 ± 2.9 46.08 ± 1.7 48.23 ± 3.2 46.02 ± 3.9
Chloride mmol/L 110–119 140.4 ± 7.9 108.2 ± 9.5 142.25 ± 13.7 141.8 ± 9.1

n = 5, mean counts are presented.

3. Discussion

αvβ3 integrin is an important cell adhesion receptor involved in various biological
activities [18,31] acting through cell signal transduction from the cell membrane to several
cytosolic pathways [27]. Due to overexpression of αvβ3 in many cancers [21], this integrin
is a desirable therapeutic target for cancer treatment. Several anti-cancer peptides [23,32]
were developed for αvβ3 inhibition targeting the Arginine-Glycine-Aspartate (RGD) motif.
Despite their promising potential, these peptides failed in late clinical trials [33], possibly
due to their competitive binding to the ECM proteins, which also have RGD sites [34]. In
this work, using A375 human melanoma cells we demonstrated anti-cancer properties of
ALOS4, a non-RGD peptide thought to target the αvβ3 integrin signaling pathway. This
peptide was discovered in our laboratory using a phage display technique and previously
demonstrated an anti-cancer efficacy in a murine melanoma model [25]. The potential of
ALOS4 as a formulated drug is further demonstrated in its physical and chemical stability,
as well as appearing to have a good safety profile.

Using a subcutaneous model of A375 human melanoma, we demonstrated high ef-
ficacy of ALOS4 in tumor growth inhibition during an 18-day trial. Since there were
limitations regarding the number of mice permitted for study, thus also restricting the
number of dosing groups, we applied receiver operating characteristic (ROC) analyses [35]
and calculated Youden’s indices to account for result variability. This enabled us to distin-
guish between treatment responder and non-responder mice at examined doses of ALOS4
and helped to explain the observed group variability (i.e., segregated responder and non-
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responder mice were highly internally consistent in their responses to treatment). The
existence of “non-responders” is a phenomena extensively discussed in the medical litera-
ture describing cancer patients who do not respond to conventional therapies [36,37] and
can be explained by variability in the patient microbiome [38] and differential expression
of cancer cell surface proteins [39]. These explanations may also be applicable to ALOS4
treatment non-responders observed in our experiments. However, such extrapolation re-
quires further characterization to account for the mechanistic basis of differential treatment
responses to ALOS4. Determining the underlying mechanism of ALOS4 has allowed us
to eliminate a few possibilities. For example, ex vivo analysis of xenograft tumors did
not indicate any significant effect of ALOS4 on angiogenesis or proliferation rates, despite
the ALOS4 dose-dependent decrease in tumor size observed. Finally, it is interesting to
mention that mice treated with ALOS4 did not lose body weight in contrast with untreated
animals. In fact, mice treated with ALOS4 even gained weight leading us to believe that
ALOS4 may be used for treatment of cancer patients at different stages of disease suffering
from cachexia [40,41], which is considered in 20–40% of cases as an immediate cause of
death [42,43].

Since ALOS4 was developed as an αvβ3 integrin-targeted molecule, it is likely that
observed anti-cancer effects were achieved through modulation of αvβ3 integrin signaling.
To confirm this suggestion, we analyzed changes in expression of selected candidates
from the αvβ3 integrin signaling pathway, including extracellular signal-regulated kinases
(ERK; also known as mitogen-activated protein kinases or MAPK) initiated by activation
of focal adhesion kinases (FAK) and Src kinases, which in complex or individually further
activate downstream ERK signaling [44,45]. We found that ALOS4 does not alter total ERK,
despite significant upregulation of FAK, or alter Src protein expression at high doses in
human melanoma cells in vitro. Since ALOS4 alters FAK and Src, but not ERK which acts
as the last messenger of MAPK/ERK pathway prior to entering the nucleus and activating
transcription factors of genes involved in proliferation and metastasis [46], we suggest that
additional modulation occurs interrupting downstream signals. Furthermore, the final
products of ERK signaling, the oncogenes c-Fos and c-Jun, were both affected by ALOS4
treatment in vitro. ALOS4 significantly reduced c-Fos mRNA levels at all doses, while
downregulation of the c-Jun gene was significant at 0.1 µM dosage after 24 h and showed a
non-significant tendency to decrease after 48 h. We speculate that the differences in levels
of significance in c-Fos expression at 24 and 48 h of treatment may indicate the attempt
of the cancer cells to stabilize expression of this oncogene, whereas its downregulation
by ALOS4 remains to be explained. These results indirectly confirm that ALOS4 is able
to modulate αvβ3 integrin signaling and differences in the effect of ALOS4 on c-Fos and
c-Jun expression may be explained by additional ALOS4-independent processes involved
in c-Fos and c-Jun transcription. The c-Fos results are not without precedent considering
the actions of other peptide-based integrin antagonists (flavoridin) in melanoma cell lines,
which increase activation of downstream integrin pathway elements (such as increased
FAK phosphorylation) while also effecting downregulation c-Fos expression [47]. Thus,
since ALOS4 was developed targeting ανβ3 integrin and its ability to bind ανβ3 leading
to metastatic arrest was previously demonstrated [25], we believe that our new results
indirectly confirm the involvement of ALOS4 in the modulation of selected components of
integrin signaling. However, unaffected ERK in the presence of upregulated FAK and Src
suggests that an additional intervening pathway modulating ERK-related signaling, possi-
bly through integrin-initiated RAS-RAF activating cascade [48,49] or integrin independent
signaling pathway [50], is present and a further study of molecular mechanisms of action
at a higher-resolution with ALOS4 is required.

We also examined ALOS4 safety and stability as a potential drug candidate. Due to
a known tendency of peptides to adhere to standard inert laboratory materials [51], we
demonstrated that regardless of ALOS4 concentration, we achieved nearly 100% peptide
recovery in both analyzed materials (borosilicate LC glass vials and standard polypropylene
LC vials). We posit that the allosterically-constrained, cyclical structure of the peptide may
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be the reason ALOS4 does not significantly interact with typically problematic laboratory
materials as do other peptides. Furthermore, despite the fact that most peptides in solution
undergo degradation by hydrolysis or oxidation [52], ALOS4 was highly stable in saline
solution over a wide range of acid/base conditions at different temperatures, features which
are beneficial for long-term storage and ease-of-use for therapeutic applications [53]. We
also examined the toxicity of ALOS4 in nominally cancer-free mice, which is considered an
essential factor for pharmaceutical safety [54,55]. ALOS4 demonstrated no toxicity in vivo
with repeated treatments over a range of doses from 10 to 360 mg/kg and no mortality
or serious adverse events were observed. We also elected to examine whether repeated
ALOS4 dosing would produce any unfavorable behavioral features, such as sedation,
hyperactivity, or anxiety-like behaviors. No adverse behavioral effects were observed.
Hence, when comparing with the therapeutic doses of other anticancer peptides, which
range from 2.5 mg/kg (Cilengitide [56]) to 60 mg/kg (HM-3 [57]), ALOS4 stands out as a
remarkably non-toxic compound. Moreover, whereas most conventional chemotherapies
are accompanied by severe side effects that require medical intervention [58], the safety
profile of ALOS4 shows potential as an anti-cancer drug that may be tolerable for patients.

Blood chemistry was also examined during toxicity studies and revealed reduction
of white blood cell counts (40%) with ALOS4 treatment at 180 mg/kg. This reduction
could indicate higher levels of tumor-infiltrating lymphocytes (TILs), suggesting that the
immune system may be involved in the ALOS4 activity. Unfortunately, potential effects
and mechanistic outcomes of immune interactions of ALOS4 could not be determined in
this study due to the immunodeficient nature of the mice required for the xenograft model.
Nevertheless, cumulative results from this work and prior studies suggest an interaction of
ALOS4 with immune system elements, which needs to be further evaluated.

In summary, ALOS4 appears to be completely non-toxic, remarkably prolongs lifespan,
and increases weight of treated mice. The latter feature makes ALOS4 beneficial to coun-
teract cachexia experienced by cancer patients during the process of disease progression.
We believe that demonstrating the anti-cancer activity through modulation of components
of integrin signaling together with its safety profile suggests that ALOS4 peptide is a
promising patient-tolerable prospective anti-cancer drug candidate.

4. Materials and Methods
4.1. ALOS4

ALOS4 was developed based on αvβ3 binding using phage display technology.
This synthetic cyclic peptide is composed of the following nine-amino-acid sequence:
H-cycl(Cys-Ser-Ser-Ala-Gly-Ser-Leu-Phe-Cys)-OH. ALOS4 was custom-synthesized by
Shanghai Hanhong Scientific Co. (Cat#P120301-LG221431, Shanghai, China). Stock so-
lutions of ALOS4 at 10 mM, were prepared in sterile physiological saline solution (0.9%;
Sigma-Aldrich, Cat#7647-14-5, Darmstadt, Germany) with the addition of 0.02% BSA (Bi-
ological Industries, Cat#1522089, Kibbutz Beit-Haemek, Israel) and maintained at either
−20 ◦C for short term use, or −80 ◦C for long-term storage. For each experiment, ALOS4
was thawed and freshly diluted to working concentrations in physiological saline.

4.2. Cell Cultures

A375 human melanoma cells (ATCC; Cat#CRL-1619, Manassas, VA, USA) were grown
in Dulbecco’s Modified Eagle Medium (DMEM; Fisher Scientific [Gibco], Cat#41965-039,
Hampton, NH, USA) with 4.5 g/L glucose and L-glutamine, supplemented with 10% fetal
bovine serum (FBS; Fisher Scientific [Gibco], Cat#16000-036, Hampton, NH, USA) and 1%
penicillin-streptomycin (Fisher Scientific, Cat#10378-016, Hampton, NH, USA). Cells were
maintained on uncoated dishes in atmosphere of 5% CO2 at 370 ◦C.

4.3. Chemical Properties Assays

Adhesiveness to inert materials was measured for ALOS4 0.9% NaCl(aq) solution in
concentrations of 1, 3 10, 30, or 100 µM and incubated in standard laboratory polypropylene
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microtubes for 60 min at room temperature. Solutions were transferred to either polypropy-
lene LC vials or borosilicate glass LC vials. Optimal formulation stability of ALOS4 was
analyzed in either saline solution (0.9% NaCl) or saline solution containing 0.1% tween 80
(polysorbate; Sigma-Aldrich, Cat#P1754, Darmstadt, Germany) at concentrations of 0.5,
5, 50, 500, or 5000 pmol/µL. Solutions were incubated in standard polypropylene tubes
for 60 min at room temperature. Acid/base stability was measured for ALOS4 formulated
in saline at a concentration of 10 µM and incubated for 1 or 24 h at 3.4, 4.4, 5.4, 6.4, 7.4, or
9.4 pH at temperatures of 4, 25, or 37 ◦C. Recovery of ALOS4 following these materials
assays was assessed by LC-MS.

4.4. Animals

To investigate the effect of ALOS4 on human melanoma cancer cells, nude Fox nu/nu
mice were used for SC- or IV-injected inoculations. Additionally, uninoculated (nominally
cancer-free) ICR mice were used for safety and toxicity studies. Mice were obtained from
Envigo, Israel, and arrived at the age of 4–5 weeks old. Upon arrival, mice were habituated
to vivarium conditions for one week before initiation of experiments. All mice were
maintained under a 12:12 light–dark cycle and provided Purina rodent chow (Envigo,
Ness-Ziona, Israel) and water ad libitum. Animals were housed five to a cage in a room
maintained at 22 ± 0.5 ◦C (nude mice cages were held in a laminar-flow cabinet).

4.5. Behavioral Models
4.5.1. Open Field

To evaluate the effect of ALOS4 on mouse locomotor activity, we used the open field
(OF) behavioral test [59,60]. This assay consists of an arena (30 × 40 cm) with no grid
markings and uses an infrared imaging system. The number of entries into the arena
center zone was recorded using EthoVision 7.1 software (Noldus Information Technology,
Wageningen, The Netherlands). Each mouse was placed individually in the center of the
arena and evaluated for 6 min. Arena center dwell time versus arena border dwell time, as
well as total traveled distance, were recorded. To provide a less stressful environment, the
test was performed in a semi-dark room. One hour prior to the test, all mice were placed
in the behavioral experiment room for acclimation. Between subjects, the apparatus was
thoroughly washed with 70% ethanol and dried.

4.5.2. Elevated plus Maze

To evaluate the effect of ALOS4 on mouse anxiety-like behaviors, we used the elevated
plus maze test (EPM) [60]. The EPM consists of a plus-shaped arena with two open
(10 × 45 × 40 cm) and two enclosed (10 × 45 × 40 cm) open-roof arms, elevated 70 cm
from the floor. Each mouse was placed in the center of the maze and was free to move
in the arena for 5 min. The number of entries into open and closed arms, as well as
time spent in the open and closed arms (dwell time), was recorded using EthoVision 7.1
software (Noldus Information Technology, Wageningen, The Netherlands). To provide a
less stressful environment, the test was performed in a semi-dark room. One hour prior to
the test, all mice were placed in the behavioral experiment room for acclimation. Between
subjects, the apparatus was thoroughly washed with 70% ethanol and dried.

4.5.3. Toxicity Assessment

Acute single or repeated doses of ALOS4 at 10, 30, 90, 180, or 360 mg/kg were
administered intravenously to uninoculated (nominally cancer-free) ICR mice. Body
weight, rectal temperature, and survival were evaluated for 14 days following injections.
Mice were also evaluated for locomotory and anxiety-like behaviors (open-field and EPM)
on treatment day 14.
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4.5.4. Subcutaneous Model of Melanoma

We used a subcutaneous (SC) melanoma model to study the effect of ALOS4 on
localized solid tumor growth. Nude mice (Fox nu/nu) were SC injected with A375 cells
at 2 × 106 cells in 100 µL in serum-free DMEM medium/mouse. Following inoculation,
all mice were randomly divided into experimental groups, then treated IP with either
ALOS4 or saline (negative control) at day one post-inoculation. Mouse body weights were
monitored during the course of the experiment. The base-weight of mice was determined
by the weight on the second day to account for acclimation-related changes, then mice were
weighed twice a week until tumor appearance and thereafter daily until the experiment
was terminated. Termination resulted from mouse death, when tumor diameter reached or
exceeded 1500 mm3, or when 30 days of treatment had elapsed, whereupon mice were CO2
euthanized. Mice were IP-injected with ALOS4 (0.1, 0.3, or 30 mg/kg; assumed therapeutic
range) or saline (control) at identical fixed volumes. SC inoculation of cells usually formed
a palpable tumor in 7–14 days. Tumor volumes were estimated by digital caliper and
calculated with the following equation: V(tumor, mm3) = π/6 × width × length × height.
Survival rate of mice was documented at the end point of experiments. Tumor growth
rates were calculated by the following formula: TGI% = (relative tumor volume ALOS4-
treated)/(relative tumor volume saline-treated).

4.5.5. Immunohistochemistry of A375 Tumor

Nude mice (Fox nu/nu) were SC-inoculated with A375 human melanoma cells
(2 × 106 cells in 100 µL normal saline/mouse) and treated for 18 days with ALOS4
(0, 0.3, 3, 30 mg/kg) injected IP with daily monitoring for clinical signs. Mice were
euthanized by CO2 asphyxiation when the first mouse reached the ethical protocol limit of
1500 mm3 tumor size. Tumors were harvested, weighed, and fixed in 4% formalin. After
24 h fixation, samples were rinsed with PBS and transferred to 70% ethanol for transport
to the pathology laboratory. Embedding, 5 µm sectioning, and slide preparation were
performed for the 5 tumors from each experimental group (n = 4 for the 0.3 mg/kg due to
the technical issues within processing) according to routine procedure.

Tumor pathology was rated by a certified veterinary pathologist (Patho-Logica, Re-
hovot, Israel) using the following scales when examined at 40×magnification: Pleomor-
phism (0, none; 1, mild; 2, moderate; 3, severe), mitotic index (mitotic indicators were
counted in 10 different 40× fields and averaged), degree of vascular invasion
(−, none; +, invasion). Prepared tumor tissue slides were also evaluated for the pres-
ence of tumor-related-markers by monoclonal antibody staining for the α-smooth muscle
actin (αSMA), the marker of vascular smooth muscle cells, as well as the nuclear protein
cell proliferation marker Ki-67 using the following rating scales: αSMA (0, not present; 1,
mild [10–20 positive vessels]; 2, moderate [20–50 positive vessels]; 3, severe [>50 positive
vessels]), Ki-67 (0, not present; 1, <10%; 2, 10–50%; 3, 50–75%; 4, >75%).

4.5.6. RNA Extraction and qRT-PCR

RNA from A375 cells 24 and 48 h after the treatment was purified from cells using a
quick RNA miniprep kit (Zymo Research, Cat#R1018, Irvine, CA, USA). DNase treatment
was performed using on-column DNase digestion. RNA concentration was measured at
260 nm using NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA,
Cat#DE19810) and 260/280 ratio method was used to verify that the samples met proper
purification standards around 2. A total of 1 µg of total RNA was reverse-transcribed using
a reverse transcription system (Promega, Cat#A3500, Madison, WI, USA). The master mix
for cDNA synthesis insisted of 10× Reverse Transcription buffer, dNTP mix, oligo (dT)
(18T) primers, and AMV enzyme. The reverse transcription reaction was performed in a
thermocycler (Bio-Rad Laboratories, T100, Hercules, CA, USA) using a two-step program:
42 ◦C for 60 min followed by heating to 70 ◦C for 15 min to terminate the reaction, and
maintained at 4 ◦C. The quantitative RT-PCR for c-Fos and c-Jun was performed using
2× PCR SYBR Green Master Mix (Applied Biosystems, Cat#4344463, Warrington, UK),
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with a 100 nM mixture of forward and reverse primers (c-Fos forward: ctggcgttgtgaagaccat
and reverse: tcccttcggattctcctttt; c-Jun forward: atcaaggcggagaggaagc and reverse: tgag-
catgttggccgtggac; as well as HPRT used as an endogenous normalization factor, forward:
cctggcgtcgtgattagtgat and reverse: tcgagcaagacgttcagtcc), 4 µg of cDNA and RNase/DNase
free water. Samples were placed in Real-Time PCR (AriaMx; Cat#G88230A, Santa Clara,
CA, USA,) and reactions were performed in a thermocycler: 180 s at 95 ◦C, followed by
40 cycles of 3 s at 95 ◦C and 30 s at 60 ◦C.

4.5.7. Protein Extraction and Western Blot Analysis

Proteins from A375 cells were extracted in RIPA lysis buffer solution (150 mM NaCl,
50 mM Tris-HCl pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) with freshly
added 1 mM sodium orthovanadate (Na3VO4; Sigma-Aldrich, Cat#S6508, Darmstadt, Ger-
many), 5 mM sodium fluoride (NaF; Sigma-Aldrich, Cat#S7920, Darmstadt, Germany),
protease inhibitor cocktail (Millipore, Cat#539134, Burlington, MA, USA), and phosphatase
inhibitor (Sigma-Aldrich, Cat#4906845001, Darmstadt, Germany). Protein concentrations
were assessed using a Bradford assay. Proteins were separated by gel electrophoresis in
an 8% polyacrylamide gel. Blots were incubated with blocking solution (5% BSA in TBST:
Bio-Lab, Cat#208923, Jerusalem, Israel) for 1 h with gentle shaking at room temperature.
After blocking, separate membranes were each probed with one of target-specific anti-
bodies (ERK1/2, Millipore, Cat#MABS827, Burlington, MA, USA; pERK, Cell Signaling,
Cat#C33E10, Danvers, MA, USA; FAK, Cell Signaling, Cat#3285; pFAK, Santa Cruz, Cat#sc-
374668, Dallas TX, USA; c-Src, Novus Biologicals, Cat#5A18, Littleton CO, USA; p-c-Src,
Santa Cruz, Cat#sc-166860), then hybridized with horseradish peroxidase-conjugated strep-
tavidin secondary antibodies (Abcam, Cat#ab6802 and ab205719, Cambridge, UK) and
developed using ECL solution (Immobilon Crescendo Western HRP substrate, Millipore,
Cat#ELLUR0100, Burlington, MA, USA) according to the manufacturer protocol. After the
antibody of a specific protein on each membrane was evaluated, we performed a GAPDH
(Millipore, Cat#MABS819, Burlington, MA, USA) re-probe for all of membranes to quantify
the target proteins. FAK and Src were performed after stripping on the same membrane
and that is why they share their common GAPDH. Blots were visualized using ChemiDoc™
Imaging System (Bio-Rad Laboratories, Hercules, CA, USA) apparatus and densitometry
analysis was performed using Image Lab Software (Bio-Rad Laboratories, Hercules, CA,
USA). The grouped data sets representing phosphorylated and total proteins demonstrates
percentage of each treated group normalized to untreated control.

4.5.8. Complete Blood Cell Count and Blood Chemistry

ICR mice were treated with single IV injections of ALOS4 (30, 90, or 180 mg/kg) and
blood samples were collected at 24 h post-injection to EDTA and serum tubes. Complete
blood cell count (CBC) and blood chemistry analyses were performed for saline and ALOS4
treatment groups at a certified animal laboratory (Herzliya Medical Center, Herzliya, Israel).

4.5.9. Statistical Analysis

All data are expressed as means ± SE (±SD in a few measures). Threshold for signifi-
cance was set to α = 0.05. Multiple treatments were Bonferroni-corrected and compared by
unmatched one-way ANOVA for single time point results or by two-way ANOVA for mul-
tiple treatment outcomes over time. ANOVA tests were followed with a Bonferroni means
separation test to identify specific differences between treatments. For ordinal or nominal
data of tumor immunohistochemistry scoring, groups were compared by Kruskal–Wallis
ANOVA followed by a Dunn’s post-test for intergroup comparisons [61]. To differen-
tiate between responders and non-responders for tumor growth effects, we performed
responder operator curve analyses (ROC) to separate groups. ROC analyses and ANOVAs
including post-tests were performed with GraphPad Prism 7.0.
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5. Patents

Pinhasov A. has an ALOS4 patent (62/127,854).
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Abstract: Environment-sensitive fluorophores are very valuable tools in the study of molecular and
cellular processes. When used to label proteins and peptides, they allow for the monitoring of even
small variations in the local microenvironment, thus acting as reporters of conformational variations
and binding events. Luciferin and aminoluciferin, well known substrates of firefly luciferase, are
environment-sensitive fluorophores with unusual and still-unexploited properties. Both fluorophores
show strong solvatochromism. Moreover, luciferin fluorescence is influenced by pH and water
abundance. These features allow to detect local variations of pH, solvent polarity and local water
concentration, even when they occur simultaneously, by analyzing excitation and emission spectra.
Here, we describe the characterization of (amino)luciferin-labeled derivatives of four bioactive
peptides: the antimicrobial peptides GKY20 and ApoBL, the antitumor peptide p53pAnt and the
integrin-binding peptide RGD. The two probes allowed for the study of the interaction of the peptides
with model membranes, SDS micelles, lipopolysaccharide micelles and Escherichia coli cells. Kd values
and binding stoichiometries for lipopolysaccharide were also determined. Aminoluciferin also
proved to be very well-suited to confocal laser scanning microscopy. Overall, the characterization of the
labeled peptides demonstrates that luciferin and aminoluciferin are previously neglected environment-
sensitive labels with widespread potential applications in the study of proteins and peptides.

Keywords: fluorescent peptide; environment-sensitive fluorophore; peptide labeling; luciferin;
membrane-binding peptide; antimicrobial peptide; antitumor peptide; RGD peptide

1. Introduction

Environment-sensitive fluorophores are fluorophores, the excitation spectra, emission
spectra and/or quantum yields (QY) of which depend on variables such as pH, solvent
polarity, viscosity and even molecular crowding/aggregation state. Several different
molecular mechanisms can contribute to modulation of the fluorescence of environment-
sensitive fluorophores [1]. Solvatochromic fluorophores, the λmax of which changes with
solvent polarity, are often push-pull molecules with an electron-donating and an electron-
withdrawing group bound to an aromatic moiety. Solvent polarity strongly affects the
intramolecular charge transfer of these molecules, thus modulating their fluorescence [1].
In a less common type of solvatochromic fluorophores, an excited-state intramolecular
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proton-transfer event generates tautomeric forms with different absorption and emission
spectra [1]. In other cases, conformational changes or variations in the aggregation state
strongly influence the fluorescence of the probe [1]. Finally, pH probes have two or more
ionizations states with different fluorescence properties [2]. Often, only one of the pH-
dependent species is fluorescent.

These fluorophores are very valuable tools in the study of a wide variety of molecular
and cellular processes [1,2]. As protein and peptide labels, they find applications in the
study of conformational variations of proteins, of protein/protein, protein/ligand and
protein/membrane interactions but also in the design of biosensors [1,3,4]. For these
reasons, the search for new environment-sensitive fluorescent probes and, in particular, for
protein and peptide labels, is a very active research field.

Firefly luciferin (Luc), the substrate of firefly luciferase, is the most popular biolumines-
cent compound [5]. It is less known that Luc is also an environment-sensitive fluorophore
with unusual properties, summarized in Figure 1. Even if Luc is typical push-pull molecule,
the hydroxyl group at position 6 of the benzothiazole moiety behaves as a weak acid with a
pKa ≈ 8.7 (Figure 1A) [6]. Both the phenol and the phenolate forms are strongly fluorescent
but with very different excitation and emission wavelengths (Figure 1B) [7]. However,
as Luc is a “photoacid” [7–9], it undergoes a light-induced dissociation with a pKa < 1
(Figure 1B). Thus, in the presence of water or other proton acceptors, Luc fluorescence is
exclusively the result of the magenta and green pathways shown in Figure 1B. Even in
neutral and acidic aqueous media, only the emission of the phenolate at 530 nm is generally
observed, regardless of the excitation wavelength. Only in anhydrous organic solvents,
e.g., acetonitrile or DMSO, does Luc show the blue fluorescence emitted by the phenol
form (blue pathway in Figure 1B) [8,9]. However, very low amounts of water cause the
appearance of the green emission. For example, in acetonitrile containing 14% water, the
intensity of the blue and green emissions is comparable [8].

Two synthetic Luc analogues (Figure 1B), methoxyluciferin (mLuc) and aminoluciferin
(aLuc), bearing non-dissociable groups at position 6 of the benzothiazole moiety show a
single emission peak, with emission maxima similar to those of Luc phenol and phenolate
forms, respectively [10,11]. mLuc is a very weak fluorophore [10], whereas aLuc is brighter
than Luc itself; very interestingly, it is a strongly solvatochromic fluorophore with shifts up
to 40 nm in the λmax values [11].

In spite of these intriguing features, there are very few reports of probes exploiting
(amino)luciferin fluorescence to detect cell thiols [12–14] or Furin activity [15]. To our knowl-
edge, no example of direct fluorescent labeling of proteins or peptides based on Luc exists.
This is even more surprising, considering that a Luc moiety can be incorporated very easily
at the N-terminus of proteins and peptides. The final step of biological synthesis of Luc
is a spontaneous condensation between D-cysteine and 6-hydroxy-2-cyanobenzothiazole
(Figure 1C). This reaction is included among the so-called “click reactions” that are quanti-
tative, irreversible and very fast in physiological conditions (phosphate buffer, pH 7–7.4,
25–37 ◦C) [16,17].

L-cysteine at the N-terminus of a peptide reacts with 2-cyanobenzothiazole (CBT) simi-
larly to free cysteine, as the carboxyl group is not involved in the reaction
(Figure 1C). Moreover, the nature of the substituent at position 6 of CBT also has a lim-
ited impact on the reaction. Therefore, peptides with an N-terminal cysteine residue are
efficiently labeled trough a Luc-like spacer by using 6-substituted 2-cyanobenzothiazoles
carrying any desired molecule (e.g., biotin, metal chelates, fluorophores, etc.) conjugated
at position 6 (Figure 1C) [16,17]. In these bioconjugates, the label is usually attached
through acylation of the amino group of aLuc or, less commonly, through alkylation
of the hydroxyl group of Luc (Figure 1C), thus strongly reducing the fluorescence of
(amino)luciferin [10,14,18]. Very interestingly, even if CBT reacts quantitatively and irre-
versibly with N-terminal cysteines, it generally forms a reversible adduct with the thiol
group of internal cysteine residues, which can be removed by adding free cysteine or other
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aminothiols [16,17]. Therefore, an N-terminal cysteine can also be selectively labeled in the
presence of cysteine residues at other positions on the peptide.

Figure 1. Structure, fluorescence and synthesis of luciferin and its analogues. (A) Structure of luciferin
in phenol and phenolate forms. (B) Fluorescence of luciferin (Luc-OH), luciferin phenolate (Luc-O−),
methoxyluciferin (Luc-OCH3) and aminoluciferin (Luc-NH2). Excited states are indicated by an
asterisk. (C) Condensation reaction between 6-substituted 2-cyanobenzothiazoles and cysteine (free
or as N-terminal residue of a peptide). R1 and R2 can be a wide variety of alkyl and acyl groups. The
nature of R1 and R2 has little or no impact on the reaction but can strongly influence fluorescence.

In order to study the possible exploitation of (amino)luciferin as an environment-
sensitive fluorescent label for peptides, we synthesized (amino)luciferin conjugates of four
peptides of different lengths, compositions and biological properties. Characterization of
the fluorescence properties of the labeled peptides demonstrates that Luc and its analogues
are previously neglected bright and photostable fluorescent labels suited for in vitro studies
like peptide/membrane or peptide/cell interactions and microscopy/imaging studies.

2. Results
2.1. Preparation and Labeling of the Peptides

To evaluate the suitability of Luc and aLuc as environment-sensitive fluorescent labels,
we selected four previously described bioactive peptides: GKY20 (20 residues), ApoBL
(37 residues), p53pAnt (37 residues) and RGD (6 residues) (Figure S1, Supplementary
Materials). GKY20 [19] and ApoBL [20] are cryptic cationic antimicrobial peptides (CAMP),
peptides unusually rich in cationic and hydrophobic residues, which kill bacteria by dam-
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aging structural integrity and functions of bacterial membranes [21–23]. Moreover, CAMPs
often show additional pharmacologically relevant biological activities, like antifungal,
antitumor and anti-inflammatory activity [23,24]. p53pAnt (also spelled p53p-Ant) is a de-
signed antitumor peptide containing a sequence at the N-terminus that induces apoptosis
by interacting with p53, as well as a “cell-penetrating peptide” (CPP) at the C-terminus that
derived from the Antennapedia protein homeodomain, which can drive peptides inside
eukaryotic cells both by directly crossing the cytoplasmic membrane and by mediating
endocytosis [25–27]. RGD is a natural ligand of integrins, cell surface proteins involved
in adhesion to the extracellular matrix [28,29]. It is very different from the other three
peptides; it is very short, hydrophilic and uncharged. RGD interaction with eukaryotic
cell membranes depends on binding to a protein receptor rather than on a direct interac-
tion with membrane lipids, as in the case of CAMPs and CPPs. Immobilized RGD-like
peptides are frequently used to promote the adhesion of eukaryotic cells to surfaces, poly-
mers, hydrogels, etc. Moreover, they may find applications in diagnostic and imaging
fields [30,31]. Peptides GKY20, ApoBL and p53pAnt with an additional cysteine residue at
the N-terminus—herein named (C)GKY20, (C)ApoBL and (C)p53pAnt—were prepared
using a recently described strategy for the preparation of recombinant toxic peptides in
E. coli based on the selective cleavage of a carrier/peptide fusion bearing the acid sensitive
sequence Asp-Cys [32] (details in Supplementary Materials, Sections S2–S4). Peptide RGD
with an additional cysteine residue at the N-terminus—(C)RGD—was obtained by chemi-
cal synthesis. The four peptides were labeled with either a Luc or an aLuc moiety at the
N-terminus by incubation with a slight molar excess of 6-hydroxy-2-cyanobenzothiazole or
6-amino-2-cyanobenzothiazole, respectively, in aqueous buffer at pH 7.4 at 25 ◦C (Supple-
mentary Materials, Section S5). As expected, based on the well-known high efficiency of
this reaction, Luc-labeled peptides (Luc-GKY20, Luc-ApoBL, Luc-p53pAnt and Luc-RGD)
and aLuc-labeled peptides (aLuc-GKY20, aLuc-ApoBL, aLuc-p53pAnt and aLuc-RGD)
were obtained with yields close to 100% after very short incubation times (30–60 min).
(C)GKY20 was also treated with 6-methoxy-2-cyanobenzothiazole to obtain an mLuc-
labeled peptide (mLuc-GKY20) and with PyMPO maleimide, the thiol-reactive version
of PyMPO, a widely used photostable solvatochromic fluorophore [33–35], to obtain the
peptide PyMPO-(C)GKY20. After purification (Section 4 and Supplementary Materials),
the mass of all labeled peptides was confirmed by MALDI-MS (Table S1). SDS-PAGE
analysis of labeled GKY20, ApoBL and p53pAnt shows their bright fluorescence under
UV light (365 nm) and their solvatochromic nature appreciable even by the naked eye
(Figure S2).

2.2. Stability and Biological Activity of Luc-Labeled Peptides

When choosing the best fluorophore to label a peptide, in addition to excitation and
emission wavelengths, other relevant parameters are (photo)stability and molecular fea-
tures, which might influence the biological activity of the peptide to be labeled (molecular
weight, charge, hydrophobicity, etc.).

Although Luc is a fairly stable molecule, in order to evaluate the photostability of
Luc-labeled peptides, we monitored the fluorescence of Luc-GKY20, aLuc-GKY20 and
mLuc-GKY20 for 60 min, constantly exciting the three labeled peptides at their respective
maximum absorption. As comparative control, we used the very photostable fluorophore
PyMPO [33] by treating PyMPO-(C)GKY20 in the same conditions. Luc-GKY20 lost only
30% of its initial fluorescence (Figure S3), thus proving to be even more photostable
than PyMPO-(C)GKY20, which lost 43% of its initial fluorescence. aLuc-GKY20 and
mLuc-GKY20 proved to be slightly less photostable than Luc-GKY20, with a loss of initial
fluorescence of about 55% and 60%, respectively. Therefore, Luc can be considered a very
stable label, though aLuc is also a suitable tool.
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An ideal fluorescent label or probe should not significantly change the properties (size,
hydrophobicity, charge, etc.) of the peptide to be labeled in order to minimize the risk of
altering its chemical-physical behavior and/or biological activity. Therefore, we compared
molecular weight, accessible surface area (ASA), polar ASA, ratio of polar ASA/ASA and
number of charged groups (Table S2) of Luc, aLuc and a wide panel of commonly used
solvatochromic and non-solvatochromic fluorescent labels that can be attached either at
the N-terminus of a peptide (generally through an amide or a sulfonamide bond) or at the
side-chain sulfur of a cysteine residue (generally through a thioether bond). Only NBD and
some coumarin dyes among fluorescent labels that can be attached at the N-terminus and
only bimane among fluorescent labels that can be attached to the side chain of a cysteine
residue have an ASA smaller than that of Luc and aLuc. Moreover, several solvatochromic
and not-solvatochromic fluorophores are either quite hydrophobic (e.g., pyrene-1-butirrate,
Atto 495, most BODIPY labels, BADAN etc.) or very hydrophilic and with several charged
groups (e.g., Alexa Fluor™ 405 and Alexa Fluor 488-C5-maleimide), whereas Luc and aLuc
have an intermediate ratio of polar ASA/ASA (0.31–0.34) and no (aLuc) or low charge (Luc
at neutral pH). Therefore, Luc and aLuc can be confidently considered fluorescent labels
with a low impact on the molecular properties of the labeled peptide.

In order to determine the influence of Luc labels on the biological activity of the
peptides considered in this study, we compared the antimicrobial activity of labeled GKY20
and ApoBL with that of the corresponding unlabeled recombinant peptides, (P)GKY20 [36]
and (P)ApoBL [20] (Supplementary Materials, Section S6). The cytotoxic activity of labeled
and unlabeled p53pAnt was also investigated (Supplementary Materials, Section S7). The
minimum inhibitory concentrations (MIC) of Luc-GKY20 and aLuc-GKY20 were found to
be identical to those measured for (P)GKY20 on Gram-negative and Gram-positive strains
(Table S3). The MIC values of Luc-ApoBL and aLuc-ApoBL were found to be very similar
to those measured for (P)ApoBL (the observed differences, not higher than one dilution,
are generally considered not significant in the microdilution assay).

Luc-p53pAnt and (C)p53pAnt showed similar toxicity when assayed on two human
cell lines, namely HaCaT noncancerous immortalized keratinocytes and HeLa cervical
cancer cells (Figure S4). It is worth noting that labeled and unlabeled p53pAnt showed
significantly higher toxicity for HeLa cancer cells than for HaCaT cell, as expected of an
anticancer peptide.

Finally, we tested the effect Luc-RGD and unlabeled RGD on HaCaT and HeLa cells.
As expected, we did not observe any significant toxic effect.

2.3. Response of the Labeled Peptides to Solvent Polarity Changes

Most solvatochromic fluorophores show an increase in fluorescence emission and
a blue shift of the λmax as solvent polarity decreases. Therefore, we measured emission
spectra and QY of the labeled peptides in sodium phosphate 10 mM, pH 7.4 (NaP) and in
the same buffer containing 50% (v:v) either isopropanol or methanol.

The emission spectra in NaP of the Luc- and aLuc-labeled peptides showed maximum
emission at 539 and 526 nm, respectively (Figure S5 and Table 1). As expected, all the
labeled peptides showed a blue shift of the λmax in the presence of the organic solvents
(Table 1). The blue shift was less in the case of Luc-labeled peptides (6–7 nm) and greater in
the case of aLuc-labeled peptides (9–15 nm). Furthermore, aLuc-labeled peptides showed
a considerably greater blue shift in isopropanol than in methanol, thus confirming that
aLuc is a probe more sensitive to solvent polarity compared to Luc. mLuc-GKY20 showed
blue-shift values very similar to those of aLuc-GKY20, whereas PyMPO-(C)GKY20 showed
a 5 nm blue shift only in the presence of isopropanol.

Intriguingly, emission intensities (Figure S5) and QY values (Table 2) showed complex
and partially unexpected variation characteristic of each peptide. For example, all the
variants of GKY20 showed very large increases in emission intensities and QY values in
the presence of the organic solvent (2.5–6 times higher in 50% isopropanol than in water).
On the contrary, Luc-p53pAnt and aLuc-p53pAnt showed a 30–35% reduction in QY. Both
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labeled variants of ApoBL and RGD showed little or no variation in emission intensities
(Figure S5) and QY (Table 2). These puzzling variations are likely the result of a very well-
known phenomenon, i.e., the quenching of fluorophores bound to protein/peptides. Even
if several mechanisms can contribute to quenching, the most common is photoinduced
electron transfer (PET), a reversible light-triggered transfer of electrons from amino-acid
residues to the fluorophore [37]. The most efficient donors are tryptophan and tyrosine,
although to a lesser extent, histidine and methionine can also contribute significantly to
quenching [38]. Obviously, the redox potential of a fluorophore and therefore its propensity
to accept electrons, influences its sensitivity to quenching [37].

Table 1. λmax and blue-shift values of the labeled peptides.

Peptide λmax (nm) a

NaP
pH 7.4

MeOH
50%

IPA
50%

SDS
(25 mM)

POPC
+POPG POPC LPS

(200 µg/mL) E. coli Cells

Luc-GKY20 538 533 (5) 531 (7) 526 (12) 520 (19) 520 (19) 516 (23) 522 (16)
Luc-ApoBL 539 533 (6) 533 (6) 526 (13) 522 (17) 539 (0) 508 (31) 534 (5)

Luc-p53pAnt 539 533 (6) 533 (6) 526 (13) 522 (17) 539 (0) nd b nd
Luc-RGD 539 533 (6) 533 (6) 533 (6) 539 (0) 539 (0) nd nd

aLuc-GKY20 525 515 (10) 510 (15) 506 (19) 499 (26) 499 (26) 503 (22) 509 (16)
aLuc-ApoBL 527 516 (11) 512 (15) 505 (22) 497 (27) 527 (0) 486 (41) 518 (9)

aLuc-p53pAnt 526 516 (10) 515 (11) 504 (22) 499 (25) 526 (0) nd nd
aLuc-RGD 526 517 (9) 513 (13) 510 (16) 526 (0) 526 (0) nd nd

mLuc-GKY20 439 429 (10) 424 (15) 422 (17) nd nd nd nd
PyMPO-(C)GKY20 563 563 (0) 558 (5) 556 (7) 535 (28) 541 (22) nd nd

a Blue-shift values with respect to the λmax in NaP are shown in parenthesis. b nd = not determined.

Table 2. Relative quantum yield of the labeled peptides.

Peptide QY a (Variation Relative to NaP pH 7.4)
NaP pH 7.4 IPA 50% b NaAc c pH 5.0

PyMPO-GKY20 0.080 0.373 (4.66) ndd

mLuc-GKY20 0.008 0.021 (2.63) nd
Luc-GKY20 0.111 0.639 (5.76) 0.269 (2.42)
aLuc-GKY20 0.202 0.969 (4.80) nd

Luc-ApoBL 0.365 0.389 (1.07) 0.450 (1.23)
aLuc-ApoBL 0.574 0.757 (1.32) nd

Luc-p53pAnt 0.261 0.184 (0.70) 0.418 (1.60)
aLuc-p53pAnt 0.432 0.274 (0.63) nd

Luc-RGD 0.519 0.443 (0.85) 0.510 (0.98)
aLuc-RGD 0.937 1.040 (1.11) nd

a Errors ≤ 5% of the reported values. b Isopropanol:NaP pH 7.4 (1:1, v/v). c Sodium acetate 20 mM.
d nd = not determined.

PET is also very sensitive to distance and orientation of the donor/acceptor couple, so
the quenching efficiency can be influenced even by minor variations in the conformation
of the labeled protein/peptide. In fact, PET-mediated quenching is a powerful tool for
detection of conformational variations in proteins and peptides [37].

Very interestingly, the peptides that show the largest variations, namely GKY20 and
p53pAnt, contain several residues with strong quenching ability (tryptophan, histidine and
two tyrosines in GKY20; two tryptophans, three histidines and a methionine in p53pAnt;
Figure S1).

The QY values of the Luc-labeled peptides were also measured in sodium acetate at
pH 5.0 to induce the protonation of the histidine residues. Protonation of histidine residue
can influence PET quenching both directly, by reducing the donor ability of the imidazole
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ring, and indirectly, by inducing conformational changes. As expected, significant increases
in QY values were observed only for the three peptides containing histidine residues:
GKY20, p53pAnt and ApoBL (Table 2). To date, it has not been possible to determine the
relative contribution of the direct and indirect effect of histidine protonation on quenching.

2.4. Response of Luc-Labeled Peptides to pH

Luc has a phenolic hydroxyl, which behaves as a weak acid, with a pKa of about
8.7 [6]. As Luc and its phenolate have quite different excitation spectra, with maxima at
330 and 395 nm, respectively, the excitation spectra of the Luc-labeled peptides recorded at
pH 7.4 show a characteristic shoulder at 390–400 nm originating from the small amount
of phenolate ion present at this pH (Figure S6). It should be noted that the shoulder
is also visible in the presence of organic solvents (Figure S5). On the other hand, the
shoulder disappears in buffers with pH values below 6, as Luc becomes protonated,
whereas the peak at 400 nm prevails at pH values greater than 8.5 (Figure S6). By record-
ing the emission at 539 nm of the Luc-labeled peptides after excitation at 400 nm in
buffers with different pH values, we determined the actual pKa values of the Luc moieties
(Table 3). All pKa values were found to be slightly lower than those of free Luc, with small
differences among the peptides, likely due to differences in the net charge and distribution
of positively charged residues. In particular, the highest pKa value was found for Luc-RGD,
the only peptide with a negative net charge at pH values close to the pKa of the Luc moiety
(Table 3). The remaining three peptides have a high positive net charge, which could
stabilize the phenolate anion, thus lowering the pKa value. The possibility of selectively
exciting the phenolic or phenolate form of Luc not only makes Luc a useful pH probe for
the pH range of 7–8 but also allows for monitoring of the formation of peptide/ligand
complexes in which the ionization of the Luc moiety is suppressed or altered. The next
sections show some applications of this peculiar feature of Luc.

Table 3. pKa values of the phenolic group in Luc and Luc-labeled peptides.

Peptide Net Charge of the Peptidyl Moiety a pKa

Free Luc not applicable 8.70 b

Luc-RGD −1 8.40 ± 0.03
Luc-GKY20 +4 8.13 ± 0.04
Luc-ApoBL +6 8.11 ± 0.04

Luc-p53pAnt +11 7.97 ± 0.03
a Theoretical net charge at pH 7.5–9.0 calculated attributing a charge = +1 to each lysine/arginine residue and a
charge = −1 to each aspartate/glutamate residue and to the free C-terminus. b From reference [6].

2.5. Interaction of Labeled Peptides with Liposomes

Both CAMPs and CPPs are able to interact with biological membranes, and this
interaction is essential to their properties. Therefore, in order to verify whether Luc-
labeling can be used to investigate peptide/membrane interaction, we studied the be-
havior of the labeled peptides in the presence of liposomes composed either of pure
palmitoyl-oleoyl-phosphatidylcholine (POPC) or of a mixture of POPC and palmitoyl-
oleoyl-phosphatidylglycerol (POPG) at a molar ratio of 4:1. As the POPC head group is
zwitterionic, liposomes composed only of this lipid are neutral and are usually considered
mimetic of eukaryotic cell membranes. On the contrary, POPG-containing liposomes are
negatively charged and are considered a simplified model of bacterial cell membranes.

The short, hydrophilic and negatively charged labeled RGD was used as a negative
control. As expected, the excitation and emission spectra of Luc-RGD were essentially
identical in NaP and in the presence of the two types of liposomes (Figure 2).
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Figure 2. Fluorescence of labeled peptides in the presence of liposomes of POPC or POPC/POPG (5:1). Excitation spectra
of luciferin (left), emission spectra of luciferin (center) and emission spectra of aminoluciferin (right) were recorded for
peptides RGD (A–C), ApoBL (D–F), p53pAnt (G–I) and GKY20 (J–L). Spectra recorded in the presence of liposomes were
normalized to the corresponding spectra in NaP. Arrows highlight the main changes with respect to NaP.

The same result was obtained in the case of the emission spectrum of aLuc-RGD
(Figure 2). On the contrary, in the case of Luc-ApoBL, the excitation spectrum in the presence
of POPC/POPG liposomes was clearly different from the spectra in NaP and in the presence
of POPC liposomes, completely lacking a shoulder at 400 nm (Figure 2). This suggests that
in the presence of POPC/POPG liposomes, the deprotonation of the Luc phenolic group
is inhibited. Two mechanisms could explain this finding: (i) embedding of the phenolic
group of Luc among the lipids would directly prevent deprotonation; or (ii) binding of
the Luc probe to the surface of the negatively charged POPC/POPG liposomes could
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prevent deprotonation as a consequence of the more acidic local environment. In fact,
it is well-known that polyanionic surfaces and polymers determine the formation of
acidic local environments by attracting protons from the bulk solution [39,40]. Further
information was obtained from analysis of the emission spectra. Once more, the emission
spectrum in the presence of POPC/POPG liposomes was very different from the other
two spectra, showing the presence of a large shoulder at 425–430 nm (Figure 2). As
mentioned above, this blue emission is characteristic of the phenolic form of Luc and can
only be observed when Luc is in an environment with very low water content, a condition
able to suppress the photoinduced dissociation. Therefore, the presence of a blue shoulder
in the emission spectrum of Luc-ApoBL is a clear indication that the Luc moiety is deeply
embedded into the POPC/POPG bilayer. This is further confirmed by the 16–18 nm blue
shift (from 539 to about 522 nm) of the peak in the green region (Table 1). The analysis of
the emission spectra of aLuc-ApoBL is simpler but not less informative. This peptide shows
a considerable increase in the fluorescence emission and a 27–28 nm blue shift (from 525 to
about 497 nm) only in the presence of POPC/POPG liposomes (Figure 2 and Table 1). Given
the solvatochromic nature of aLuc, this is an indication that, only in the case of negatively
charged liposomes, the probe is embedded in a hydrophobic environment. Therefore, three
different and independent phenomena confirm binding and embedding of labeled ApoBL
into the POPC/POPG bilayer: (i) inhibition of the deprotonation of Luc; (ii) inhibition of
the photoinduced dissociation of Luc; (iii) the blue shift of Luc and aLuc emission peaks.
In this regard, it is worth noting that the interaction of ApoBL with anionic liposomes of
phosphatidylcholine and phosphatidylglycerol has been recently demonstrated by using
differential scanning calorimetry [41].

Labeled p53pAnt showed a behavior essentially similar to labeled ApoBL (Figure 2),
whereas GKY20 showed that it can interact with both types of liposomes. Indeed, the
emission spectra of Luc and aLuc-GKY20 and the excitation spectra of Luc-GKY20 in the
presence of POPC and POPC/POPG liposomes are very similar (Figure 2). All the emission
spectra show a large blue shift compared to those recorded in NaP (Table 1). Furthermore,
the emission spectra of Luc-GKY20 show a blue shoulder, thus indicating that the (a)Luc
moiety is embedded in a less polar environment. The spectra of PyMPO-(C)GKY20 in the
presence of liposomes were found to be very similar to those of aLuc-GKY20 (Figure S7),
thus demonstrating that the binding to both liposome types is not an artifact due to
(a)Luc. These findings agree with previous studies performed using unlabeled GKY20
and the same model membranes [42]. We do not have a straightforward explanation for
the observed varying behavior of the two CAMPs. However, very interestingly, further
analyses conducted on labeled GKY20 and ApoBL evidence several additional differences,
as described in the next sections.

2.6. Interaction of Labeled CAMPs with SDS and LPS Micelles

In order to further confirm the ability of Luc probes to reveal the interaction of peptides
with lipidic structures, we also recorded fluorescence spectra in the presence of 25 mM SDS
(Figure 3A–C). At this concentration, well above the critical micelle concentration (CMC)
of about 8 mM, SDS forms micelles containing an average of 60 molecules [43]. For this
reason, SDS has been frequently used as a membrane mimetic, such as for determination
of the NMR structure of membrane-binding peptides. However, it should be remembered
that SDS is a strong detergent able to interact unspecifically with peptides. Accordingly, in
the presence of SDS, not only labeled GKY20, ApoBL and p53pAnt but also labeled RGD
showed spectral behavior, suggesting interaction with micelles (Figure 3A–C). Nonetheless,
the spectra of labeled RGD were not completely superimposable to those of the other three
peptides. For example, in the excitation spectra of Luc-RGD in the presence of SDS, a tail at
400–420 nm is still visible, indicating that not all of the peptide is strongly associated to the
micelles (Figure 3A–C). In the emission spectrum of Luc-RGD, the blue peak is less evident
than in the corresponding spectra of the other three peptides (Figure 3A–C), and the ratio
between the area of the peaks in the blue (380–465 nm) and green (466–640 nm) regions was
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0.16, whereas the same ratio for Luc-GKY20, Luc-ApoBL and Luc-p53pAnt was 0.27, 0.36
and 0.33, respectively. It is also evident that the peak in the green region is less blue-shifted
than in the case of Luc-GKY20, Luc-ApoBL and Luc-p53pAnt (Figure 3A–C and Table 1).

Figure 3. Fluorescence of labeled peptides in the presence of SDS or LPS micelles. (A,D) Excitation spectra of Luc-labeled
peptides (em. = 539; Luc-GKY20 + LPS, em. = 516 nm; Luc-ApoBL + LPS, em. = 508 nm). (B,E) Emission spectra of
Luc-labeled peptides (ex. = 330 nm). (C,F) Emission spectra of aLuc-labeled peptides (ex. = 363 nm). Solid line, spectra
recorded in the presence of SDS or LPS; dotted line, spectra recorded in NaP. In (B,C,E,F), spectra recorded in NaP were
normalized to the corresponding spectra recorded in the presence of SDS or LPS. Arrows highlight the main changes with
respect to NaP.

As in the case of the emission spectra recorded in the presence of liposomes, the
spectra of aLuc-labeled peptides recorded in the presence of SDS also showed a significant
increase in emission intensity, as well as a blue shift. However, again, the blue shift was
smaller in the case of aLuc-RGD (Figure 3A–C and Table 1). These results indicate that
the hydrophilic RGD peptide interacts less tightly with the SDS micelles than Luc-GKY20,
Luc-ApoBL and Luc-p53pAnt.

GKY20 and ApoBL bind to and neutralize lipopolysaccharides (LPS), the main com-
ponents of Gram-negative bacteria outer membrane, with strong proinflammatory effects
in higher eukaryotes [19,20,44]. These very complex molecules have three portions with
different compositions: (i) lipid A, a phosphorylated disaccharide bearing 4–6 fatty acid
residues; (ii) the core, an oligosaccharide with a variable number of phosphate groups;
(iii) the O-antigen, a species and strain-specific polysaccharide [45]. It should be noted that
pure LPS, like SDS, does not form regular bilayers but negatively charged micelles [46].
However, the CMC of LPS is usually in the low micromolar range [46]. The ability to bind
and neutralize the strong pro-inflammatory and sometimes life-threatening effects of LPS
is one of the most pharmacologically relevant properties of CAMPs [45]. Therefore, the
study of the CAMP/LPS interaction is of outstanding importance.

Accordingly, we studied the interaction of labeled GKY20 and ApoBL by using a
commercially available LPS from E. coli strain 0111:B4. Firstly, we recorded the excitation
and the emission spectra of Luc-GKY20 and Luc-ApoBL in the presence of 200 µg/mL
LPS, i.e., a concentration well above the CMC of this LPS (about 1.3–1.6 µM corresponding
to 13–16 µg/mL) [46]. As expected, the binding of the two peptides to LPS caused the
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disappearance of the shoulder at 400 nm in the excitation spectra (Figure 3D–F). The
emission spectra of Luc-GKY20 and Luc-ApoBL show the expected blue shift of the peak in
the green region—even larger than those observed in the presence of SDS and liposomes
(Table 1) However, surprisingly, only a very low shoulder was observed in the blue region,
especially in the case of Luc-GKY20 (Figure 3D–F). The ratio between the area of the peaks
in the blue (365–435 nm) and green (436–640 nm) regions is 0.046, and 0.095 for Luc-GKY20
and Luc-ApoBL, respectively, i.e., even lower than the ratio observed for the Luc-RGD
peptide in the presence of SDS. Very interestingly, the peak in the blue region is also blue-
shifted (about 20 nm) with respect to the same peak observed in the case of liposomes and
SDS. Finally, the emission spectra of aLuc-GKY20 and aLuc-ApoBL show, as expected, an
increase in emission intensity and a large blue shift, particularly in the case of aLuc-ApoBL
(41 nm). These findings suggest that the orientation of the Luc moiety when the peptides
are bound to LPS is very different from that adopted when the peptides are bound to
liposomes and SDS micelles. The high blue-shift values suggest that the (a)Luc moiety is in
a very non-polar environment, while the very weak emission in the blue region indicate
that the phenolic OH group of Luc points toward the solvent or a proton acceptor in the
LPS (e.g., a basic group in the lipid A of LPS). Possible orientations of the Luc moiety in
LPS and SDS or liposomes explaining the observed variations in excitation and emission
spectra are schematically drawn in Figure S8.

2.7. Interaction of Labeled CAMPs with Non-Micellar LPS

Next, we recorded the emission spectra of Luc-GKY20, Luc-ApoBL, aLuc-GKY20 and
aLuc-ApoBL at a constant peptide concentration in the presence of increasing concentra-
tions of LPS (Figure 4). All peptides showed a turn-off of the fluorescence associated with a
considerable blue shift of λmax values for LPS concentrations up to 10–20 µg/mL, followed
by a turn-on phase with smaller changes in λmax values. The biphasic nature of the process
is clearly visible by plotting the area beneath the spectra and the λmax values as a function
of the LPS concentration (Figure 4B,D,F,H). Only in the case of (a)Luc-ApoBL, a turn-on
phase with no shift in λmax values was visible at very low LPS concentrations (0–2 µg/mL).

A similar behavior has been previously described for GKY25, HVF18 and VFR12,
three CAMPs derived, like GKY20, from the C-terminus of human thrombin. In partic-
ular, GKY25 is a variant of GKY20, with five additional residues at the C-terminus [47].
In that case, the authors, exploiting the intrinsic fluorescence of the single tryptophan
residue present in all the thrombin-derived CAMPs, observed a biphasic process with
a turn-off phase for LPS concentrations below 10 µg/mL and a turn-on phase at higher
concentrations. Therefore, the turn-off/turn-on switch seems to be independent of the
nature and position of the fluorophore. As the CMC of E. coli LPS is about 16 µg/mL, it
can be speculated that the turn-off and turn-on phases might be the result of the binding to
free and micellar LPS, respectively. The additional turn-on phase observed at very low LPS
concentrations only in the case of (a)Luc-ApoBL might be due to a conformational change
in this peptide induced by the presence of small amounts of LPS. In this regard, it is worth
noting that the CD spectra of unlabeled GKY20 and ApoBL in the presence of LPS are quite
different [19,20]. In the case of ApoBL, circular dichroism studies suggest that this peptide
adopts a β-sheet conformation upon interaction with LPS [20]. On the other hand, the CD
spectrum of GKY20 in the presence of LPS is not similar to any of the CD spectra of model
conformations [19]. It could also be hypothesized that LPS might form small aggregates
even below the CMC, which could be responsible for the turn-off phase, whereas the first
turn-on phase observed at very low LPS concentrations would be due to the association
of (a)Luc-ApoBL with truly monomeric LPS molecules. This aspect would require further
investigation, which lies outside the scope of this work.

We also recorded the emission spectra of Luc-GKY20 and Luc-ApoBL after excitation
at 400 nm in order to follow the binding process by monitoring the disappearance of the
phenolate form in the solution (Figure 5). As expected for a saturable binding process, we
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observed a progressive reduction in the fluorescence, which reached a minimum at about
50 µg/mL LPS for both peptides.

Figure 4. Fluorescence of the labeled peptides in the presence of increasing concentrations of LPS (0–200 µg/mL).
(A,C,E,G) Emission spectra of the peptides recorded after excitation at 330 nm (Luc-labelled peptides) and 363 nm (aLuc-
labelled peptides). Spectra recorded in the presence of LPS were normalized to the corresponding spectra recorded in
NaP (black lines). Arrows highlight the main changes with respect to NaP. (B,D,F,H) Variation of total fluorescence (in the
indicated ranges) and of the λmax values as a function of LPS concentration.
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Figure 5. Fluorescence of the Luc-labeled peptides in the presence of increasing concentrations of LPS (0–200 µg/mL).
(A,C) Emission spectra of Luc-labeled peptides recorded after excitation at 400 nm. Spectra recorded in the presence of LPS
were normalized to the corresponding spectra recorded in NaP. Arrows highlight the main changes with respect to NaP.
(B,D) Variation of total fluorescence (in the indicated ranges) and of the λmax values as a function of LPS concentration.

2.8. Quantitative Analysis of the Peptide/LPS Interaction

The curves measured at constant peptide concentration and variable LPS concentration
could be used to determine Kd values (Supplementary Materials, Section S9). However, as
such Kd values would be the result of measurements obtained using concentrations below
and above the CMC of LPS, their meaning would be questionable. In order to determine
the Kd value of Luc-labeled peptides for micellar LPS, we repeated the experiment at
variable Luc-labeled peptide concentration and constant LPS concentration (40 µg/mL
corresponding to ~4 µM). The experimental data were fitted to the model described in
Section S9, Supplementary Materials. The model allows for the estimation not only the Kd
value but also the number of binding sites and hence the stoichiometry of binding. The
spectra and the fittings are shown in Figure 6. Luc-GKY20, Luc-ApoBL and Luc-p53pAnt
show Kd values in the range 50–400 nM. As expected, Luc-RGD did not bind to LPS, and
the resulting plot of the fluorescence emission as function of the peptide concentration was
a straight line (Figure 6). The fact that the anticancer peptide Luc-p53pAnt binds to LPS
with affinity comparable to those of the two CAMPs is not surprising, considering that it
has an amino-acid composition similar to that of the CAMPs (Figure S1) and that it is the
most cationic of the three peptides (Table 3).

On the other hand, the three peptides show very different binding stoichiometries
(Figure 6). Only Luc-ApoBL binds to LPS in a 1:1 ratio. In the case of Luc-GKY20, three
molecules of the peptide bind to two molecules of LPS, whereas in the case of Luc-p53pAnt,
two molecules of the peptide bind to three molecules of LPS. The higher number of binding
sites found for Luc-GKY20 might be due to the fact that this peptide is considerably shorter
than the other two. However, Luc-ApoBL and Luc-p53pAnt have exactly the same length;
therefore, the different stoichiometry might be due to a different mode of binding or a
different fold adopted by the peptides upon binding.
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Figure 6. Determination of the Kd values and stoichiometry for the peptide/micellar LPS interaction. (A,C,E,G) Emission
spectra of Luc-labeled peptides (0–18 µM) in the presence of 40 µg/mL LPS (ex. = 400, 415, 425 and 410 nm, respectively).
(B,D,F,H) Variation of total fluorescence (450–700 nm) as a function of peptide concentration. The dashed lines are the
expected fluorescence of the free and bound peptide, respectively. Black lines, Kd and stoichiometry (ST) values were
obtained using the equation described in Supplementary Materials. The ratio P:LPS was calculated from ST, assuming that
E. coli LPS has an average molecular weight of 10 kDa. In (H), data were fitted to a straight line.

2.9. Interaction of Labeled CAMPs with E. coli Cells

In order to study the interaction of GKY20 and ApoBL with whole bacterial cells, we
recorded the emission spectra of the labeled peptides in the presence of E. coli cells at an
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optical density of 0.1 OD600 (corresponding to about 0.63 × 109 CFU/mL). The emission
spectra of Luc-GKY20 and Luc-ApoBL obtained after excitation at 330 nm show that in
both cases, binding to E. coli cells causes a moderate decrease in the fluorescence emission
(Figure S9A), accompanied by a blue shift of 16 nm in the case of Luc-GKY20 (a value
slightly lower than those observed in the case of liposomes and micellar LPS) and of only
5 nm in the case of Luc-ApoBL (Table 1). In the blue region, the emission of Luc-GKY20
was higher than that of Luc-ApoBL, which is the opposite of what was observed in the
case of LPS (Figure S9B). The differences between the spectra of the labeled peptides in
the presence of whole bacterial cells and those obtained in the presence of liposomes and
purified LPS might be due to the fact that the outer membrane of Gram-negative bacteria is
a very complex mixture of LPS, phospholipids and proteins.

The emission spectra of Luc-GKY20 and Luc-ApoBL obtained after excitation at 400 nm
show a strong decrease in fluorescence emission (Figure S9C), likely due to a reduced
hydrolysis of the Luc hydroxyl group of the cell-bound peptides.

Finally, E. coli cells caused a significant increase in the fluorescence emission of aLuc-
GKY20 and a slight decrease in the fluorescence emission of aLuc-ApoBL (Figure S9D). In
the case of aLuc-labeled peptides, we also observed a blue shift lower than that observed
in the case of liposomes and micellar LPS (Table 1).

The spectra shown in Figure S9 were recorded after an incubation time of 20 min
in the case of labeled GKY20 and of 120 min in the case of labeled ApoBL. The different
incubation times were necessary for an unexpected difference in the binding kinetic of the
two peptides, as shown in Figure S9E. In the case of Luc-GKY20, the slope of the curve
obtained by plotting fluorescence intensity (ex. = 400 nm; em. = 539 nm) as a function of
time was about 6.7 times higher than that observed in the case of Luc-ApoBL. Intriguingly,
in the case of purified LPS, the binding process was complete within the preparation time
of the samples (about 60 s) for both peptides. The reasons for such differences were not
further investigated. Nonetheless, these results highlight another useful application of
Luc labeling.

We also observed E. coli cells treated with the labeled peptides (3 µM) using a fluo-
rescence microscope equipped with a mercury arc lamp (Figures S10 and S11). In the case
of GKY20-treated cells, in addition to homogeneously labeled cells, we observed several
cells with a heterogeneous labeling pattern (Figures S10K,N and S11E). The same pattern
was observed in E. coli cells treated with PYMPO-(C)GKY20, indicating that heterogeneous
labeling is not an artifact of Luc labeling (Figure S10A–D). For incubation times longer
than 30 min, we observed an increased amount of highly fluorescent and large bodies
(Figure S11), likely aggregates of cell debris and/or dead cells. This is not surprising, as
GKY20 and ApoBL, like many CAMPs, cause cell lysis [19,44].

2.10. Confocal Laser Scanning Microscopy

Confocal Laser Scanning Microscopy (CLSM) allows for the attainment of high resolu-
tion tridimensional images of biological samples by stacking several bidimensional images
taken at different depths [48]. As in CLSM, fluorophore excitation is obtained through
high-power but very narrow laser beams. It is mandatory that the excitation peak of the
chosen fluorescent label overlaps the wavelength of one of the available laser lines [48].
Moreover, the fluorescent label should be photostable enough to avoid a quick bleaching
of the sample. This is especially important in the case of live-imaging applications. We
have already shown that Luc and aLuc are very stable fluorophores. As regards the excita-
tion wavelength, it is interesting to note that the excitation spectra of neutral Luc and its
phenolate show an isosbestic point at about 355 nm, a wavelength very close to that of the
argon-ion laser (351 nm). Therefore, this laser could be used to simultaneously excite both
forms of Luc. A blue diode laser (405 nm) could be used to excite aLuc, the broad excitation
peak of which is centered at 360–370 nm but has also a remarkable tail in the violet region.
Differently from an argon-ion laser, which is not common, the blue diode laser is present
on most CLSM devices used to excite blue fluorophores. In order to evaluate the suitability
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of aLuc as label for CLSM, we incubated HaCaT and HeLa cells with aLuc-p53pAnt or
aLuc-RGD for 60–150 min; hence, samples were either observed or incubated for 15 addi-
tional min with LysoTracker™ Red DND-99, a red probe that is actively taken up by acidic
organelles [49], and/or NucRed™ Live 647, a far-red cell-permeant vital stain for nucleic
acids [50,51]. Samples were observed without any further wash or treatment in order to
minimize artifacts and to mimic the conditions of live imaging.

Non-cell-specific uptake of p53pAnt has been previously demonstrated by Western
blotting of cell lysates and immunostaining by an antibody specific to the p53-derived
portion of p53pAnt [25,52], whereas confocal microscopy with a rhodamine B-labeled
peptide showed that it accumulates both in the cytosol and the nuclei of two prostate cancer
cell lines [52]. Our CLSM analysis of HaCaT and HeLa cells treated with aLuc-p53pAnt
confirm the previous findings. In the case of HaCaT cells treated with aLuc-p53pAnt,
the peptide was localized at the cell periphery, mainly in the form of circular spots, thus
suggesting the presence of the peptide in an endosomal compartment (Figure S12). A very
small fraction of the cells, however, displayed a very strong signal, partly diffused into the
cell and partly associated to the nucleus (Figure S13). The signal was very strong at the
nuclear periphery but also present inside the nucleus in the form of one or more patches of
different dimensions (Figure S13). As discussed below, colocalization studies with NucRed
Live confirm that the peptide binds to nucleic acids. Very interestingly, in the case of HeLa
cells, the proportion between the two types of staining pattern was reversed, with the
highly stained cells being predominant (Figure S13). Considering that p53pAnt is much
more toxic for HeLa cancer cells than for HaCaT cells (Figure S4) and that it has been
suggested that p53pAnt induces apoptosis, it can be speculated that highly stained cells are
apoptotic or pre-apoptotic cells. It is well known that apoptosis causes relevant alterations
of cell membranes, e.g., externalization of phosphatidylserine [53], a negatively charged
lipid, which could determine an increased afflux into the cytosol of p53pAnt. Once in the
cytosol, p53pAnt could migrate into the nucleus and bind nucleic acids due to its high
positive charge.

HaCaT cells treated with aLuc-p53pAnt and LysoTracker Red showed, as expected,
numerous red spots (Figures 7 and S15). Very interestingly, we observed partial colocal-
ization between LysoTracker Red and aLuc-p53pAnt (Figures 7E,F and S14A–D). Cells
showing a strong aLuc-p53pAnt fluorescence did not show the presence of LysoTracker
Red (Figure 7A–D). The same pattern was observed in the case of HeLa cells, except that,
again, the frequency of cells showing only the strong fluorescence of aLuc-p53pAnt was
higher than in the case of HaCaT cells (Figure S15A–D). Accumulation of LysoTracker
Red, requiring acidification of endosomes, is expected only in metabolically active cells;
therefore, these findings are in agreement with the hypothesis that cells strongly stained
with aLuc-p53pAnt are apoptotic or pre-apoptotic cells.

Unexpectedly, our attempts to perform three-color imaging by staining aLuc-p53pAnt-
treated HaCaT cells with LysoTracker Red and NucRed Live for 15 min revealed an alter-
ation of the localization both of LysoTracker Red and of aLuc-p53pAnt (Figure S14E–H).
The change was particularly evident in the case of LysoTracker Red, which appeared more
homogeneously diffused inside the cell than in the absence of NucRed. On the contrary, the
signal of aLuc-p53pAnt appeared less diffused and with more defined spots (Figure S14E).
The alteration in the distribution of aLuc-p53pAnt was more pronounced by co-incubating
HaCaT cells with NucRed Live and aLuc-p53pAnt for one hour (Figure S14I–L). In that
case, in the majority of the cells, aLuc-p53pAnt appeared as numerous large and well-
defined spots at the cell periphery. In the case of aLuc-p53pAnt-treated HeLa cells, stain-
ing with NucRed Live for 15 min had minor effects on the appearance of the putative
apoptotic/pre-apoptotic cells (Figure S15E–H). Interestingly, inside the nuclei of these
cells, aLuc-p53pAnt and NucRed Live were essentially colocalized (Figure S15M–O), thus
suggesting that aLuc-p53pAnt is bound to nucleic acids. Similarly to what was observed in
the case of HaCaT cells, LysoTracker Red was more diffused in the presence of NucRed
Live (Figure S15). When HeLa cells were treated with NucRed Live for one hour, we
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no longer observed the putative apoptotic/pre-apoptotic cells (Figure S15I–L), and the
staining pattern was very similar to that of the HaCaT cells treated for one hour with
NucRed Live (Figure S14I–L). Very interestingly, NucRed Live also proved to change the
behavior of aLuc-RGD, as described below.

Figure 7. CLSM images of HaCaT cells treated with aLuc-p53pAnt or aLuc-RGD. (A–D) Cells were incubated with
aLuc-p53pAnt for 120 min and with LysoTracker™ Red DND-99 for 15 additional minutes. Bar = 10 µm. (E,F) Single
representative HaCaT cell treated with aLuc-p53pAnt (from Figure S14A–D). White arrow = 25 µm. (I–K) Cells were
incubated with aLuc-RGD for 90 min and with LysoTracker™ Red DND-99 for 15 additional minutes (bright field in
Figure S16E). White arrow = 25 µm. (H,L) Fluorescence intensity across the white arrows in panels (E–G) and (I–K),
respectively (green curve, aLuc; red curve, LysoTracker Red).

RGD is a known integrin ligand derived from fibronectin; therefore, it is expected to
undergo receptor-mediated endocytosis, as demonstrated for other similar peptides [54].
In particular, it has been demonstrated that peptide GRGDNP, which differs by one amino
acid (N at position 5) from RGD, is endocytosed in Molt-4 cells (leukaemic T-cell line) [55].
Differently from aLuc-p53pAnt, aLuc-RGD was homogeneously dispersed in the culture
medium in the case of both HaCaT and HeLa cells, which appeared as non-fluorescent
regions (Figures 7I–L and S16, respectively). Nonetheless, as expected, an intracellular
signal was visible and colocalized with LysoTracker Red (Figures 7I–L and S16). In the
presence of NucRed Live, aLuc-RGD was no longer visible inside the cells, whereas the
signal of LysoTracker Red appeared homogeneously diffused inside the cytosol (Figure S16),
as observed in the case of the analysis of aLuc-p53pAnt.
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Overall, NucRed Live seems to be able to interfere with endocytosis and intracellular
trafficking. NucRed Live is a relatively recent stain, and we did not find other reports
regarding its potential biological effects. On the other hand, it has been demonstrated that
another far-red, membrane-permeable nuclear stain, DRAQ5™, alters membrane fluidity
and inhibits the internalization of bacterial toxins [56]. Reduction in membrane fluidity
and/or alteration of membrane potential by NucRed Live might prevent translocation of
p53pAnt from the endosomes to cytosol, thus causing accumulation of the peptide in the
lumen of endosomes. This, in turn, would prevent its interaction with p53, thus inhibiting
the proapoptotic effect of the peptide. The effect on LysoTracker Red could be explained, at
least in part, by assuming that NucRed Live is also able to inhibit endosome acidification.
We did not further study the effects of NucRed Live, as this is beyond the scope of the
current work; nonetheless, the analysis reported herein clearly shows that aLuc is very well
suited as a probe for CLSM.

3. Discussion

We have shown that Luc and aLuc are very well suited as environment-sensitive
fluorescent labels for peptides. Labeling is fast, quantitative, very specific and can be
performed in very mild conditions (RT, buffer phosphate at pH 7–7.5) using commercially
available reagents and peptides with an N-terminal cysteine that can be prepared either
by chemical synthesis or by several recombinant strategies ([32] and references therein).
Luc and aLuc are photostable fluorophores with a large Stoke shift (about 210 and 145 nm,
respectively) and a high quantum yield. Moreover, they are small molecules (low molecular
weight and low solvent-accessible surface), uncharged (aLuc) or with a low percentage
of ionized form at pH 7 (Luc), neither highly polar nor particularly hydrophobic, thus
minimizing the impact of labeling on the structure of the peptides and presumably on their
properties. Furthermore, N-terminal labeling is very well suited for most peptides, and in-
deed, it is a very common choice. On the other hand, Luc and aLuc possess complementary
properties. Luc has a very uncommon dual emission with a main emission in the green
region (~539 nm), commonly observed in aqueous buffers and a blue emission (~450 nm),
which can only be observed in an environment with a very low water content. Moreover,
both peaks undergo significant blue shifts (20–30 nm) in hydrophobic environments. This
behavior makes Luc a very useful probe for the study of the interactions of peptides with
membranes, liposomes, micelles of detergents and LPS. The very large difference between
the excitation maxima of the neutral and the phenolate form (330 and 400 nm, respectively)
makes Luc an intriguing probe for the pH range of 6.5–9.5 (hypothesizing pKa values in
the range 7.5–8.5 for peptide-bound Luc). Moreover, it can be exploited to detect binding
events that influence its ionization state, as shown in the case of binding to liposomes,
SDS, LPS and E. coli cells, and to determine Kd values and stoichiometries. aLuc is not
sensitive to pH and shows less pronounced variations in fluorescence emission. However,
it is, in turn, a strongly solvatochromic fluorophore, showing blue shifts up to 40 nm.
This makes aLuc an alternative probe for the study of the interactions of peptides with
their targets. In addition, aLuc is very well suited as a label for CLSM, and it does not
require special equipment. It can be efficiently excited by the common 404 nm laser, and
emitting at 500–520 nm, it allows for colocalization studies with the many commercially
available and widely used orange, red and far-red probes, as was shown by our analysis of
the colocalization of p53pAnt and RGD with LysoTracker™ Red DND-99 and NucRed™
Live 647.

It is worth noting that we have only explored a minimal part of the potentialities of
Luc and aLuc as fluorescent labels for peptides. For example, when N-terminal labeling is
not suitable or when large proteins have to be labeled, a 1,2-aminothiol functionality could
be introduced at internal positions, e.g., as Nε-cysteinyl-L-lysine [57], or by modifying
a cysteine residue [58]. Furthermore, Luc and aLuc might be bound to internal cysteine
or lysine residues via the carboxyl group of luciferins, exploiting conventional chemical
strategies to crosslink carboxyl groups to amines and thiols [59]. Even more interestingly,
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in the attempt to find new substrates for firefly luciferase, an astonishing number of Luc
and, in particular, aLuc derivatives and analogues have been published [60,61]. Many of
these compounds are fluorescent and show intriguing properties; for example, many aLuc
derivatives show red-shifted λmax values (up to 576 nm) and/or altered solvatochromic
behavior (increased or decreased, depending on the nature of the substituents bound to
the N6 nitrogen atom) [11,61,62]. Moreover, halogenated luciferins show decreased pKa
values—e.g., 7-F- and 7-Cl-luciferin have pKa values of 7.1 and 6.7, respectively [63]—thus
expanding the useful pH range in applications based on pH-dependent fluorescence. Most
of the cited derivatives and analogues were synthetized by reacting the corresponding
2-cyano-benzothiazole with cysteine. Thus, they could be directly generated at the N-
terminus of peptides with a terminal cysteine residue. The others might be linked to
peptides through the activation of their carboxylate group, which, being essential for the
catalytic activity of firefly luciferase, is present in all the analogues.

Therefore, Luc and aLuc can reasonably be regarded as the prototypes of a huge new
and variegated family of fluorescent labels for proteins and peptides.

4. Materials and Methods
4.1. Materials and General Methods

Materials and general methods can be found in Section S1 (Supplementary Mate-
rials). The sequences of the peptides GKY20, ApoBL, p53pAnt and RGD are shown in
Figure S1, and their preparation, purification and labeling are described in Sections S2–S6
(Supplementary Materials).

4.2. Steady-State Fluorescence Spectroscopy in Water/Organic Solvent Mixtures and SDS

Fluorescence spectra were recorded on a Fluoromax-4 fluorometer (Horiba, Edison,
NJ, USA) using a 1 cm path length quartz cuvette at a temperature of 25 ◦C, using a
peltier that can ensure an accuracy of ±0.1 ◦C. All experiments were carried out at a
fixed peptide concentration (2 µM) in 10 mM sodium phosphate (NaP), pH 7.4, at 25 ◦C,
unless otherwise stated. The excitation wavelengths were set to 330 nm (Luc-labeled
peptides, phenol form), 400 nm (Luc-labeled peptides, phenolate form), 363 nm (aLuc-
labeled peptides), 330 nm (mLuc-GKY20) and 408 nm for 1-[2-(maleimido)ethyl]-4-[5-(4-
methoxyphenyl)-2-oxazolyl]pyridinium-labeled GKY20 [PyMPO-(C)GKY20]. The excita-
tion spectra were recorded by varying the wavelength of excitation between 200 nm and
500 nm (em. = 539 nm). To evaluate the solvatochromic properties of labeled peptides, fluo-
rescence spectra were recorded in the presence of NaP:methanol (50% v:v), NaP:isopropanol
(50% v:v) and SDS (25 mM) under the experimental condition described above.

4.3. Steady-State Fluorescence Spectroscopy in the Presence of Liposomes

Liposome preparation is described in Section S8, Supplementary Materials. Fluores-
cence spectra were recorded on a FluoroMax-4 fluorometer (Horiba, Kyoto, Japan). The
emission spectra of Luc-labeled peptides were acquired, upon excitation at 330 nm, in the
range 350–650 nm. For the aLuc-labeled peptides, the emission spectra were acquired in
the range 380–700 nm, upon excitation at 363 nm. In addition, for Luc-labeled peptides,
excitation spectra were also recorded. The excitation spectra were recorded by varying
the wavelength of excitation between 275 nm and 480 nm and monitoring the emission
at 539 nm. All the spectra were recorded at a lipid-to-peptide ratio of 200 in 10 mM NaP,
pH 7.4. The concentration of peptides was in the range of 2.2–3.6 µM.

4.4. Quantum-Yield Determination

Fluorescence quantum yields were determined for all the labeled peptides in 10 mM
phosphate buffer, pH 7.4, in a mixture composed of phosphate buffer and isopropanol in
the ratio 1:1 (v:v) and in acetate buffer, pH 5. Determination of the quantum yields was
performed by comparing the fluorescence of samples to that of a standard, as previously
described [64]. Fluorescein (in 0.1 M NaOH) was used as standard in the case of (a)Luc-
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and PyMPO-labeled peptides, whereas coumarin-6 (in pure ethanol) was used in the case
of mLuc-labeled GKY20.

4.5. pKa Determination of Luc-Labeled Peptides

In order to measure pKa values, phenolate concentration was evaluated by titrating a
solution of Luc-labeled peptide (2 µM) as a function of pH (0.2 M sodium acetate, pH 4–6;
0.2 M sodium phosphate, pH 6–7.4; 0.2 M Tris/HCl, pH 7–9; 0.2 M Glycine/NaOH,
pH 8–11). The excitation wavelength was set to 400 nm. Excitation spectra were recorded
at 539 nm. pKa values were determined by GraphPad Prism software (version 6, San
Diego, CA, USA) by plotting variation of total fluorescence (450–700 nm) as a function of
pH values.

4.6. Interaction of Labeled CAMPs with LPS

Binding of CAMPs (2 µM) to LPS (200 µg/mL) from E. coli 0111:B4 (MW 10,000) [46]
was performed in 10 mM NaP buffer, pH 7.4. Mixtures were equilibrated at 25 ◦C for
10 min before recording emission (Luc-peptides, ex. = 330; aLuc-peptides, ex. = 363 nm)
and excitation spectra (Luc-GKY20, em. = 516 nm; Luc-ApoBL, em. = 508 nm) by means
of a FluoroMax-4 fluorimeter. To test the influence of micellar and sub-micellar LPS con-
centration on CAMP fluorescence (2 µM), emission spectra (Luc-peptides, ex. = 330 or
400 nm; aLuc-peptides, ex. = 363 nm) were also recorded in the presence of increasing
concentrations of LPS (0.62 e 200 µg/mL). Variation of total fluorescence (450–700 nm)
was reported as a function of LPS concentration. The assays to determine Kd and bind-
ing stoichiometry of Luc-peptides toward LPS were carried out in 96-well polystyrene
microtiter plates containing 100 µL of peptide/LPS mixtures. Spectra were recorded us-
ing a SynergyTM H4 microplate reader (BioTek Instruments Inc., Winooski, VT, USA) in
10 mM NaP buffer, pH 7.4, in the presence of 40 µg/mL (≈4 µM; MW 10,000) LPS and
Luc-peptides (0.25–18 µM). Mixtures were incubated 15 min before emission spectra were
recorded by excitation between 400 and 425 nm (phenolate form). Variation of total fluo-
rescence (450–700 nm) was reported as a function of peptide concentration, and data were
fitted to the model using Graphpad Prism (Supplementary Materials, Section S9).

4.7. Interaction of Labeled CAMPs with E. coli Cells

Bacterial E. coli ATCC 25922 strain was cultured in LB medium at 37 ◦C overnight.
Culture was diluted 1:100 in fresh LB medium, and bacteria were grown until 1 OD600
optical density. Cells were collected by centrifugation at 8000× g for 5 min at 4 ◦C, washed
three times in 10 mM NaP buffer, pH 7.4, and suspended at 1 OD600 concentration (10x
cell stock solution) in the same buffer. The bacteria mixture was stored on ice until use.
Binding of labeled CAMPs to E. coli cells was performed in 10 mM NaP buffer, pH 7.4, in
the presence of 0.1 OD600 bacterial cells and 2 µM peptides. Mixtures were incubated at
25 ◦C for 20 min [(a)Luc-GKY20] and 120 min [(a)Luc-ApoBL] before recording emission
spectra (Luc-peptides, ex. = 330 and 400 nm; aLuc-peptides, ex. = 363 nm).

4.8. Kinetic Analysis

Binding kinetic to LPS and E. coli cells was carried out in 10 mM NaP buffer, pH 7.4,
in the presence of either 50 µg/mL LPS or 0.1 OD600 bacterial cells prepared as described
above. Binding reactions were started by adding peptides (2 µM) and manually mixing
the samples for 40 s. Binding was monitored, exciting at 400 nm and reading at 539 nm.
One reading per minute was performed over 16 min observation time. Samples were not
irradiated in the period between two readings in order to minimize peptide photobleaching.
Photobleaching of peptides was also verified by control experiments carried out in the
absence of LPS and cells.
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4.9. Microscopy Analysis of E. coli Cells Treated with the Labeled Peptides

Binding of labeled CAMPs (3 µM) to E. coli cells was performed in 10 mM NaP buffer,
pH 7.4, in the presence of 0.1 OD600 bacterial cells. Fluorescence microscopy images of
treated and untreated E. coli cells were taken over 50 min incubation at 25 ◦C. For this
purpose, 10 µL of each sample was observed with an Olympus BX51 fluorescence micro-
scope (Olympus, Tokyo, Japan) using DAPI (aLuc-labeled peptides) and FITC (Luc-labeled
peptides) filters. Standard acquisition times were 1000 ms. Images were captured using an
Olympus DP70 digital camera. The experiments were performed at least three times.

4.10. Interaction of aLuc-p53pAnt and aLuc-RGD with HeLa and HaCaT Cells

Normal human keratinocytes (HaCaT) and human cancer epithelial cells (HeLa cells)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine and 1% penicillin–streptomycin in a 5% CO2
humidified atmosphere at 37ºC. HaCaT and HeLa cells were seeded in chambered well
plates (500 µL/well; Nunc™ Lab-Tek™ Chambered Coverglass systems, Thermo Fisher
Scientific, Waltham, MA, USA) with a density of 4.5 × 104 and 2.5 × 104/well, respectively,
and then grown at 37 ◦C for 48 h. Cells were washed three times with PBS and then
incubated with aLuc-peptides (10 µM) for 1 h in medium without FBS, supplemented with
2 mM L-glutamine and 1% penicillin–streptomycin in a 5% CO2 humidified atmosphere
at 37 ◦C. LysotrackerTM Red DND-99 and NucRed™ Live 647 (Thermo Fisher Scientific,
Waltham, MA, USA) were added to the cells at the concentrations recommended by the
producer and incubated for 15 min in a 5% CO2 humidified atmosphere at 37 ◦C. The
samples were then analyzed using a confocal laser scanning microscope (Zeiss LSM 710,
Zeiss, Germany) and a 63X objective oil-immersion system. Acquired images were analyzed
using the Zen Lite 2.3 software package. In the case of the images shown in Figure 7A–D
the intensity of the green channel was increased in order to show both the apoptotic and
non-apoptotic cells. Each experiment was performed in triplicate.
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Author Contributions: E.N., E.P. and V.C.: conceptualization, methodology, supervision, writing—
original draft preparation; R.O., M.S., A.M., R.G., A.A., R.R. and A.Z.: investigation, writing—review
and editing; A.D.M., P.D.V., L.P., M.V. and M.M.: formal analysis, writing—review and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Cystic Fibrosis Research Foundation, grant numbers
FFC#16/2017 and FFC#18/2018.

Data Availability Statement: The data presented in this study are available in the article or Supple-
mentary Materials. The raw datasets are available from the corresponding authors upon reason-
able request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.

References
1. Klymchenko, A.S. Solvatochromic and Fluorogenic Dyes as Environment-Sensitive Probes: Design and Biological Applications.

Acc. Chem. Res. 2017, 50, 366–375. [CrossRef] [PubMed]
2. Han, J.; Burgess, K. Fluorescent Indicators for Intracellular pH. Chem. Rev. 2010, 110, 2709–2728. [CrossRef] [PubMed]
3. Loving, G.S.; Sainlos, M.; Imperiali, B. Monitoring protein interactions and dynamics with solvatochromic fluorophores. Trends

Biotechnol. 2010, 28, 73–83. [CrossRef] [PubMed]
4. Donadio, G.; Di Martino, R.; Oliva, R.; Petraccone, L.; Del Vecchio, P.; Di Luccia, B.; Ricca, E.; Isticato, R.; Di Donato, A.; Notomista,

E. A new peptide-based fluorescent probe selective for zinc(II) and copper(II). J. Mater. Chem. B 2016, 4, 6979–6988. [CrossRef]
5. Li, S.; Ruan, Z.; Zhang, H.; Xu, H. Recent achievements of bioluminescence imaging based on firefly luciferin-luciferase system.

Eur. J. Med. Chem. 2021, 211, 113111. [CrossRef]

181



Int. J. Mol. Sci. 2021, 22, 13312

6. Morton, R.A.; Hopkins, T.A.; Seliger, H.H. Spectroscopic properties of firefly luciferin and related compounds; an approach to
product emission. Biochemistry 1969, 8, 1598–1607. [CrossRef]

7. Ando, Y.; Akiyama, H. PH-dependent fluorescence spectra, lifetimes, and quantum yields of firefly-luciferin aqueous solutions
studied by selective-excitation fluorescence spectroscopy. Jpn. J. Appl. Phys. 2010, 49, 117002. [CrossRef]

8. Presiado, I.; Erez, Y.; Huppert, D. Excited-state intermolecular proton transfer of the firefly’s chromophore d-luciferin. 2. water-
methanol mixtures. J. Phys. Chem. A 2010, 114, 9471–9479. [CrossRef]

9. Kuchlyan, J.; Banik, D.; Roy, A.; Kundu, N.; Sarkar, N. Excited-state proton transfer dynamics of fireflys chromophore d -luciferin
in DMSO-water binary mixture. J. Phys. Chem. B 2014, 118, 13946–13953. [CrossRef]

10. Vieira, J.; Da Silva, L.P.; Da Silva, J.C.G.E. Advances in the knowledge of light emission by firefly luciferin and oxyluciferin. J.
Photochem. Photobiol. B Biol. 2012, 117, 33–39. [CrossRef]

11. Kakiuchi, M.; Ito, S.; Yamaji, M.; Viviani, V.R.; Maki, S.; Hirano, T. Spectroscopic Properties of Amine-substituted Analogues of
Firefly Luciferin and Oxyluciferin. Photochem. Photobiol. 2017, 93, 486–494. [CrossRef]

12. Zheng, M.; Huang, H.; Zhou, M.; Wang, Y.; Zhang, Y.; Ye, D.; Chen, H.Y. Cysteine-Mediated Intracellular Building of Luciferin to
Enhance Probe Retention and Fluorescence Turn-On. Chem. A Eur. J. 2015, 21, 10506–10512. [CrossRef]

13. Miao, Q.; Li, Q.; Yuan, Q.; Li, L.; Hai, Z.; Liu, S.; Liang, G. Discriminative Fluorescence Sensing of Biothiols in Vitro and in Living
Cells. Anal. Chem. 2015, 87, 3460–3466. [CrossRef]

14. Zheng, M.; Wang, Y.; Shi, H.; Hu, Y.; Feng, L.; Luo, Z.; Zhou, M.; He, J.; Zhou, Z.; Zhang, Y.; et al. Redox-Mediated Disassembly to
Build Activatable Trimodal Probe for Molecular Imaging of Biothiols. ACS Nano 2016, 10, 10075–10085. [CrossRef]

15. Zhao, X.; Lv, G.; Peng, Y.; Liu, Q.; Li, X.; Wang, S.; Li, K.; Qiu, L.; Lin, J. Targeted Delivery of an Activatable Fluorescent Probe for
the Detection of Furin Activity in Living Cells. ChemBioChem 2018, 19, 1060–1065. [CrossRef]

16. Ren, H.; Xiao, F.; Zhan, K.; Kim, Y.P.; Xie, H.; Xia, Z.; Rao, J. A biocompatible condensation reaction for the labeling of terminal
cysteine residues on proteins. Angew. Chem. Int. Ed. 2009, 48, 9658–9662. [CrossRef]

17. Chen, K.T.; Ieritano, C.; Seimbille, Y. Early-Stage Incorporation Strategy for Regioselective Labeling of Peptides using the
2-Cyanobenzothiazole/1,2-Aminothiol Bioorthogonal Click Reaction. ChemistryOpen 2018, 7, 256–261. [CrossRef]

18. Shinde, R.; Perkins, J.; Contag, C.H. Luciferin derivatives for enhanced in vitro and in vivo bioluminescence assays. Biochemistry
2006, 45, 11103–11112. [CrossRef]

19. Kasetty, G.; Papareddy, P.; Kalle, M.; Rydengård, V.; Mörgelin, M.; Albiger, B.; Malmsten, M.; Schmidtchen, A. Structure-activity
studies and therapeutic potential of host defense peptides of human thrombin. Antimicrob. Agents Chemother. 2011, 55, 2880–2890.
[CrossRef]

20. Gaglione, R.; Dell’Olmo, E.; Bosso, A.; Chino, M.; Pane, K.; Ascione, F.; Itri, F.; Caserta, S.; Amoresano, A.; Lombardi, A.; et al.
Novel human bioactive peptides identified in Apolipoprotein B: Evaluation of their therapeutic potential. Biochem. Pharmacol.
2017, 130, 34–50. [CrossRef]

21. Wiesner, J.; Vilcinskas, A. Antimicrobial peptides: The ancient arm of the human immune system. Virulence 2010, 1, 440–464.
[CrossRef]

22. Pane, K.; Durante, L.; Crescenzi, O.; Cafaro, V.; Pizzo, E.; Varcamonti, M.; Zanfardino, A.; Izzo, V.; Di Donato, A.; Notomista, E.
Antimicrobial potency of cationic antimicrobial peptides can be predicted from their amino acid composition: Application to the
detection of “cryptic” antimicrobial peptides. J. Theor. Biol. 2017, 419, 254–265. [CrossRef]

23. Pizzo, E.; Cafaro, V.; Di Donato, A.; Notomista, E. Cryptic Antimicrobial Peptides: Identification Methods and Current Knowledge
of their Immunomodulatory Properties. Curr. Pharm. Des. 2018, 24, 1054–1066. [CrossRef]

24. Dell’Olmo, E.; Gaglione, R.; Cesaro, A.; Cafaro, V.; Teertstra, W.R.; de Cock, H.; Notomista, E.; Haagsman, H.P.; Veldhuizen,
E.J.A.; Arciello, A. Host defence peptides identified in human apolipoprotein B as promising antifungal agents. Appl. Microbiol.
Biotechnol. 2021, 105, 1953–1964. [CrossRef]

25. Selivanova, G.; Iotsova, V.; Okan, I.; Fritsche, M.; Ström, M.; Groner, B.; Grafström, R.C.; Wiman, K.G. Restoration of the growth
suppression function of mutant p53 by a synthetic peptide derived from the p53 C-terminal domain. Nat. Med. 1997, 3, 632–638.
[CrossRef]

26. Li, Y.; Mao, Y.; Rosal, R.V.; Dinnen, R.D.; Williams, A.C.; Brandt-Rauf, P.W.; Fine, R.L. Selective induction of apoptosis through the
FADD/Caspase-8 pathway by a p53 C-terminal peptide in human pre-malignant and malignant cells. Int. J. Cancer 2005, 115,
55–64. [CrossRef]

27. Li, Y.; Rosal, R.V.; Brandt-Rauf, P.W.; Fine, R.L. Correlation between hydrophobic properties and efficiency of carrier-mediated
membrane transduction and apoptosis of a p53 C-terminal peptide. Biochem. Biophys. Res. Commun. 2002, 298, 439–449. [CrossRef]

28. Pierschbacher, M.D.; Ruoslahti, E. Cell attachment activity of fibronectin can be duplicated by small synthetic fragments of the
molecule. Nature 1984, 309, 30–33. [CrossRef]

29. Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697–715. [CrossRef]
30. Knetsch, P.A.; Zhai, C.; Rangger, C.; Blatzer, M.; Haas, H.; Kaeopookum, P.; Haubner, R.; Decristoforo, C. [68Ga]FSC-(RGD)3 a

trimeric RGD peptide for imaging αvβ3 integrin expression based on a novel siderophore derived chelating scaffold-synthesis
and evaluation. Nucl. Med. Biol. 2015, 42, 115–122. [CrossRef]

31. Karimi, F.; O’Connor, A.J.; Qiao, G.G.; Heath, D.E. Integrin Clustering Matters: A Review of Biomaterials Functionalized with
Multivalent Integrin-Binding Ligands to Improve Cell Adhesion, Migration, Differentiation, Angiogenesis, and Biomedical
Device Integration. Adv. Healthc. Mater. 2018, 7, e1701324. [CrossRef] [PubMed]

182



Int. J. Mol. Sci. 2021, 22, 13312

32. Pane, K.; Verrillo, M.; Avitabile, A.; Pizzo, E.; Varcamonti, M.; Zanfardino, A.; Di Maro, A.; Rega, C.; Amoresano, A.; Izzo, V.; et al.
Chemical Cleavage of an Asp-Cys Sequence Allows Efficient Production of Recombinant Peptides with an N-Terminal Cysteine
Residue. Bioconjug. Chem. 2018, 29, 1373–1383. [CrossRef] [PubMed]

33. Litak, P.T.; Kauffman, J.M. Syntheses of reactive fluorescent stains derived from 5(2)-aryl-2(5)-(4-pyridyl)oxazoles and bifunction-
ally reactive linkers. J. Heterocycl. Chem. 1994, 31, 457–479. [CrossRef]

34. Dou, Y.; Goodchild, S.J.; Velde, R.V.; Wu, Y.; Fedida, D. The neutral, hydrophobic isoleucine at position I521 in the extracellular S4
domain of hERG contributes to channel gating equilibrium. Am. J. Physiol. Cell Physiol. 2013, 305, 468–478. [CrossRef]

35. Wakabayashi, H.; Fay, P.J. Molecular orientation of Factor VIIIa on the phospholipid membrane surface determined by fluorescence
resonance energy transfer. Biochem. J. 2013, 452, 293–301. [CrossRef]

36. Pane, K.; Durante, L.; Pizzo, E.; Varcamonti, M.; Zanfardino, A.; Sgambati, V.; Di Maro, A.; Carpentieri, A.; Izzo, V.; Di
Donato, A.; et al. Rational design of a carrier protein for the production of recombinant toxic peptides in Escherichia coli. PLoS
ONE 2016, 11, e0146552. [CrossRef]

37. Doose, S.; Neuweiler, H.; Sauer, M. Fluorescence quenching by photoinduced electron transfer: A reporter for conformational
dynamics of macromolecules. ChemPhysChem 2009, 10, 1389–1398. [CrossRef]

38. Chen, H.; Ahsan, S.S.; Santiago-Berrios, M.B.; Abruña, H.D.; Webb, W.W. Mechanisms of quenching of alexa fluorophores by
natural amino acids. J. Am. Chem. Soc. 2010, 132, 7244–7245. [CrossRef]

39. Goldstein, L.; Levin, Y.; Katchalski, E. A Water-insoluble Polyanionic Derivative of Trypsin. II. Effect of the Polyelectrolyte Carrier
on the Kinetic Behavior of the Bound Trypsin. Biochemistry 1964, 3, 1913–1919. [CrossRef]

40. Maurel, P.; Douzou, P. Catalytic implications of electrostatic potentials: The lytic activity of lysozyme as a model. J. Mol. Biol.
1976, 102, 253–264. [CrossRef]

41. Gaglione, R.; Smaldone, G.; Cesaro, A.; Rumolo, M.; De Luca, M.; Di Girolamo, R.; Petraccone, L.; Del Vecchio, P.; Oliva, R.;
Notomista, E.; et al. Impact of a Single Point Mutation on the Antimicrobial and Fibrillogenic Properties of Cryptides from
Human Apolipoprotein B. Pharmaceuticals 2021, 14, 631. [CrossRef]

42. Oliva, R.; Del Vecchio, P.; Grimaldi, A.; Notomista, E.; Cafaro, V.; Pane, K.; Schuabb, V.; Winter, R.; Petraccone, L. Membrane
disintegration by the antimicrobial peptide (P)GKY20: Lipid segregation and domain formation. Phys. Chem. Chem. Phys. 2019,
21, 3989–3998. [CrossRef]

43. Aniansson, E.A.G.; Wall, S.N.; Almgren, M.; Hoffmann, H.; Kielmann, I.; Ulbricht, W.; Zana, R.; Lang, J.; Tondre, C. Theory of
the kinetics of micellar equilibria and quantitative interpretation of chemical relaxation studies of micellar solutions of ionic
surfactants. J. Phys. Chem. 1976, 80, 905–922. [CrossRef]

44. Gaglione, R.; Cesaro, A.; Dell’Olmo, E.; Della Ventura, B.; Casillo, A.; Di Girolamo, R.; Velotta, R.; Notomista, E.; Veldhuizen,
E.J.A.; Corsaro, M.M.; et al. Effects of human antimicrobial cryptides identified in apolipoprotein B depend on specific features of
bacterial strains. Sci. Rep. 2019, 9, 6728. [CrossRef]

45. Rosenfeld, Y.; Shai, Y. Lipopolysaccharide (Endotoxin)-host defense antibacterial peptides interactions: Role in bacterial resistance
and prevention of sepsis. Biochim. Biophys. Acta Biomembr. 2006, 1758, 1513–1522. [CrossRef]

46. Yu, L.; Tan, M.; Ho, B.; Ding, J.L.; Wohland, T. Determination of critical micelle concentrations and aggregation numbers by
fluorescence correlation spectroscopy: Aggregation of a lipopolysaccharide. Anal. Chim. Acta 2006, 556, 216–225. [CrossRef]

47. Saravanan, R.; Holdbrook, D.A.; Petrlova, J.; Singh, S.; Berglund, N.A.; Choong, Y.K.; Kjellström, S.; Bond, P.J.; Malmsten, M.;
Schmidtchen, A. Structural basis for endotoxin neutralisation and anti-inflammatory activity of thrombin-derived C-terminal
peptides. Nat. Commun. 2018, 9, 2762. [CrossRef]

48. Claxton, N.S.; Fellers, T.J.; Davidson, M.W. Microscopy, Confocal. In Encyclopedia of Medical Devices and Instrumentation; Webster,
J.G., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2016; pp. 449–477. [CrossRef]

49. Dolman, N.J.; Kilgore, J.A.; Davidson, M.W. A review of reagents for fluorescence microscopy of cellular compartments and
structures, part I: BacMam labeling and reagents for vesicular structures. Curr. Protoc. Cytom. 2013, 65, 1–27. [CrossRef]

50. Nogueira, E.; Cruz, C.F.; Loureiro, A.; Nogueira, P.; Freitas, J.; Moreira, A.; Carmo, A.M.; Gomes, A.C.; Preto, A.; Cavaco-Paulo,
A. Assessment of liposome disruption to quantify drug delivery in vitro. Biochim. Biophys. Acta Biomembr. 2016, 1858, 163–167.
[CrossRef]

51. Gargotti, M.; Lopez-Gonzalez, U.; Byrne, H.J.; Casey, A. Comparative studies of cellular viability levels on 2D and 3D in vitro
culture matrices. Cytotechnology 2018, 70, 261–273. [CrossRef]

52. Dinnen, R.D.; Drew, L.; Petrylak, D.P.; Mao, Y.; Cassai, N.; Szmulewicz, J.; Brandt-Rauf, P.; Fine, R.L. Activation of Targeted
Necrosis by a p53 Peptide: A Novel Death Pathway That Circumvents Apoptotic Resistance. J. Biol. Chem. 2007, 282, 26675–26686.
[CrossRef]

53. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
54. Mana, G.; Valdembri, D.; Serini, G. Conformationally active integrin endocytosis and traffic: Why, where, when and how?

Biochem. Soc. Trans. 2020, 48, 83–93. [CrossRef]
55. Buckley, C.D.; Pilling, D.; Henriquez, N.V.; Parsonage, G.; Threlfall, K.; Scheel-Toellner, D.; Simmons, D.L.; Akbar, A.N.; Lord,

J.M.; Salmon, M. RGD peptides induce apoptosis by direct caspase-3 activation. Nature 1999, 397, 534–539. [CrossRef]
56. Webb, J.N.; Koufos, E.; Brown, A.C. Inhibition of Bacterial Toxin Activity by the Nuclear Stain, DRAQ5TM. J. Membr. Biol. 2016,

249, 503–511. [CrossRef]

183



Int. J. Mol. Sci. 2021, 22, 13312

57. Nguyen, D.P.; Elliott, T.; Holt, M.; Muir, T.W.; Chin, J.W. Genetically encoded 1,2-aminothiols facilitate rapid and site-specific
protein labeling via a bio-orthogonal cyanobenzothiazole condensation. J. Am. Chem. Soc. 2011, 133, 11418–11421. [CrossRef]

58. Yuan, Y.; Wang, X.; Mei, B.; Zhang, D.; Tang, A.; An, L.; He, X.; Jiang, J.; Liang, G. Labeling thiols on proteins, living cells, and
tissues with enhanced emission induced by FRET. Sci. Rep. 2013, 3, 3523. [CrossRef]

59. Koniev, O.; Wagner, A. Developments and recent advancements in the field of endogenous amino acid selective bond forming
reactions for bioconjugation. Chem. Soc. Rev. 2015, 44, 5495–5551. [CrossRef]

60. Takakura, H. Molecular Design of d-Luciferin-Based Bioluminescence and 1,2-Dioxetane-Based Chemiluminescence Substrates
for Altered Output Wavelength and Detecting Various Molecules. Molecules 2021, 26, 1618. [CrossRef]

61. Sharma, D.K.; Adams, S.T.; Liebmann, K.L.; Miller, S.C. Rapid Access to a Broad Range of 6′-Substituted Firefly Luciferin
Analogues Reveals Surprising Emitters and Inhibitors. Org. Lett. 2017, 19, 5836–5839. [CrossRef]

62. Mofford, D.M.; Reddy, G.R.; Miller, S.C. Aminoluciferins extend firefly luciferase bioluminescence into the near-infrared and can
be preferred substrates over d-luciferin. J. Am. Chem. Soc. 2014, 136, 13277–13282. [CrossRef] [PubMed]

63. Takakura, H.; Kojima, R.; Ozawa, T.; Nagano, T.; Urano, Y. Development of 5′- and 7′-Substituted Luciferin Analogues as
Acid-Tolerant Substrates of Firefly Luciferase. ChemBioChem 2012, 13, 1424–1427. [CrossRef] [PubMed]

64. Fery-Forgues, S.; Lavabre, D. Are Fluorescence Quantum Yields So Tricky to Measure? A Demonstration Using Familiar Stationery
Products. J. Chem. Educ. 1999, 76, 1260. [CrossRef]

184



 International Journal of 

Molecular Sciences

Article

Conformational Preferences and Antiproliferative
Activity of Peptidomimetics Containing Methyl
1′-Aminoferrocene-1-carboxylate and Turn-Forming
Homo- and Heterochiral Pro-Ala Motifs
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Abstract: The concept of peptidomimetics is based on structural modifications of natural peptides
that aim not only to mimic their 3D shape and biological function, but also to reduce their limitations.
The peptidomimetic approach is used in medicinal chemistry to develop drug-like compounds that
are more active and selective than natural peptides and have fewer side effects. One of the synthetic
strategies for obtaining peptidomimetics involves mimicking peptide α-helices, β-sheets or turns.
Turns are usually located on the protein surface where they interact with various receptors and are
therefore involved in numerous biological events. Among the various synthetic tools for turn mimetic
design reported so far, our group uses an approach based on the insertion of different ferrocene
templates into the peptide backbone that both induce turn formation and reduce conformational
flexibility. Here, we conjugated methyl 1′-aminoferrocene-carboxylate with homo- and heterochiral
Pro-Ala dipeptides to investigate the turn formation potential and antiproliferative properties of
the resulting peptidomimetics 2–5. Detailed spectroscopic (IR, NMR, CD), X-ray and DFT studies
showed that the heterochiral conjugates 2 and 3 were more suitable for the formation of β-turns. Cell
viability study, clonogenic assay and cell death analysis showed the highest biological potential of
homochiral peptide 4.

Keywords: antiproliferative activity; chirality; conformational analysis; density functional theory
(DFT); ferrocene; hydrogen bonds; peptidomimetic; X-ray

1. Introduction

Despite their enormous biological importance and drug-like properties, the medical
use of peptides is still limited by their poor proteolytic stability, poor absorption, and low
selectivity. Peptidomimetics, that is “compounds whose essential elements (pharmacophore)
mimic a natural peptide or protein in 3D space and which retain the ability to interact with the
biological target and produce the same biological effect” [1] are an efficient answer to these draw-
backs. In the last four decades, the concept of peptidomimetics, i.e., the art of transforming
peptides into drugs, has emerged as the powerful tool in medicinal chemistry [2].

One of the synthetic approaches in the development and optimization of peptidomimet-
ics is based on mimicking the peptide secondary structures (α-helices, β-sheets or turns)
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involved in protein-protein interactions (PPIs) [3]. Within a cell, PPIs form an “interactome”,
an intricate network involved in physiological and pathological processes such as signal
transduction, cell proliferation, growth, differentiation, apoptosis, etc. Protein-protein in-
terfaces have bioactive “hotspots” consisting of four to eight amino acid segments, and half
of them are arranged in turns [4]. The development of mimetics of PPIs “hotspot” regions
that act as modulators or inhibitors of PPIs is a promising strategy for drug discovery [5].

Turns are the protein sites mainly composed of Asn, Gly and Pro where the polypep-
tide chain folds back on itself, making the proteins compact and globular. Since the turns
are usually located at the protein surface, they are exposed to cell receptors and there-
fore involved in biological interactions [6]. Depending on their length and hydrogen
bonding pattern, turns are classified as α-(13-membered hydrogen bonded (HB) ring),
β-(10-membered HB ring) and γ-turns (7-membered HB ring). Recently, Trabocchi and
Lenci [2] reviewed several conceptually different synthetic toolboxes for the design of
β-turns that are involved in numerous biological recognition processes, such as peptide-
antibody interactions, and recognition between peptide ligands and proteins. The turn
inducing elements approach is based on the replacement of the amino acid at i + 1 and/or
i + 2 with an element that both induces the formation of the turn and reduces the confor-
mational flexibility, while the small molecular scaffolds as structural mimetics approach
involves the replacement of the entire peptide backbone with the rigid scaffold that allows
the alignment of the side chains in a spatial arrangement corresponding to the peptide
turn residues.

Using the first approach, our group has made serious efforts in the synthesis and
conformational analysis of ferrocene-containing peptidomimetics [7–14]. Due to the dis-
tance between the cyclopentadienyl (Cp) rings of 3.3 Å, the peptide chains when at-
tached to the 1,1′-disubstituted ferrocene templates, i.e., -NH-Fn-CO- and -NH-Fn-NH-
(Fn = ferrocenylene), come close enough to form 12- (I) [7–12] and 14-membered inter-
strand hydrogen-bonded rings (II) [13,14], respectively, in symmetrically disubstituted
ferrocene peptides (Figure 1). We have therefore shown that 1,1′-disubstituted ferrocenes
are capable to nucleate β-turns and β-sheet-like structures upon conjugation with amino
acids and short peptides.
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Figure 1. The symmetrically disubstituted peptidomimetics containing turn-inducing ferrocene
templates -NH-Fn-CO- (I) and -NH-Fn-NH- (II).

In 2018, Moriuchi et al. gave a review of previously synthesized symmetrically
disubstituted ferrocene-dipeptide conjugates that adopt β- and γ-turn-like structures [15].

To investigate whether the asymmetrically disubstituted ferrocene conjugates with
amino acids are involved in hydrogen-bonded turns, we first prepared the conjugates
of methyl 1′-aminoferrocene-carboxylate with Ala (III) [16] and Pro (IV) [17] (Figure 2).
Detailed spectroscopic analysis revealed two different conformational patterns consisting
of seven-membered intra- (A, γ-turn) and nine-membered interstrand hydrogen bonded
rings (B) in the Ala-dipeptides III, whereas the Pro-dipeptides IV adopted pattern A only.
It was found that the different bulkiness and basicity of the Boc and Ac group affected the
hydrogen-bonding patterns to some extent.
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Figure 2. The asymmetrically disubstituted peptidomimetics (III) and (IV) containing turn-inducing
ferrocene template -NH-Fn-CO- (Y = Boc or Ac).

Our previous studies have shown that even the monosubstituted conjugates between
the ferrocene and chiral amino acids or short peptides may induce a different sign in the
circular dichroism spectra (CD) near the absorption maximum of a ferrocene chromophore
(around 470 nm) [18–20]. We have pointed out a strong correlation between the sign of
the Cotton effect and the sign of the dihedral angle between two planes, one containing
the cyclopentadienyl ring and the other containing amide bond [18–20]. Predominance
of a specific conformer arises from the amino acid sequence, which triggers a different
helicity of the folded peptide through intramolecular interactions, primarily hydrogen
bonds. The second substituent connected to the opposite cyclopentadienyl ring adds
additional hydrogen bond donor and acceptor sites, resulting with more rigid structure
through the subsequent formation of intra-or interstrand hydrogen bonds (HBs) inducing
the helical chirality of the ferrocene moiety by restricting the torsional twist about the
Cp(centroid)-Fe-Cp(centroid) axis. The helical arrangement (M- or P-) of the ferrocene
moiety depended on the chirality of the bound amino acids or peptides. In addition, the
peptide sequence, backbone homo-or heterochirality, hydrogen bond-acceptor potential of
the N-terminal groups, and hydrogen-bonding patterns were found to regulate the size of
the hydrogen-bonded ring, i.e., the type of turn.

Therefore, we decided to investigate the conformational consequences of introduction
of additional hydrogen bond donor and acceptor via Ac/Boc-L-Pro and Ac/Boc-D-Pro
sequence at the N-terminus of peptide 1. Considering that (i) the most favourable confor-
mation of Pro is in a tight turn [21] and (ii) Pro-Xaa sequence is recognised as a β-turn
sequence [22–24], we naturally expected an altered conformational space with more com-
plex intramolecular hydrogen bond (IHB) patterns of the new conjugates 2–5 in comparison
with previously synthesized compounds with only one amino acid.

The antitumor activity of ferrocenes was first reported in 1978 [25]. Since then, various
ferrocene compounds have been investigated as candidates for anticancer, antibacterial,
antifungal and antiparasitic drugs [26,27]. A review of the anticancer activity of ferrocene
hybrids with amino acids/peptides, azoles, chalcones, coumarins, indoles, steroids, sugars,
etc. was recently given by Wang et al. Due to the ability of drug-amino acid/peptide
hybrids to overcome multi-drug resistance in chemotherapy and bind to specific receptors
expressed on cancer cells, ferrocene-amino acid/peptide hybrids could be used to identify
new anticancer agents [28]. With this in mind, we decided to investigate conjugates 2–5 for
their antitumor activity.

2. Results and Discussion
2.1. Synthesis of Peptides 2–5

The previously established simple and efficient synthetic route to ferrocene-containing
peptides [13,14,16,17] was applied here to obtain peptides 2–5 (Scheme 1). Boc-deprotection
of Boc-L-Ala-NH-Fn-COOMe 1 [16] in the presence of gaseous HCl gave a hydrochloride
salt, which was processed with an excess of NEt3 to give the free amine required for
the coupling step. Then, C-activated Boc-L-Pro-OH and Boc-D-Pro-OH were added to
the unstable amine to obtain diastereomeric Boc-peptides 2 and 4, respectively. Con-
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version of carbamates 2 and 4 to acetamides 3 and 5 was accomplished by (i) acidic
Boc-deprotection and (ii) Ac-protection in the presence of acetyl chloride [14]. The char-
acterization data with IR, NMR, and MS spectra of conjugates 2–5 can be found in the
Supplementary Material, Figures S2–S51.
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2.2. Computational Study

As we have already mentioned, previously investigated conjugates III [16] and
IV [17] show two different HB patterns, the one including 7-membered intrastrand and
9-membered interstrand HB rings in Ala amino acid derivatives III, and other with only
one 7-membered ring in Pro amino acid derivatives IV (Figure 2). Without changing
the ester substituent on one Cp ring, we can simply modify the type and the number of
hydrogen bond donor and acceptor groups by incorporating an additional amino acid, e.g.,
Pro, to test the robustness of the existing hydrogen bond patterns. We expected formation
of 10-membered rings because Pro-Xaa sequence is known as good β-turn-inducer.

A detailed conformational analysis of four newly synthesized compounds was per-
formed hierarchically, starting from molecular mechanics and finishing with optimization
of the most stable conformers in implicitly modelled solvent (SMD) with the B3LYP-D3
functional and 6 − 311 + G(d,p) basis set, LanL2DZ for iron. Additionally, all hydrogen
bonds were confirmed based on the Quantum theory of atoms in molecules (QTAIM)
analysis of the bond critical points between hydrogen bond acceptors and hydrogens (more
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details in Materials and Methods). The results of the computational study are displayed in
Figures 3–5 and in Table S1 in Supplementary Materials.

The heterochiral D-Pro-L-Ala sequence in compounds 2 and 3 promotes formation of
two hydrogen bonds (pattern A). The one is an intrastrand NHFc···O=CBoc/Ac HB, which
is exactly a 10-membered ring (β-turn) as expected from Pro-Ala sequence. The other is
interstrand NHAla···O=CCOOMe HB that forms a 9-membered ring. The same IHB pattern
labelled as pattern A is formed no matter of a relative orientation of the second Cp ring
because ester group can freely rotate to accommodate best position on both sides to establish
the same type of the interstrand hydrogen bond, NHAla···O=CCOOMe, in conformers with
both type of helicity (P- in 2–1, 2–2, 3–1 and 3–4; while M- in 2–3, 3–2 and 3–3). Many
energetically close conformers differ only by puckering modes of pyrrolidine ring.

In comparison, homochiral L-Pro-L-Ala sequence favours formation of M-helical pep-
tides and it is more dependent on the type of the protecting group attached to N-terminus.
The most stable conformer of both 4 and 5 has an appropriate relative arrangement of both
substituents to form interstrand 9-membered ring connected through NHAla···O=CCOOMe
hydrogen bond (IHB pattern B). However, bulkier tert-butyl (Boc-protection) group in
comparison with smaller methyl (Ac-protection) prevents formation of an additional
10-membered ring, described as IHB pattern A that is observed in 4–1, but not in other
conformers of 4 and 5. The other, less stable conformers of 4 and 5 are folded under the
influence of the same types of NHAla···O=CCOOMe (IHB pattern B) and NHFc···O=CBoc/Ac
(IHB pattern C) hydrogen bonds, but only when acting individually.
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Figure 5. Intramolecular hydrogen bond (IHB) patterns (labelled as A, B and C) determined in
DFT optimized geometries of the most stable conformers of 2–5. Atom-numbering scheme for
interstrand 9-(red colour) and intrastrand 10-membered (blue colour) rings. IHB A consists of two
hydrogen-bonded rings, while IHBs B and C consist of one hydrogen-bonded ring.

2.3. IR Spectroscopy

Our next goal was to connect the results of the computational analysis with experi-
mental data, especially with the determined HB patterns predicted by DFT in peptides 2–5.
HBs have a significant effect on the IR spectrum causing a red shift and increase in the in-
tensity of the X–H stretching frequency when X–H···Y hydrogen bonds are formed [29,30].
Therefore, a closer look at the amide A region in the IR spectra of the studied compounds
revealed the presence of free (~3420 cm−1) and associated (~3300–3325 cm−1) NH groups,
and the red-shifted stretching frequencies of the COAc/Boc groups strongly suggest their
participation in HBs [31] (Figure 6a,b and Figures S12, S24, S36 and S48 in Supplementary
Materials). The ratios of free and associated NH bands in homochiral peptides 4 and 5
(~1:1.5) (Figure 6b) and heterochiral peptides 2 and 3 (~1:2.4) (Figure 6a) suggest a higher
extent of hydrogen bonding in heterochiral conjugates. The intramolecular nature of the
hydrogen bonds was proved by the concentration-independent IR spectra (Figure 6a,b).
Otherwise, the concentration dependence of the IR spectra, i.e., the decrease in the in-
tensities of intermolecularly engaged NH groups would be observed upon dilution. The
domination of associated NH groups was also observed in the solid state of compounds
2–5 (Figure 6c and Figures S13, S25, S37 and S49 in Supplementary Materials).
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Figure 6. The NH stretching vibrations in concentration-dependent IR spectra of (a) hetero-(2, 3) and (b) homochiral
peptides (4, 5) in CH2Cl2 ((—) c = 5 × 10−2 M, (——-) c = 2.5 × 10−2 M, (· · ·) c = 1.25 × 10−2 M, (——-), c = 6.13 × 10−3 M,
(·····), c = 3× 10−3 M) and ratios of free and associated NH bands, (c) the NH stretching vibrations of compounds 2–5 (2 mg)
in KBr (200 mg).

2.4. NMR Spectroscopy

NMR spectroscopy is a powerful tool for studying the structure and interactions of
peptides and proteins, allowing the identification of bioactive conformations responsible
for their drug-like properties. An overview of NMR methods for obtaining the 3D structure
of small, unlabelled peptides was recently provided by Vincenzi et al. [32]. Here, we
performed detailed 1D (1H, 13C) and 2D NMR studies (1H-1H COSY, 1H-1H NOESY,
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1H-13C HMQC, and 1H-13C HMBC) to assign the proton resonances and determine the
individual hydrogen bonds and their strength.

Due to the hydrogen bonding deshielding, the resonances of the involved amide pro-
tons are downfield shifted (δ > 7 ppm), and the higher values of the chemical shifts indicate
stronger hydrogen bonding [33]. Since the NHFn resonances of the tested
peptides are significantly downfield shifted (δ ~ 8–8.6 ppm) compared to
NHAla (δ ~ 6.9–7.2 ppm), their participation in stronger HBs is suggested (Figure 7,
Figures S4, S16, S28 and S40 in Supplementary Materials).
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Figure 7. Concentration-dependent NH chemical shifts of hetero-(2, 3) and homochiral peptides (4, 5).

Next, concentration-, temperature- and solvent-dependent NMR spectroscopy was
performed to obtain further details about the conformational space of the tested conjugates.
NHFn and NHAla showed no significant upfield shifts (δ < 0.1 ppm) at high (50 mM) vs.
low concentrations (1 mM) (Figure 7), supporting their involvement in IHBs, as suggested
by the concentration-independent IR data (Figure 6a,b).

We have further estimated the stability of the intramolecularly hydrogen-bonded
structures in peptides 2–5 by examining the temperature dependence of the shifts of the
amide protons. A smaller shift corresponds to a more stable conformation [34]. The signals
of NHFn and NHAla of heterochiral peptide 3 showed the smallest upfield shifts compared
to those of peptides 2, 4, and 5 (with the exception of NHAla from 4 which was slightly
downfield shifted) (Figure 8). Therefore, the heterochiral Ac-peptide 3 is expected to adopt
the most stable conformations compared to its counterparts, where both NHs are involved
in relatively strong hydrogen bonds.

193



Int. J. Mol. Sci. 2021, 22, 13532

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 27 

4 5

Figure 7. Concentration-dependent NH chemical shifts of hetero-(2, 3) and homochiral peptides (4, 5). 

Next, concentration-, temperature- and solvent-dependent NMR spectroscopy was 
performed to obtain further details about the conformational space of the tested conju-
gates. NHFn and NHAla showed no significant upfield shifts (δ < 0.1 ppm) at high (50 mM) 
vs. low concentrations (1 mM) (Figure 7), supporting their involvement in IHBs, as sug-
gested by the concentration-independent IR data (Figure 6a,b). 

We have further estimated the stability of the intramolecularly hydrogen-bonded 
structures in peptides 2–5 by examining the temperature dependence of the shifts of the 
amide protons. A smaller shift corresponds to a more stable conformation [34]. The signals 
of NHFn and NHAla of heterochiral peptide 3 showed the smallest upfield shifts compared 
to those of peptides 2, 4, and 5 (with the exception of NHAla from 4 which was slightly 
downfield shifted) (Figure 8). Therefore, the heterochiral Ac-peptide 3 is expected to 
adopt the most stable conformations compared to its counterparts, where both NHs are 
involved in relatively strong hydrogen bonds. 

NHFn (•) 

NHAla (▲)

Figure 8. Changes in chemical shifts (Δδ) of NHFn (•) and NHAla (▲) in peptides 2–5 in CDCl3 from 258–328 K (c = 1 × 10−3 
M in CDCl3). 

Temperature coefficients (Δδ/ΔT), i.e., the variations in the chemical shifts of the am-
ide protons with temperature, imply if the NH groups are exposed to or shielded 

NHAla

7.0 6.8

50 mM

25 mM

12.5 mM

1 mM

NHFn

8.08.2

NHFn

8.0 7.9

NHAla

7.27.0

50 mM

25 mM

12.5 mM

1 mM

250 260 270 280 290 300 310 320 330

6.8

7.0

7.2

7.4

7.8

8.0

8.2

8.4

8.6

8.8

Δδ/ΔT = 0.08
Δδ/ΔT = 3.85
Δδ/ΔT = 6.14

Δδ/ΔT = 4.14

Δδ/ΔT = 6.14
Δδ/ΔT = 8.57

Δδ/ΔT = 7.42

δ 
(p

pm
)

T (K)

4

3

5

2
5

4

2

3

Δδ/ΔT = 5.42

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Δδ
 (p

pm
)

2 3 4 5

- 0.1

00.0

0.1

0.2

0.3

0.4

0.5

Δδ
 (p

pm
)

2
3 4 52

4

Δδ
(p

pm
)

Figure 8. Changes in chemical shifts (∆δ) of NHFn (•) and NHAla (N) in peptides 2–5 in CDCl3 from 258–328 K
(c = 1 × 10−3 M in CDCl3).

Temperature coefficients (∆δ/∆T), i.e., the variations in the chemical shifts of the amide
protons with temperature, imply if the NH groups are exposed to or shielded (hydrogen
bonded) from the solvent, and therefore provide information about hydrogen bonding.
While low ∆δ/∆T values (−2.4 ± 0.5 ppb K−1) correspond to either shielded protons
which were initially downfield shifted, or protons exposed to CDCl3, larger ∆δ/∆T values
always reflect initially shielded NH protons exposed during unfolding of intramolecularly
hydrogen-bonded structures or dissociation of aggregates upon heating. [13,14,35–43]
Since the concentration-independent IR and NMR spectra excluded the self-assembly, the
observed larger temperature coefficients are an additional confirmation of the intramolecu-
larly folded conformations in peptides 2–5.

The multiple resonances of the amide protons at lower temperatures indicate a slow
cis/trans isomerization of the proline imide bond [37,44,45]. At higher temperatures, the
rate of isomerization increases, and the signals of the amide protons involved in weak
hydrogen bonds coalesce. Conversely, the slow proline isomerization and decreased
coalescence occur at high temperatures when the amide protons are involved in strong
HBs that can induce isomer locking [46].

The multiple resonances observed for NHFn and NHAla of peptides 2, 4 and 5 at
258 K and the coalescence that occurred upon subsequent heating to 328 K are consistent
with their involvement in weak HBs. Also, the absence of multiple resonances of the
amide protons of the heterochiral Ac-peptide 3 at lower temperatures is an additional
confirmation of its involvement in strong IHBs and hydrogen-bond-induced folding into a
stable turn structure (see Supplementary Materials Figures S11, S23, S35, S47 and S50).

The chemical shifts of the four NHFn and four NHAla showed different variations upon
titration of CDCl3 solution with DMSO-d6 (Figure 9). Although these protons are involved
in IHBs, they showed downfield shift with increasing DMSO content, which could be due
to exposure to the hydrogen-bond-accepting solvent. The NHAla of the tested peptides
showed a high degree of solvent sensitivity (∆δ ~ 0.94–1.46 ppm), which is probably due
to their involvement in weak HBs. However, increasing the DMSO content from 0–56%
affected the NHFn of heterochiral peptides 2 and 3 much less (∆δ ~ 0.3–0.45 ppm) than
those of homochiral peptides 4 and 5 (∆δ ~ 1 ppm), indicating their involvement in stronger
IHBs and folding into more stable turn structures.
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Figure 9. Solvent dependence of of NHFn (•) and NHAla (N) chemical shifts of peptides 2–5 at
increasing concentrations of d6-DMSO in CDCl3 (c = 25 mM, 298 K) to probe exposed vs. hydrogen-
bonded amides.

As for the cis/trans proline isomerization, it is expected that when a nonpolar or
less polar solvent is used, the trans isomer is more pronounced [14,17,47,48]. Moreover, the
trans isomer will dominate when the IHBs are formed [14,17,49]. When CDCl3 solutions
of Boc-peptides 2 and 4 were titrated with DMSO, the population of the cis isomer almost
reached the amount of the trans fraction, which could be indicative of their participation in
weaker HBs. However, the addition of DMSO had a much smaller effect on heterochiral
Ac-peptide 3, which retained almost exclusively trans fraction in the presence of DMSO due to
its involvement in strong IHBs (Supplementary Materials Figures S10, S22, S34, S46 and S51).

Two-dimensional NOESY spectroscopy was performed to further investigate the
folded conformations of peptides 2–5 (Figure 10). We were focused on intrastrand NOE
interactions between NHFn and NHAla with the N-terminal Boc or Ac group and on
interstrand NOE interactions between NHFn and NHAla and the ester methyl group.

The observed NOE contacts between NHFn and Ac or Boc methyl protons of het-
erochiral peptides 2 and 3 clearly indicate the presence of intrastrand hydrogen bonds
NHFn···O=CBoc/Ac corresponding to β-turns. NOE contact between NHAla and the ester
methyl group of peptides 3 is observed, indicating the presence of interstrand hydrogen
bond NHAla···O=CCOOMe as in IHB pattern A with two hydrogen bonds (Figure 5).

As can be seen from the above 1D NMR data, the homochirality of the peptide back-
bone affects the conformational behaviour and makes the hydrogen bonding more sensitive
and weaker compared to heterochiral analogues. The absence of NOE contact between
NHFn and Boc methyl protons for homochiral peptide 4 suggests the presence of weaker
HBs and lower degree of chiral organization compared to heterochiral peptides 2 and 3.
The NOEs between NHFn/NHAla and Ac-methyl protons of homochiral peptide 5 were
not observed, indicating that the intramolecular hydrogen bonding in 5 is very weak and
its structure is not helically ordered. These observations confirm the results of the computa-
tional study. Heterochiral peptides 4 and 5 equilibrate mostly between the conformations
having either IHB pattern B or C, both with one hydrogen bond, that makes them more
flexible for different orientation of the Boc/Ac protecting groups relative to NH. Based on
NMR study, hydrogen bonding pattern A with two simultaneous intra- and interstrand
HBs (Figure 5) is found only in heterochiral conjugate 3 which is therefore expected to have
the most ordered chiral surrounding compared to its homologues.
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2.5. CD Spectroscopy

Recent reviews describe CD (circular dichroism) as one of the most useful techniques
for measuring conformational changes in the secondary and tertiary structures of peptides
and proteins during aggregation, thermal or chemical unfolding, and ligand binding
interactions [50,51].

When the ferrocene scaffold is inserted into a chiral peptide chain, the formation of
turns stabilized by hydrogen bonds occurs, and β-sheet-like structure is formed. Conse-
quently, restriction of the free rotation of the ferrocene rings gives rise to helical chirality of
the ferrocene core and Cotton effects in the region of ferrocene-based transitions around
480 nm. The positive Cotton effects correspond to the P-helicity of the ferrocene unit,
while M-conformers induce negative Cotton effects. The most pronounced CD activity
(Mθ ~ 700,000 deg cm2 dmol−1) was measured for symmetrically disubstituted β-sheet-like
mimetics II [13,14] composed of homo- and heterochiral Ala-Pro dipeptides bound to an
-NH-Fn-NH- template and was attributed to a highly ordered chiral environment. Their
conformational stability, realized by two strong interstrand hydrogen bonds, was con-
firmed by the preservation of more than 70% of CD activity upon titration with DMSO [14].
However, the noticeable loss of CD activity for asymmetrically disubstituted ferrocene
peptides III [16] and IV [17] (Mθ ~ 500–800 deg cm2 dmol−1) is attributed to the reduction
and weakening of hydrogen bonds. We have shown that even monosubstituted amino-
ferrocene incorporated at the C-terminus of di- and tripeptide sequences can sense the
chiral environment (Mθ ~ 1000–2000 deg cm2 dmol−1) resulting from the turn structures
established in the attached peptide fragment [19,20].

The CD silent ferrocene region in the spectrum of homochiral peptide 5 (Figure 11)
confirms the absence of chiral order predicted by NMR. Since conformational analysis
indicated the presence of the folded structures in peptides 2–4, they were expected to
show CD activity, but with different sign depending on their homo-or heterochirality. The
negative Cotton effect (Mθ ~ 2500 deg cm2 dmol−1) for homochiral peptide 4 indicated
M-helicity, whereas heterochiral peptides 2 and 3 showed almost 2-fold stronger positive
Cotton effects (Mθ ~ 4200–4800 deg cm2 dmol−1) related to P-helicity of the ferrocene
core (Figure 11a). These findings are in the agreement with the computational study. The
most stable conformers of 2 and 3 have a significant contribution of the P-1,2′ helical
conformations (Table S1 in Supplementary Materials) in the total population, thus resulting
with a positive Cotton effect. However, M-1,1′ helical structures were determined to be the
most abundant in derivatives 4 and 5, especially in derivative 5 where all of the most stable
conformers adopt this type of helicity. Smaller values of the pseudotorsion angles (due
to 1,1′ relative orientation of the substituents on the opposite Cp rings) will result with a
smaller intensity in CD spectrum. However, the conformers M-1,2′ that coexist in 4 will
additionally enhance the negative Cotton effect.
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Figure 11. The Cotton effects in chirality-organized ferrocene peptides 2–4 (a) in solution (CH2Cl2,
c = 1 × 10−3 M, (—) and CH2Cl2, c = 1 × 10−3 M containing 20% of DMSO (——-)) and (b) in solid
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As shown in our previous studies [14,18–20], the increase and strengthening of hydro-
gen bonding in peptides 2 and 3 leads to a higher degree of chiral organization compared
to their counterpart 4 and analogues III [16] and IV [17]. It was expected that heterochiral
peptides 2 and 3, which showed less DMSO-induced shifts of NHFn compared to homochi-
ral peptides 4 and 5, would adopt a more stable turn conformations realized by intrastrand
hydrogen bonds. However, it was found that all the tested peptides lost their CD activity
in the presence of 20% DMSO, confirming our previous finding that the less stable con-
formations were generally formed by hydrogen bonding within the same strand [16–18].
Considering the hydrogen bonding potential of water (both as a donor and acceptor of
hydrogen bonds), the changes in the hydrogen-bonding pattern of the peptides studied
here are also expected in the water environment.

The CD activity of the peptides 2–5 in the solid state resembles their behaviour in the
solution in terms of the sign of the Cotton effects. Here, the intensity of CD activity of
heterochiral peptide 3 is much more pronounced compared to those of peptides 2, 4, and 5
than in the solution state, indicating the presence of a more stable turn conformation in the
solid state (Figure 11b).

2.6. X-ray Crystal Structure Analysis

We applied the same crystallization procedure for all goal compounds, i.e., recrys-
tallization from a solution of dichloromethane, chloroform, and ethyl acetate, but only
compounds 2 and 5 gave single crystals of suitable quality for X-ray structural analysis.

The conformation in the solid state is usually affected by the anisotropic environ-
ment (i.e., the crystal field) and specific intermolecular interactions forming in the crystals,
and often differs from the conformation in solution. The formation of medium-strong
N–H···O hydrogen bonds (energies in the range 5–10 kcal mol−1) is particularly favor-
able, and their energies (in the range of 5–10 kcal mol−1) are high enough to affect the
molecular conformation.

Compound 2 adopts the bent conformation with intermolecular hydrogen bond N1–
H1···O3 (Figure 12), which is consistent with pattern A shown in Figure 5. It is probably sup-
ported by a weaker C5–H5···O3 hydrogen bond (Table S55 in Supplementary Materials).
The other proton donor, N2, is oriented outward and participates in intermolecular hydro-
gen bonding with the carbonyl oxygen O1 of a neighbouring molecule related by trans-
lation (Figure 12, Table S55 in Supplementary Materials); thus, chains parallel to the crys-
tallographic direction [100] (i.e., parallel to axis a, Figure S56 in Supplementary Materials)
are formed.
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The conformation of compound 5 is also bent, but without intramolecular N–H···O
hydrogen bonding (Figure 12). It crystallises as a monohydrate, so the water molecule O6
interferes with the hydrogen bonding: it acts as a proton acceptor for the group N1-H1
(Supplementary Materials Table S55). This gives rise to zig-zag chains extending in the
direction [10] (i.e., crystallographic axis b, Figure S57 in Supplementary Materials). The bent
conformation of 5 is stabilized by a single weak hydrogen bond C19–H19···O2 (Figure 12,
Table S55 in Supplementary Materials).

The reported conformations differ from those determined by the computational study,
although β-turn prevails in heterochiral derivative 2. However, the energy penalty con-
nected with a reorganization of the individual molecule from the most stable conformer (as
determined by computational study) to less stable conformation (as determined by X-ray
analysis) is usually overcome by favourable intermolecular interactions that additionally
stabilize molecules in crystal [16].

2.7. Biological Evaluation

A further step after the successful synthesis and characterization of the investigated
peptidomimetics is the determination of their biological activity. Based on the literature
data and our previously published work [13,17], peptidomimetics 2–5 are expected to
possess antiproliferative and/or antitumor activity. Therefore, the biological activity of 2–5
was evaluated based on their ability to inhibit the growth of MCF-7 and HeLa carcinoma
cells. The cytotoxicity of the synthesized compounds was measured using the CellTiter 96®

AQueous One Solution Cell Proliferation Assay. Results are expressed as cell viability (%) of
treated cells versus control, non-treated cells and shown in Figure 13a,b.

All tested compounds 2–5 have inhibitory effects on HeLa and MCF-7 cell lines at
concentrations of 100 µM and higher, as shown in Figure 13a,b, respectively. The effect of
the tested peptidomimetics on cell viability is dose-dependent, i.e., the growth inhibition is
proportional to the increase in the concentration of the tested compound. Boc-protected
peptides 2 and 4 have stronger inhibitory effect compared to Ac-peptides 3 and 5. Viability
of cells treated with the highest concentration (500 µM) was from 35.4377% (HeLa) to
54.3296% (MCF-7) for 2 and 37.2897% (HeLa) to 48.3693% (MCF-7) for 4. In vitro cytototox-
icity results are quantified as the IC50 value (the half-maximal inhibitory concentration),
which is defined as the concentration of the test compound that results in 50% inhibition of
cell growth. These values for both cell lines and the four compounds tested were calculated
from the best-fitted equations of dose-response curves and are shown in Table 1.

Table 1. IC50 values calculated from dose-response curves of cell viability on HeLa and MCF7 cells.

Compound HeLa Cells MCF-7 Cells

2 436.1959 µM n.d. 1

3 n.d. 1 n.d. 1

4 370.3969 µM 270.6925 µM
5 n.d. 1 n.d. 1

1 n.d. = not detected.

According to the IC50 values, compound 4 has the strongest inhibitory effect on
MCF-7 cells, with slightly less pronounced impact on HeLa cells. For compound 2, an
IC50 value was calculated only for HeLa cells, while no IC50 values were calculated for
other compounds from the experimental data. In the range of tested concentrations
(10 µM−500 µM), no 50% inhibition of cell growth was observed, so for compounds 2,
3 and 5 on MCF-7 cells, and for compounds 3 and 5 on HeLa cells, the IC50 value can
be considered higher than 500 µM. The cytotoxicity assay revealed that HeLa cells are
somewhat more sensitive to the effect of the tested peptidomimetics 2–5, therefore the
remaining experiments were performed on HeLa cells.
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Figure 13. Cell viability of HeLa (a) and MCF-7 (b) cells treated with peptides 2–5 for 72 h in the
range of concentration from 10 µM to 500 µM and assessed by the CellTiter 96® AQueous. One
Solution Cell Proliferation Assay. Cell viability (%) was expressed as percentage of treated cells
versus control cells. and the data from three individual experiments were expressed as the means
(n = 5) ± S.D. * significant difference was considered at a p value < 0.05.

Another way to assess cell survival and determine the efficacy of cytotoxic agents,
is a colony formation test or clonogenic assay, in vitro method based on the ability of a
single cell to grow into a colony. After treatment with the tested compounds, the surviving
cells take about 1–3 weeks to form colonies, but only a small fraction of exposed cells
retain the ability to form colonies [52]. Since clone formation is in some respects a property
of unlimited growth, which is a special feature of tumor cells, the clonogenic assay may
serve as a good indicator of the antitumor potential of the test compounds. Therefore,
peptides 2–5 were also analyzed by a clonogenic assay on HeLa cells treated with 100 µM
and 500 µM concentrations of 2–5. After 17 days of in vitro cultivation, colonies became
visible and were then coloured with 0.5 % crystal-violet, counted, and photographed (see
Supplementary Materials Figure S58).

Based on the number of colonies counted, the plating efficiency (PE) and surviving
fraction (SF) were calculated for compounds 2–5 (Table 2) according to the equations in
the protocol of Franken et al. [53]. A higher SF value means that a higher colony forming
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ability is maintained after treatment with the test substance, which could be related to less
pronounced cytotoxic efficacy of that compound.

Table 2. Plating efficiency (PE) and surviving fraction (SF) for peptides 2–5.

PE (%) Concentration SF (2) SF (3) SF (4) SF (5)

31.75 100 µM 0.1575 1.0394 0 0.7874
500 µM 0 0 0 0.0315

When HeLa cells were treated with 100 µM of the tested compounds, higher val-
ues of PE were calculated for Ac-peptides 3 and 5 than for Boc-peptides 2 and 4, while
survival of cells treated with 500 µM was seen only after treatment with compound 5.
The results of the clonogenic analysis are consistent with their cytotoxicity, as there is a
significant difference in the number of visible colonies grown after treatment with 100 µM
of Boc-peptides 2 and 4, in contrast to Ac-peptides 3 and 5, which showed a weaker effect
on the growth and survival of HeLa cells.

The observed cytotoxicity of the tested peptidomimetics could be the result of their
impact on two basic cell processes, cell division and/or cell death. Programmed cell death
through the process of apoptosis was originally defined based on morphological character-
istics, so the initial identification of apoptotic cells is often observed under the microscope.
Control and treated HeLa cells were stained with the fluorescent dyes fluorescein diacetate
(FDA) and propidium iodide (PI), examined, and photographed under the EVOS FLoid
Cell Imaging Station fluorescence microscope, as shown in Figure 14.
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Figure 14. Morphological appearance of control, non-treated and HeLa cells treated with peptides 2–5
(500 µM) photographed after staining with FDA and PI under the fluorescence microscopy.

The use of FDA and PI fluorescent stain allows differentiation between living, necrotic,
and apoptotic cells in the sample of treated cells. In a photograph of control HeLa cells,
there are plenty of live, green-stained cells, whereas in the case of HeLa cells treated with
compounds 2 and 4, respectively, only a few dead cells stained red can be seen (Figure 14).
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To further confirm and quantify the observed morphological changes indicative of the
induction of cell death during treatment with the tested peptides 2–5, flow cytometry
analysis was conducted using the Muse® Cell Analyser and the Muse™ Annexin V & Dead
Cell Kit. The results of this analysis for HeLa cells are shown in Figure 15.
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Figure 15. Cell death analysis of HeLa cells treated with the highest tested concentration of Boc-(2,4)
and Ac-peptides (3,5) (500 µM) for 72 h. Distribution of four distinct cell populations (a). Values were
represented as the mean (n = 2) ± SD from two independent experiments. * significant difference of
treated cells versus control cells was considered at a p value < 0.05. Representative histograms for
control and treated cells were given from the Muse Annexin V & Dead Cell assay (b).
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Double staining with 7-aminoactinomycin D (7-AAD) and Annexin-V allows differen-
tiation between populations of live, dead, and early/late apoptotic cells in the sample by
flow cytometry. The results of the analysis show that HeLa cells treated with compound 4
(500 µM) have the highest percentage of the total apoptotic cells (33.19% ± 19,123), fol-
lowed by compound 2 with a total apoptosis of 30.32% ± 3,8201 (Figure 15). The lowest
percentage of total apoptotic cells was determined in a sample treated with 500 µM of
compound 5 (11.45%), which had the weakest effect on HeLa cells according to all other
methods used for the biological evaluation of peptides 2–5. The induction of apoptosis by
the action of peptidomimetics has been reported previously [53], whereby peptidomimetics
with anticancer properties bind to target proteins and mimic interactions that activate
specific death pathways in cancer cells, which then die by apoptotic cell death. A recent
review on peptidomimetics highlights their crucial role as inhibitors of protein-protein
interactions in cancer cells. Based on the traditional classification of peptidomimetics
into types I to III, which are divided into distinct classes A–D [54], peptidomimetics 2–5
belong to class A, like type I mimetics, which are involved in apoptosis regulation through
inhibitory effects on the p53–MDM2 and p53–MDMX complexes, among other modes of
action [54].

Our previous work on ferrocene peptidomimetics has shown that conformational
patterns do not have a decisive influence on biological activity, and that lipophilicity
contributes to biological activity, i.e., ferrocene peptidomimetics with larger retention
factors (Rf) had better antiproliferative capacity [13,17]. The results obtained here on the
increased antiproliferative activity of Boc-peptides 4 (Rf = 0.55) and 2 (Rf = 0.52) compared
to the more polar Ac-peptides 3 (Rf = 0.33) and 5 (Rf = 0.35) are consistent with the above
findings. Moreover, structural modification of the inactive Boc-L-Pro-NH-Fn-COOMe
(IV) [17] by insertion of L-Ala between ferrocene core and Pro resulted with the promising
outcome on Boc-peptide 4, which could serve as a leading compound for further research
and development. Considering the results obtained so far, we are encouraged to continue
this study with the aim of developing an antitumor drug.

3. Materials and Methods
3.1. General Procedure and Methods

The synthesis of peptides 2–5 was carried out under argon atmosphere and the
chemicals used for the reactions were analytically pure. CH2Cl2 used for synthesis, CD
measurements and FTIR was dried (P2O5), distilled over CaH2, and stored over molecular
sieves (4 Å). EDC (Acros Organics, Geel, Belgium), HOBt (Aldrich, Santa Clara, CA, USA)
and acetyl chloride (Aldrich), were used as received. The synthesis of Boc-L-Ala-NH-
Fn-COOMe (1) has been described previously [16]. Its N-terminus was deprotected by
exposure to gaseous HCl. The N-termini of L- and D-proline were protected in the presence
of sodium hydroxide, aqueous dioxane and di-tert-butyldicarbonate to give Boc-L-Pro-OH
and Boc-D-Pro-OH, respectively. Boc-L-Pro-OH and Boc-D-Pro-OH were activated with
the coupling reagent HOBt for 1 h in CH2Cl2. The products were purified by preparative
thin layer chromatography on silica gel (Kieselgel 60 HF254, KGaA, Darmstadt, Germany)
using EtOAc/CH2Cl2 mixture or pure EtOAc as eluent. Infrared spectra were recorded
as CH2Cl2 solutions between NaCl windows or in KBr using a MB 100 mid-FTIR spec-
trometer (Bomem, Saint-Jean-Baptiste, Canada ) ((s) = strong, (m) = medium, (w) = weak,
(br) = broad, (sh) = shoulder). The 1H- and 13C-NMR spectra were recorded at 600 MHz us-
ing an Avance spectrometer (Bruker, Rheinstetten, Germany) with a 5 mm TBI probe at the
Rud̄er Bošković Institute and were referenced to the peak of the residual solvent (CDCl3-d,
1H: δ = 7.24 ppm, 13C: δ = 77.23 ppm). In the case of the CDCl3-d/DMSO-d6 mixture,
calibration was performed using Me4Si as an internal standard (1H: δ = 0.0 ppm). Double
resonance experiments (COSY, NOESY, HMQC and HMBC) were performed to facilitate
the assignment of signals; ((s) = singlet, (d) = doublet, (m) = multiplet, (dd) = doublet of
doublets, (td) = triplet of doublets, (dq) = doublet of quartets). Unless otherwise stated, all
spectra were recorded at 298 K. NMR titrations were performed by adding 10 µL portions
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of DMSO-d6 to NMR tubes containing CDCl3-d solutions of the peptides under study
(c = 2.5 × 10−2 M). Spectra were recorded after each addition, and DMSO-d6 was added
until no change in the chemical shift of the amide protons was observed. CD spectra were
recorded using a model 810 spectropolarimeter (Jasco, Tokyo, Japan) in CH2Cl2 or KBr.
Molar ellipticity coefficients [θ] are given in degrees, concentration c in molL−1, and path
length l in cm, so that the unit for [θ] is deg cm2 dmol−1. Mass spectra were recorded
using HPLC-MS system coupled to a triple-quadrupole mass spectrometer, operating in
a negative ESI mode (Agilent, Palo Alto, CA, USA). High-resolution mass spectra were
recorded using a MALDI-TOF/TOF 4800+ analyser (SCIEX Headquarters, Framingham,
MA, USA). Melting points were determined using Reichert Thermovar apparatus (Reichert,
Vienna, Austria).. Single crystal measurements were performed with an Xcalibur Nova R
system (Oxford Diffraction, Wroclaw, Poland).

3.1.1. Synthesis of Boc-D-Pro-L-Ala-NH-Fn-COOMe (2) and
Boc-L-Pro-L-Ala-NH-Fn-COOMe (4)

The HClgas was purged through the suspension of Boc-L-Ala-NH-Fn-COOMe (1)
(1000 mg, 2.32 mmol) in dry CH2Cl2 (5 mL) at 0 ◦C. After 30 min, the solvent was evap-
orated in vacuo, leaving a dark yellow hydrochloride salt, which was then suspended
in CH2Cl2 and treated with NEt3 (pH ~ 8) to afford an unstable free amine suitable for
coupling to Boc-L-Pro-OH or Boc-D-Pro-OH (998 mg, 4.64 mmol) using the standard
EDC/HOBt method; EDC (1007 mg, 5.57 mmol), HOBt (753 mg, 5.57 mmol). The reaction
mixtures were then stirred at room temperature until the ferrocene amine was completely
consumed, which was monitored by TLC (~1 h). Standard work-up (washing with a satu-
rated aqueous solution of NaHCO3, a 10% aqueous solution of citric acid and brine, drying
over Na2SO4 and evaporation in vacuo) including TLC purification of the crude products
(EtOAc: CH2Cl2 = 1: 5; Rf = 0.52 (2), Rf = 0.55 (4)) gave orange solids of 2 (1107 mg, 89%)
and 4 (1213 mg, 92%).

Boc-D-Pro-L-Ala-NH-Fn-COOMe (2): m.p. = 119.2 ◦C. IR (CH2Cl2) ῦmax/cm−1:
3418 w (NHfree), 3325 m (NHassoc.), 1705 s (C = OCOOMe), 1684 s, 1671 s (C = OCONH), 1557 s,
1531 s (amide II). IR (KBr) ῦmax/cm−1: 3509 w(NHfree), 3308 m (NHassoc.), 1714 s (C = OCOOMe),
1695 s, 1671 s (C = OCONH). 1H-NMR (600 MHz, CDCl3) δ/ppm: 8.37 (s, 0.89H, NHFn trans),
7.70 (s, 0.11H, NHFn cis), 7.24 (d, J = 6.3 Hz, 0.89H, NHAla trans), 6.66 (d, 0.11H, NHAla cis),
5.09 (s, 1H, H-3), 4.81 (s, 2H, H-8), 4.72–4.69 (m, 2H, H-9, CHAla) 4.58 (s, 1H, H-4),
4.40 (s, 1H, H-7), 4.35 (s, 1H, H-10), 4.16 (s, 1H, CH-α (Pro)), 4.01 (s, 1H, H-2),
3.95 (s, 1H, H-5), 3.79 (s, 3H, COOMe), 3.53 (td, J = 10.3 Hz, 6,7 Hz, 1H, CH2-δ (Pro)),
3.46 (s, 1H, CH2-δ′ (Pro)), 2.22–2.07 (m, 2H, CH2-β, CH2-β′ (Pro)), 1.89–1.86 (m, 2H,
CH2-γ, CH2-γ′ (Pro)), 1.50 (s, 9H, (CH3)3 Boc), 1.48 (d, J = 7.30 Hz, 3H, CH3 Ala). 13C-NMR
(150 MHz, CDCl3) δ/ppm: 172.47 (COFn), 172.10 (COCOOMe), 170.89 (COAla),
155.26 (COBoc), 96.31 (C-1, Fn), 80.37 (Cq Boc), 72.79 (C-7), 72.45 (C-10), 71.88 (C-6),
71.75 (C-8), 71.43 (C-9), 66.59 (C-2), 65.40 (C-5), 63.94 (C-4), 62.54 (C-3), 61.10 (C-α, Pro),
51.87 (CH3 COOMe), 48.59 (CHAla), 47.53 (CH2-δ, Pro), 29.87 (CH2-β, Pro), 28.58 ((CH3)3 Boc),
24.96 (CH2-γ, Pro), 17.56 (CH3 Ala). ESI-MS (H2O:MeOH = 50:50): m/z 526.1 ((M − H)−).
MALDI-HRMS m/z = 527.1708 (calculated for C25H33N3O6Fe = 527.1718).

Boc-D-Pro-L-Ala-NH-Fn-COOMe (4): m.p. = 66.9 ◦C. IR (CH2Cl2) ῦmax/cm−1: 3418 w
(NHfree), 3310 m (NHassoc.), 1705 s (C = OCOOMe), 1674 s (C = OCONH), 1555 s, 1503 s
(amide II). IR (KBr) ῦmax/cm−1: 3505 w (NHfree), 3296 m (NHassoc.), 1715 s (C = OCOOMe),
1669 s, 1660 s (C = OCONH). 1H-NMR (600 MHz, CDCl3) δ/ppm: 8.15 (s, 0.9H, NHFn trans),
7.74 (s, 0.1H, NHFn cis), 6.85 (d, J = 6.3 Hz, 0.9H, NHAla trans), 6.67 (d, 0.1H, NHAla trans),
4.81 (s, 1H, H-3), 4.76 (s, 2H, H-8, H-9), 4.60 (s, 1H, H-4), 4.48 (m, 1H, CHAla),
4.38 (s, 1H, H-7), 4.37 (s, 1H, H-10), 4.34 (s, 1H, CH-α (Pro)), 4.00 (s, 2H, H-2, H-5),
3.78 (s, 3H, COOMe), 3.50–3.45 (m, 2H, CH2-δ, CH2-δ′ (Pro)), 2.22–2.16 (m, 2H, CH2-β, CH2-
β′ (Pro)), 1.92–1.91 (m, 2H, CH2-γ, CH2-γ′ (Pro)), 1.49 (s, 9H, (CH3)3 Boc),
1.42 (d, J = 6.98 Hz, 3H, CH3 Ala). 13C-NMR (150 MHz, CDCl3) δ/ppm: 172,35 (COFn),
171.95 (COCOOMe), 170.45 (COAla), 156.34 (COBoc), 95.79 (C-1, Fn), 81.24 (Cq Boc),
73.08 (C-7), 72.97 (C-10), 71.90 (C-6), 71.41 (C-8), 71.08 (C-9), 66.56 (C-2), 66.39 (C-5),
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63.15 (C-4), 62.71 (C-3), 60.97 (C-α, Pro), 51.70 (CH3 COOMe), 49.74 (CHAla), 47.57 (CH2-δ,
Pro), 29.14 (CH2-β, Pro), 28.54 ((CH3)3 Boc), 24.84 (CH2-γ, Pro), 17.54 (CH3 Ala). ESI-MS
(H2O:MeOH = 50:50): m/z 526.1 ((M − H)−). MALDI-HRMS m/z = 527.1729 (calculated
for C25H33N3O6Fe = 5.271.718).

3.1.2. Synthesis of Ac-D-Pro-L-Ala-NH-Fn-COOMe (3) and
Ac-L-Pro-L-Ala-NH-Fn-COOMe (5)

The transformation of carbamates 2 and 4 (1000 mg, 1.89 mmol) to acetamides 3 and 5
began with the acidic Boc-deprotection described above. Their free amines, obtained by
treating the hydrochloride salt with NEt3 (2.07 mL, 23.7 mmol), were cooled to 0 ◦C and
acetyl chloride (807 µL, 11.34 mmol) was added dropwise, stirring in an ice bath. After TLC
monitoring showed complete conversion of the starting materials, the reaction mixtures
were poured into water and extracted with CH2Cl2. The combined organic phases were
washed with a brine, dried over Na2SO4 and evaporated to dryness in vacuo. The resulting
crude products were purified by TLC on silica gel (EtOAc; Rf = 0.33 (3), Rf = 0.35 (5)) to
give orange solids of 3 (1132 mg, 60%) and 5 (1213 mg, 64%).

Ac-D-Pro-L-Ala-NH-Fn-COOMe (3): m.p. = 132.3 ◦C. IR (CH2Cl2) ῦmax/cm−1:
3424 w (NHfree), 3303 m (NHassoc.), 1706 s (C = OCOOMe), 1688 s, 1630 s (C = OCONH),
1557 s, 1541 s, 1521 m (amide II). IR (KBr) ῦmax/cm−1: 3542 w (NHfree), 3308 s, 3259 s,
3222 m (NHassoc.), 1714 s (C = OCOOMe), 1690 s, 1679 s, 1688 s (C = OCONH). 1H-NMR
(600 MHz, CDCl3) δ/ppm: 8.58 (s, 1H, NHFn), 7.08 (d, J = 9.1 Hz, 1H, NHAla),
5.05 (s, 1H, H-3), 4.78 (s, 1H, H-8), 4.76 (s, 1H, H-9), 4.70 (s, 1H, H-4), 4.62 (dq, J = 8.5 Hz,
7.1 Hz, 1H, CHAla), 4.40 (s, 1H, H-7), 4.35 (s, 1H, H-10), 4.26 (dd, J = 7.7 Hz, 5,6 Hz, 1H,
CH-α (Pro)), 3.98 (s, 1H, H-2), 3.95 (s, 1H, H-5), 3.77 (s, 3H, COOMe), 3.68 (td, J = 9.8 Hz,
6,9 Hz, 1H, CH2-δ (Pro)), 3.55 (td, J = 9.8 Hz, 6,5 Hz, 1H, CH2-δ′ (Pro)), 2.28–2.23 (m,
1H, CH2-γ Pro)), 2.21–2.18 (m, 1H, CH2-β (Pro)), 2.16 (s, 3H, CH3 Ac), 2.15–2.11 (m, 1H,
CH2-β′ (Pro)), 2.00–1.95 (s, 1H, CH2-γ′ (Pro)), 1.49 (d, J = 7.2 Hz, 3H, CH3 Ala). 13C-NMR
(150 MHz, CDCl3) δ/ppm: 172.08 (COAc), 172.03 (COCOOMe), 170.63 (COAla), 170.31 (COFn),
96.56 (C-1, Fn), 72.80 (C-7), 72.64 (C-10), 71.91 (C-6), 71.46 (C-8), 71.20 (C-9), 66.45 (C-2),
65.74 (C-5), 63.25 (C-4), 62.69 (C-3), 61.19 (C-α, Pro), 51.78 (CH3 COOMe), 49.11 (CHAla),
48.66 (CH2-δ, Pro), 29.23 (CH2-β, Pro), 25.52 (CH2-γ, Pro), 22.87 (CH3 Ac), 17.55 (CH3 Ala).
ESI-MS (H2O:MeOH = 50:50): m/z 468.1 ((M − H)−). MALDI-HRMS m/z = 469.1280
(calculated for C22H27N3O5Fe = 4.691.300).

Ac-L-Pro-L-Ala-NH-Fn-COOMe (5): m.p. = 125.1 ◦C. IR (CH2Cl2) ῦmax/cm−1: 3420 w
(NHfree), 3309 m (NHassoc.), 1705 s (C = OCOOMe), 1696 s, 1680 s, 1636 s (C = OCONH),
1555 s, 1540 s, 1507 m (amide II). IR (KBr) ῦmax/cm−1: 3499 w (NHfree), 3288 m (NHassoc.),
1714 s (C = OCOOMe), 1673 s, 1630 s (C = OCONH). 1H-NMR (600 MHz, CDCl3) δ/ppm:
7.99 (s, 0.95H, NHFn trans), 7.65 (s, 0.05H, NHFn cis), 7.22 (d, J = 7.1 Hz, 0.94H, NHAla trans),
6.86 (d, 0.06H, NHAla cis), 4.78 (s, 1H, H-8), 4.76 (s, 1H, H-3), 4.74 (s, 1H, H-9),
4.67 (s, 1H, H-4), 4.57 (m, 1H, CH-α (Pro)), 4.48 (dq, J = 8.4 Hz, 7,1 Hz, 1H, CHAla),
4.39 (s, 1H, H-7), 4.37 (s, 1H, H-10), 4.02 (s, 1H, H-2), 3.96 (s, 1H, H-5), 3.77 (s, 3H, COOMe),
3.67–3.64 (m, 1H, CH2-δ, (Pro)), 3.52–3.50 (m, 1H, CH2-δ′ (Pro)), 2.32 (s, 1H, CH2-γ, Pro)),
2.18 (s, 3H, CH3 Ac), 2.08–2.06 (m, 2H, CH2-β, CH2-β′ (Pro)), 1.93 (s, 1H, CH2-γ′ (Pro)),
1.42 (d, J = 7.0 Hz, 3H, CH3.Ala). 13C-NMR (150 MHz, CDCl3) δ/ppm: 171.82 (COAc),
171.81 (COCOOMe), 171.66 (COAla), 170.28 (COFn), 95.76 (C-1, Fn), 72.67 (C-7), 72.65 (C-
10), 72.21 (C-6), 71.43 (C-8), 71.08 (C-9), 66.62 (C-2), 66.01 (C-5), 63.04 (C-4), 62.87 (C-3),
60.65 (C-α, Pro), 51.76 (CH3 COOMe), 49.58 (CHAla), 48.67 (CH2-δ, Pro),
28.68 (CH2-β, Pro), 25.21 (CH2-γ, Pro), 22.93 (CH3 Ac), 17.22 (CH3 Ala). ESI-MS
(H2O:MeOH = 50:50): m/z 468.1 ((M−H)−). MALDI-HRMS m/z = 469.1280 (calculated for
C22H27N3O5Fe = 469.1300).

3.1.3. Computational Details

Conformational analyses of compounds 2–5 were done in three stages. First, a se-
ries of low-level optimizations with molecular mechanics, OPLS2005 force field, were
performed in MacroModel v10.3 [55–57]. The most stable conformers were selected for
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further optimizations at a high level of theory and run in Gaussian16 [58] with a default
grid and convergence criteria B3LYP/Lanl2DZ. The last stage included optimization of
the most stable conformers at the B3LYP/6-311+G(d,p) (LanL2DZ basis set on Fe) level of
theory while surrounding solvent (chloroform) were described as polarizable continuum
(SMD) [59]. Vibrational analysis was performed to verify each structure as a minimum on
the potential energy surface and the reported energies refer to standard Gibbs free energies
at 298 K. QTAIM theory were used to characterize hydrogen bonds in AIMAll package [60].
Topological parameters of the displayed bond critical points between hydrogen bond
acceptors and hydrogen atoms were calculated and verified according to the Koch and
Popelier criteria [61,62].

3.1.4. Crystallographic Study

X-ray diffraction: single crystal measurements were performed on a Rigaku Oxford
Diffraction Xtalab Synergy S (2) and an Oxford Diffraction Xcalibur Nova R (5), using
mirror-monochromated CuKα radiation. Program package CrysAlis PRO [63] was used
for data reduction and numerical absorption correction.

The structures were solved using SHELXS97 [64] and refined with SHELXL-2017 [65].
Models were refined using the full-matrix least squares refinement; all non-hydrogen atoms
were refined anisotropically. Rigid-body restraints were applied to ADPs of C atoms of
cyclopentadienyl ring C1→C5 in 5. Hydrogen atoms were located in a difference Fourier
map and refined either as riding entities. Hydrogen atoms of water molecule O6 in 5
could not be located from the difference map and were therefore not modelled. Molecular
geometry calculations were performed by PLATON [66] and molecular graphics were
prepared using ORTEP-3 [67], and Mercury [68]. Crystallographic and refinement data for
the structures reported in this paper are shown in in Table S52 in Supplementary Material.
The crystallographic data have been deposited in the Cambridge Structural Database as
entries No. 2122149 and 2122150.

3.1.5. Biological Activity

Materials: Trypsin-EDTA (0.25%), FBS (fetal bovine serum) and PBS (phosphate buffer
saline) were purchased from Sigma-Aldrich while DMEM (Dulbecco’s Modified Eagle
Medium) was purchased from Capricorn Scientific GmbH (Ebsdorfergrund, Germany).
The CellTiter 96® AQueous One Solution Cell Proliferation Assay was purchased from
Promega (Madison, WI, USA). Fluorescein diacetate (FDA) and propidium iodide (PI) were
purchased from Sigma-Aldrich. The Muse Annexin V Dead Cell kit was purchased from
EMD Milipore Corporation (Merck KGaA).

Cell culture and cultivation conditions: Two adherent human cell lines used in this
work were obtained from the Rud̄er Bošković Institute (Zagreb, Croatia). The HeLa cell
line derived from the cervical adenocarcinoma (ATCC No. CCL-2) and the MCF-7 cell
line derived from breast adenocarcinoma (ATCC No. HTB-22) were cultured in DMEM
supplemented with 5% FBS and maintained in BioLite petri dishes for cell culture (Thermo
Fisher Scientific, Waltham, MA, USA) in an incubator under a humidified atmosphere
and 5% CO2 at 37 ◦C. Cells in the exponential growth phase were trypsinized, counted
by the trypan blue method using an improved Neubauer hemocytometer, and used to set
up individual experiments. BioLite 6-well and 96-well plates were used for individual
experiments to test compounds of interest (Thermo Fisher Scientific).

Evaluation of cytotoxicity: The effect of peptides 2–5 on cell viability was examined
using the CellTiter 96® AQueous One Solution Cell Proliferation Assay, which was per-
formed according to the manufacturer’s instructions with minor modifications and as
described [69]. In brief, HeLa and MCF-7 cells were seeded in 96-well plates at a density of
3 × 104 cells per well in 100 µL of media. Stock solutions of peptides 2–5 were prepared as
10 mM solutions of compounds in ethanol, sterilized by filtration through a 0.22 µM filters
and then, prior to each experiment, diluted in culture medium. After overnight incubation,
HeLa and MCF-7 cells were treated with peptides 2–5 at nominal concentrations ranging
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from 10 µM to 500 µM. After the 72 h treatment, 10 µL of CellTiter 96® AQueous One Solu-
tion Cell Proliferation reagent was added to each well, and the cells were incubated for an
additional 3 h. Subsequently, absorbance was measured at 490 nm on the microplate reader
(Tecan, Mannedorf„ Switzerland). Cell viability was expressed as the percentage of treated
cells versus control cells. Experiments were performed three times with five parallels
for each concentration of compound tested and data were expressed as mean ± SD. The
corresponding IC50 values were calculated from the dose-response curves using equations
of best-fitted trend lines.

Clonogenic assay: The clonogenic analysis began by seeding pre-cultured HeLa cells
in 6-well plates at an initial concentration of 200 cells in 2 mL of culture medium per well.
The cells were incubated under optimal conditions and treated with peptides 2–5 at a
concentration of 100 µM and 500 µM after 24 h. There was also a control cells that were not
treated with peptidomimetics. Three days after the cells were treated, the growth medium
containing the test compounds was removed and replaced with fresh growth medium, after
which the plate with the HeLa cells was returned to the incubator for further cultivation.
After treatment with the test substances, the surviving cells need about 1–3 weeks to form
colonies. In this work, the colonies formed were visible 17 days after initial seeding of
the cells. Staining the grown colonies with crystal-violet begins by removing the growth
medium and washing the cells with 1 mL of PBS buffer. Then 2.5 mL of methanol was
added to fix the cells, which was removed after 10 min. The plates are then allowed to air
dry completely. A 0.5% solution of crystal-violet is then added and incubated for 10 min.
In the final step, the dye is removed and the colonies in the wells are rinsed with 1 mL of
PBS buffer and deionized water. The number of colonies grown was then counted and the
plating efficiency (PE) and survival fraction (SF) were calculated according to the equations
in the protocol of Franken et al. [52]. PE is the ratio of the number of colonies to the number
of seeded cells, while SF is the number of colonies formed after treatment of the cells,
expressed as PE.

Analysis of cell death by fluorescence microscopy and flow cytometry: for fluorescein
diacetate and propidium iodide staining, HeLa cells were seeded in 6-well plates at a con-
centration approximately about 1× 105 cells mL−1 and treated with 500 µM of peptides 2–5
after 24 h. After the 72 h treatment, cells were washed with PBS, trypsinized, centrifuged,
and resuspended in 0.2 mL of PBS. Cell were stained with FDA and PI according to the
method described by us [70] and immediately examined with the fluorescent microscope
EVOS FLoid Cell Imaging Station (Thermo Fisher Scientific).

Quantitative analysis of live, apoptotic, and dead cells treated with peptides 2–5 was
performed with the Muse Cell Analyzer (EMD Millipore Corporation, Burlington, MA,
USA) using the Muse Annexin V & Dead Cell Kit according to the manufacturer’s specifica-
tions. In brief, HeLa cells were plated into a 6-well culture at a density of 5 × 104 cells mL−1

(2 mL per well) and treated with the 500 µM concentration of conjugates 2–5 for 72 h. Af-
ter treatment with the test compounds, both floating and adherent cells were collected,
centrifuged (600 g min−1), and suspended in cell culture medium to adjust the cell con-
centration according to the manufacturer’s protocol. Then, 100 µL aliquots of the cell
suspension were added to 100 µL of Muse Annexin V & Dead Cell Reagent and incubated
for 20 min in the dark at RT. Cells were then analyzed using the Muse Cell Analyzer. Each
compound was tested in duplicate, and each experiment was performed twice.

The data in the graphs are expressed as mean ± standard deviation (±SD), and the
error bars in the figures indicate the SD. Differences between means were analyzed using
the ANOVA test, followed by post-hoc Tukey’s test. A significant difference was considered
at a p value < 0.05.

4. Conclusions

New insight is provided into the effects of the constituent homo- and heterochiral
Pro-Ala sequences on the conformational properties of the asymmetrically disubstituted
ferrocene peptidomimetics.
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The results of the DFT study agree quite well with the spectroscopic (IR, NMR) data,
also confirming the theoretically predicted differences in heterochiral vs. homochiral
analogs. According to the complementary experimental and computational study, the hete-
rochiral Pro-Ala sequence initiated more complex hydrogen-bonding patterns consisting
of intrastrand 10-membered (β-turn) and interstrand 9-membered rings. In comparison,
the homochiral Pro-Ala sequence resulted in more flexible conformations in which mostly
one of these two hydrogen bonds occur.

Of the four peptides tested, Boc-peptide 4 has the strongest inhibitory effect on tumor
cells HeLa and MCF-7, the greatest potential to promote apoptotic cell death in HeLa
cells and the highest ability to reduce survival of treated HeLa cells. All in all, we can
conclude that peptidomimetic 4, although its IC50 value is quite high compared to referent
antitumour drug such as cisplatin, has the potential to serve for development of new
antitumor drugs. Moreover, the obtained results are certainly a valuable guide for future
research on the synthesis of new peptidomimetics that are structurally similar to compound
4 and hopefully will have improved biological properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms222413532/s1.
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19. Nuskol, M.; Studen, B.; Meden, A.; Kodrin, I.; Čakić Semenčić, M. Tight turn in dipeptide bridged ferrocenes: Synthesis, X-ray
structural, theoretical and spectroscopic studies. Polyhedron 2019, 161, 137–144. [CrossRef]
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Abstract: Voltage-gated Na+ (Nav) channels are the primary molecular determinant of the action
potential. Among the nine isoforms of the Nav channel α subunit that have been described (Nav1.1-
Nav1.9), Nav1.1, Nav1.2, and Nav1.6 are the primary isoforms expressed in the central nervous
system (CNS). Crucially, these three CNS Nav channel isoforms display differential expression across
neuronal cell types and diverge with respect to their subcellular distributions. Considering these
differences in terms of their localization, the CNS Nav channel isoforms could represent promising
targets for the development of targeted neuromodulators. However, current therapeutics that target
Nav channels lack selectivity, which results in deleterious side effects due to modulation of off-target
Nav channel isoforms. Among the structural components of the Nav channel α subunit that could
be pharmacologically targeted to achieve isoform selectivity, the C-terminal domains (CTD) of Nav

channels represent promising candidates on account of displaying appreciable amino acid sequence
divergence that enables functionally unique protein–protein interactions (PPIs) with Nav channel
auxiliary proteins. In medium spiny neurons (MSNs) of the nucleus accumbens (NAc), a critical
brain region of the mesocorticolimbic circuit, the PPI between the CTD of the Nav1.6 channel and its
auxiliary protein fibroblast growth factor 14 (FGF14) is central to the generation of electrical outputs,
underscoring its potential value as a site for targeted neuromodulation. Focusing on this PPI, we
previously developed a peptidomimetic derived from residues of FGF14 that have an interaction
site on the CTD of the Nav1.6 channel. In this work, we show that whereas the compound displays
dose-dependent effects on the activity of Nav1.6 channels in heterologous cells, the compound does
not affect Nav1.1 or Nav1.2 channels at comparable concentrations. In addition, we show that the
compound correspondingly modulates the action potential discharge and the transient Na+ of MSNs
of the NAc. Overall, these results demonstrate that pharmacologically targeting the FGF14 interaction
site on the CTD of the Nav1.6 channel is a strategy to achieve isoform-selective modulation, and,
more broadly, that sites on the CTDs of Nav channels interacted with by auxiliary proteins could
represent candidates for the development of targeted therapeutics.

Keywords: peptidomimetics; protein–protein interactions (PPIs); voltage-gated Na+ (Nav) channels;
fibroblast growth factor 14 (FGF14); medium spiny neurons (MSNs); nucleus accumbens (NAc);
neurotherapeutics

1. Introduction

In excitable cells, voltage-gated Na+ (Nav) channels enable the initiation and propaga-
tion of the action potential [1,2]. Among the nine isoforms of the Nav channel α subunit
(Nav1.1-Nav1.9) that have been described, Nav1.1, Nav1.2, and Nav1.6 are the primary iso-
forms expressed in the central nervous system (CNS) [1]. In addition to displaying unique
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electrophysiological profiles, Nav1.1, Nav1.2, and Nav1.6 channels vary with respect to their
distributions across neuronal cell types [3–7] and their subcellular distributions [8,9]. Given
this heterogeneity of localization, isoform-selective targeting of one of the isoforms could
enable targeted neuromodulatory effects. Unfortunately, current therapeutics that target
Nav channels lack isoform selectivity due to targeting structural regions of the α subunit
that are highly conserved across the nine isoforms, which resultantly confers such drugs
with deleterious side-effects due to modulation of off-target Nav channel isoforms [10,11].
As such, the identification of less highly conserved structural regions that are amenable to
pharmacological modulation is a necessary prerequisite to fully actualize the potential of
Nav channels as targets for neurologic and neuropsychiatric disorders [11].

On account of displaying appreciable amino acid sequence divergence, the C-terminal
domains (CTDs) of Nav channels could represent promising sites to pharmacologically
target to achieve isoform selective modulation [11–16]. In particular, targeting sites on
CTDs interacted with by Nav channel auxiliary proteins could represent a novel strategy to
achieve isoform-selective modulation given that these are sites that enable endogenously
specific intermolecular regulation [11–13,17–23]. In the brain, the Nav channel auxiliary
protein fibroblast growth factor 14 (FGF14) interacts with the CTDs of the Nav1.1, Nav1.2,
and Nav1.6 channels, and its two splice variants, FGF14-1a and FGF14-1b, differentially
regulate the gating and trafficking of the three CNS Nav channel isoforms [12,15,18,24].
Given these functionally unique protein–protein interactions (PPIs) between FGF14 splice
variants and CNS Nav channel isoforms, in tandem with FGF14 being an important regula-
tor of neuronal activity and behavior [25–34], the interaction sites of FGF14 on the CTDs of
these Nav channel isoforms could potentially be pharmacologically targeted to develop
novel neuromodulators.

Focusing on the FGF14 interaction site on the CTD of the Nav1.6 channel on account of
the FGF14:Nav1.6 complex being central to the generation of electrical outputs of medium
spiny neurons (MSNs) of the nucleus accumbens (NAc) [24], which is a critical brain region
that regulates reward-related behavior [35], we previously developed a homology model
of the PPI interface to guide drug discovery efforts [15]. These investigations identified
three clusters of amino acids of FGF14 with interaction sites on the CTD of the Nav1.6
channel, namely the Phe-Leu-Pro-Lys (FLPK) and Pro-Leu-Glu-Val (PLEV) motifs on the
β12 sheet and the Tyr-Tyr-Val (YYV) motif on the β8/9 loop [15]. In subsequent works,
these amino acid sequences were used as scaffolds for the development of peptidomimet-
ics targeting the Nav1.6 channel macromolecular complex [24,36–38]. Pertinent to the
present investigation, we previously presented PW201, also referred to as compound 12,
which is derived from the YYV peptide [37]. In our previous study [37], we found that
PW201 modulated FGF14:Nav1.6 complex assembly, bound appreciably to the CTD of
the Nav1.6 channel, decreased the Nav1.6 channel-mediated transient Na+ current (INa)
in heterologous cells, and had predicted interactions with FGF14′s interaction site on the
CTD of Nav1.6. In the present investigation, we expand upon these findings and show
that whereas PW201 modulates Nav1.6 channel-mediated INa in heterologous cells in a
dose-dependent manner, the compound displays no effects on Nav1.1 channel- or Nav1.2
channel-mediated INa at comparable concentrations. Additionally, we show that in MSNs
of the NAc, PW201 correspondingly modulates INa and action potential discharge. Overall,
these results demonstrate that pharmacologically targeting the FGF14 interaction site on
the CTD of the Nav1.6 channel enables isoform-selective modulation of the Nav1.6 channel
and resultantly alters MSN activity, which could collectively represent promising features
for the development of future neuromodulators.

2. Results

2.1. PW201 Has Predicted Interactions with the FGF14YYV Interaction Site on the CTD of the
Nav1.6 Channel

In our previous study [15], we developed a homology model of the PPI interface
between FGF14 and the CTD of the Nav1.6 channel using the previously published crystal
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structure of the CTD of the Nav1.5 channel in complex with calmodulin and FGF13 as a
template [14]. Through assessment of the homology model, in tandem with biochemical
and functional validation modules, we identified the Try158-Tyr159-Val160 motif on the
β8/9 loop of FGF14 (FGF14YYV) as a “hot segment” [39] at the FGF14:Nav1.6 PPI inter-
face [15]. Crucially, these three residues of FGF14 have predicted interaction sites on the
CTD of the Nav1.6 channel. Based upon FGF14YYV having this predicted interaction site on
the CTD of the Nav1.6 channel, we first sought to investigate if PW201, which is derived
from the YYV motif of FGF14, similarly engaged with residues of the CTD of the Nav1.6
channel.

To this end, we employed molecular modeling and docked PW201 with our previously
reported homology model of the CTD of Nav1.6 [15] (Figure 1A–C). Consistent with
PW201’s derivation from the YYV motif of the β8/9 loop of FGF14, the docking study
of the compound showed that PW201 docks well with the Nav1.6 CTD at the same site
where the β8/9 loop of FGF14 interacts. In particular, PW201 forms H-bonds with Asp1833,
Met1832, and Arg1891. In addition, the fluorenylmethoxycarbonyl (Fmoc) protecting
group added to the N-terminus of the YYV scaffold to improve the compound’s drug-like
properties interacts with Arg1866, a residue of the CTD of the Nav1.6 channel involved
in an intramolecular salt bridge with Asp1846. Collectively considered, these molecular
modeling studies provide insights into the putative binding mode of PW201 with the CTD
of the Nav1.6 channel, which has important implications for understanding its mechanism
of action.
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In our previous study [37], we showed that 20 µM PW201 suppressed Nav1.6-

mediated INa in heterologous cells, which is an effect similar to that observed due to co-

Figure 1. Molecular modeling of PW201 in complex with the homology model of the CTD of the Nav1.6 channel (modified
from Dvorak et al., 2020. Molecules. PMID: 32722255). (A) Ribbon representation of PW201 (magenta) docked with the
homology model of the CTD of Nav1.6 (blue). Key interaction residues are shown as sticks, H-bonds are shown as red
dashed lines, and Pi–cation interactions are shown as cyan dashed lines. (B) Interaction diagram of PW201′s predicted
binding site with the homology model of the CTD of Nav1.6. H-bonds are shown as purple lines and Pi–cation interactions
are shown as red lines. (C) Docked pose of PW201 with the homology model of the CTD of the Nav1.6 channel overlaid
with FGF14. The Nav1.6 CTD is shown as blue ribbon and FGF14 as gray ribbon. Ligand is shown as a magenta stick and
the YYV motif of the FGF14 β8/9 loop is highlighted in orange.

2.2. PW201 Dose-Dependently Suppresses Nav1.6 Channel-Mediated INa in Heterologous Cells

In our previous study [37], we showed that 20 µM PW201 suppressed Nav1.6-mediated
INa in heterologous cells, which is an effect similar to that observed due to co-expression
of FGF14 with the Nav1.6 channel in heterologous cells [12,15,24,38,40,41]. This effect is
consistent with the compound’s previously shown direct binding to the CTD of the Nav1.6
channel [37]. Additionally, we previously showed that whereas PW201 modulated the peak
INa density mediated by Nav1.6 channels in heterologous cells, the compound did not affect
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the voltage dependences of activation or steady-state inactivation [37]. Given these previ-
ously shown electrophysiological changes conferred by the compound on Nav1.6-mediated
INa, we sought to assess the dose-dependency of PW201′s effects on Nav1.6-mediated
peak INa density in HEK293 cells expressing the Nav1.6 channel (HEK-Nav1.6). To do so,
HEK-Nav1.6 cells were incubated for 30 min with either vehicle (0.1% DMSO; n = 6 cells)
or one of seven concentrations of PW201 (range: 1–500 µM; n = 4–6 cells per concentra-
tion). After incubation, whole-cell patch-clamp electrophysiology was employed, and cells
were recorded from using the voltage-clamp protocol shown in Figure 2A. Recordings
performed in HEK-Nav1.6 cells treated with 0.1% DMSO elicited an average peak current
density of −65.6 ± 4.7 pA/pF (n = 6 cells). The peak current of each recording was then
divided by this average and reported as the percent peak current density (Figure 2B,C).

Table 1. Summary of the effects of 15 µM PW201 on Nav1.1-, Nav1.2-, and Nav1.6-mediated currents in heterologous cells a.

Nav Isoform Condition Peak Current
Density (pA/pF) b

Tau of Fast
Inactivation (ms) c

V1/2 of Activation
(mV) d

V1/2 of Steady-State
Inactivation (mV) e

Nav1.1
DMSO −139.0 ± 4.8 (8) 1.1 ± 0.1 (8) −25.0 ± 1.4 (8) −52.2 ± 1.9 (8)

PW201 −132.3 ± 3.8 (9) 1.0 ± 0.1 (9) −25.3 ± 1.5 (9) −50.7 ± 1.0 (7)

Nav1.2
DMSO −113.4 ± 10.8 (8) 1.0 ± 0.1 (8) −25.2 ± 2.5 (8) −54.9 ± 2.3 (6)

PW201 −107.8 ± 11.9 (7) 1.2 ± 0.1 (7) −22.1 ± 1.2 (7) −55.8 ± 3.7 (5)

Nav1.6
DMSO −65.6 ± 4.7 (6) 1.2 ± 0.1 (6) −23.1 ± 0.7 (6) −59.7 ± 0.3 (6)

PW201 −43.4 ± 2.4 (6) ** 1.2 ± 0.1 (6) −21.8 ± 1.3 (6) −61.0 ± 1.3 (6)
a Summary of the electrophysiological evaluation of 15 µM PW201 in HEK-Nav1.1, HEK-Nav1.2, and HEK-Nav1.6 cells. Results are
expressed as mean ± SEM. The number of independent experiments is shown in parentheses. A Student’s t-test comparing cells treated
with 0.1% DMSO and 15 µM PW201 was used to determine statistical significance. **, p < 0.01. b Peak current density, which described the
number of channels in a conductive (open) state, is a measure of the maximum influx of INa (pA) into the cell normalized to membrane
capacitance (pF) to control for variable cell sizes. c Tau of fast inactivation measures the decay phase of INa to characterize the time required
for channels to transition from the conductive (open) state to a nonconductive state resulting from fast inactivation. d V1/2 of activation
is a measure of the voltage at which half of the available channels transition from the closed to the conductive (open) state. e V1/2 of
steady-state inactivation is a measure of the voltage at which half of channels are available to transition into the conductive (open) state,
while the other half are non-conductive due to steady-state (closed-state) inactivation.

In Figure 2B, the half-maximal inhibitory concentration (IC50) of PW201 in terms of
suppressing Nav1.6-mediated peak INa density was determined to be 15.1 µM. This finding
is consistent with the bar graph representation of the data in Figure 2C, which shows that
statistically significant inhibitory effects on Nav1.6-mediated peak INa density are observed
at 15 µM but not at single-digit micromolar concentrations. With escalating concentrations,
a plateau effect appears to be reached at 50 µM, as the currents from cells treated with
100 and 500 µM PW201 are similarly suppressed. Overall, these dose-dependency studies
support the findings of our previous investigation [37] and demonstrate that through
direct binding to the CTD of the Nav1.6 channel, PW201 is able to dose-dependently affect
the peak transient INa density in heterologous cells in a fashion similar to that which is
observed due to co-expression of FGF14 with the Nav1.6 channel in heterologous cells.
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of PW201 (range: 1–500 µM). The trace of the peak current from cells treated with 500 µM is not shown to avoid overlap 
of traces and clarity of representation. Cells were recorded from using the voltage-clamp protocol shown in the inset with 
a P4 leak cancellation protocol. (B) Percentage peak current density plotted as a function of the log concentration of the 
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Figure 2. Dose-dependent effects of PW201 on peak INa densities elicited by HEK-Nav1.6 cells. (A) Representative traces of
peak transient currents recorded from HEK-Nav1.6 cells treated with 0.1% DMSO (vehicle) or one of seven concentrations
of PW201 (range: 1–500 µM). The trace of the peak current from cells treated with 500 µM is not shown to avoid overlap of
traces and clarity of representation. Cells were recorded from using the voltage-clamp protocol shown in the inset with
a P4 leak cancellation protocol. (B) Percentage peak current density plotted as a function of the log concentration of the
compound to characterize the dose-dependency of the effects of PW201 on this electrophysiological parameter. Percent
peak current was calculated by dividing the peak current density of each recording by the average peak current density of
cells treated with 0.1% DMSO. Non-linear regression curve-fitting was performed using GraphPad Prism 8. (C) Bar graph
representation of individual replicates from dose–response analyses shown in (B). (D) Comparison of tau of fast inactivation
of INa between HEK-Nav1.6 cells treated with DMSO and 15 µM PW201. (E) Normalized conductance plotted as a function
of the voltage to characterize the effects of DMSO (black) and 15 µM PW201 (blue) on the voltage dependence of activation
of INa elicited by HEK-Nav1.6 cells. Plotted data were fitted with the Boltzmann equation to determine V1/2 of activation
(see Table 1). (F) Normalized current plotted as a function of the voltage to characterize the effects of DMSO (black) and
15 µM PW201 (blue) on the voltage dependence of steady-state inactivation of INa elicited by HEK-Nav1.6 cells. Plotted
data were fitted with the Boltzmann equation to determine V1/2 of steady-state inactivation (see Table 1). Data shown are
mean ± SEM. In (C,D), circles represent individual replicates. In (C), significance was assessed using a one-way ANOVA
with post hoc Dunnett’s multiple comparisons test. ns, not significant; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. In (D–F),
significance was assessed using an unpaired t-test comparing cells treated with 0.1% DMSO or 15 µM (see Table 1).

Based on the dose-dependent effects of PW201 on peak INa density observed in
Figure 2A–C, we elected to further test the effects of 15 µM PW201 on other electrophysi-
ological parameters, a concentration selected on the basis of it being near the calculated
IC50 value in Figure 2B. Consistent with our previous investigation, where 20 µM PW201
exerted no effects on the tau of fast inactivation, voltage dependence of activation, or
voltage dependence of steady-state inactivation of INa elicited by HEK-Nav1.6 cells [37],
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treatment of HEK-Nav1.6 cells with 15 µM PW201 similarly did not affect these parameters
(Figure 2D–F). As it pertains to the former, HEK-Nav1.6 cells treated with 0.1% DMSO
displayed a tau of fast inactivation value of 1.17 ± 0.08 ms, which was not significantly
different than the tau of fast inactivation value of HEK-Nav1.6 cells treated with 15 µM
PW201 (1.21± 0.11 ms; n = 6 cells per group; p = 0.83; Figure 2D). As it relates to the voltage
dependence of activation, HEK-Nav1.6 cells treated with 0.1% DMSO or 15 µM PW201
displayed V1/2 of activation values of −23.1 ± 0.72 mV or −21.8 ± 1.3, respectively (n = 6
per group; p = 0.41; Figure 2E). Lastly, as it relates to the voltage dependence of steady-state
inactivation, HEK-Nav1.6 cells treated with 0.1% DMSO or 15 µM PW201 displayed V1/2 of
steady-state inactivation values of −59.7 ± 0.31 mV or −61.0 ± 1.3 mV, respectively (n = 6
per group; p = 0.35; Figure 2F). Collectively considered, the results of Figure 2 demonstrate
that PW201 confers dose-dependent effects on the INa amplitude, and that the effects of
15 µM PW201 on the INa amplitude are not accompanied by changes in the kinetics or
voltage dependences of activation or inactivation of Nav1.6 channels.

2.3. Profiling the Selectivity of PW201 for the Nav1.6 Channel

Having shown previously [37] and demonstrated the dose-dependency (Figure 2) of
the effects of PW201 on the transient INa of Nav1.6 channels in heterologous cells, we next
sought to characterize if these effects of PW201 were selective among CNS Nav channel
isoforms. To do so, HEK293 cells stably expressing either Nav1.1 (HEK-Nav1.1) [24,38,42]
or Nav1.2 (HEK-Nav1.2) [24,38,43] channels were incubated for 30 min with either 0.1%
DMSO or 15 µM PW201, a concentration of the ligand selected on the basis of its IC50 value
for Nav1.6 determined in Figure 2B. After incubation, the effects of vehicle and PW201
treatment on Nav1.1 and Nav1.2 channels were assessed using whole-cell voltage-clamp
recordings (Figure 3).

As mentioned above, co-expression of FGF14 with the Nav1.6 channel in heterologous
cells results in a suppression of Nav1.6-mediated INa [12,15,24,38,40,41], similar to the
suppression of peak transient INa conferred by treatment of HEK-Nav1.6 cells with PW201.
Notably, co-expression of FGF14 with the Nav1.1 channel [18] and the Nav1.2 channel [12]
in heterologous cells has similarly been shown to suppress Nav1.1- and Nav1.2-mediated
peak transient INa. Despite these conserved modulatory effects of co-expression of FGF14
with Nav1.1, Nav1.2, and Nav1.6 channels on peak INa density in heterologous cells,
treatment of only HEK-Nav1.6 cells with PW201 results in a suppression of peak INa
density, whereas this parameter is unaffected in HEK-Nav1.1 (Figure 3A–C) and HEK-
Nav1.2 (Figure 3I–K) cells treated with 15 µM PW201. Lending further credence to PW201′s
isoform-selective effects on the Nav1.6 channel, PW201 exerted no modulatory effects on
tau of fast inactivation, the voltage dependence of activation, or the voltage dependence of
steady-state inactivation of Nav1.1 (Figure 3D–H) or Nav1.2 (Figure L–P) channels stably
expressed in heterologous systems.

2.4. PW201 Potentiates the Excitability of MSNs of the NAc through Nav Channel Modulation

Having shown that PW201 modulates Nav1.6-mediated INa, but not Nav1.1- or Nav1.2-
mediated INa, in heterologous cells (Figures 2 and 3, respectively), we next sought to
characterize how these collective modulatory effects might alter the activity of MSNs of the
NAc. MSNs represent a promising cellular target to be affected by such a ligand as previous
studies have shown that FGF14 and Nav1.6 channels are enriched in these cells [24]. To test
the effects of PW201 on intact MSNs of the NAc, acute brain slice preparations containing
the NAc were incubated with either 0.01% DMSO or 15 µM PW201 for 30 min, after which
either whole-cell current-clamp (Figure 4A–E) or whole-cell voltage-clamp (Figure 4F–H)
electrophysiological recordings were performed.
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Figure 3. Electrophysiological evaluation of the effects of PW201 on Nav1.1 and Nav1.2 channels. (A,I) Representative 
traces of transient Na+ currents elicited by the indicated cell type treated with either 0.1% DMSO (black) or 15 µM PW201 

Figure 3. Electrophysiological evaluation of the effects of PW201 on Nav1.1 and Nav1.2 channels. (A,I) Representative traces
of transient Na+ currents elicited by the indicated cell type treated with either 0.1% DMSO (black) or 15 µM PW201 (blue).
(B,J) Current–voltage relationships for cells of the indicated type treated with either 0.1% DMSO (black) or 15 µM PW201
(blue). (C,K) Comparison of the peak current density for the experimental groups described in (B) and (J), respectively.
(D,L) Comparison of tau of fast inactivation of HEK-Nav1.1 and HEK-Nav1.2 cells, respectively, treated with either 0.1%
DMSO (black) or 15 µM PW201 (blue). (E,M) Normalized conductance plotted as a function of the voltage for HEK-Nav1.1
and HEK-Nav1.2 cells, respectively, that were treated with 0.1% DMSO (black) or 15 µM PW201 (blue) to characterize
the effects of vehicle and compound treatment on the voltage dependencies of activation of Nav1.1 and Nav1.2 channels.
(F,N) Comparison of V1/2 of activation of transient Na+ currents elicited by HEK-Nav1.1 and HEK-Nav1.2 cells, respectively,
that were treated with 0.1% DMSO or 15 µM PW201. (G,O) Normalized current plotted as a function of the voltage for
HEK-Nav1.1 and HEK-Nav1.2 cells, respectively, that were treated with 0.1% DMSO (black) or 15 µM PW201 (blue) to
characterize the effects of vehicle and compound treatment on the voltage dependencies of steady-state inactivation of
Nav1.1 and Nav1.2 channels. (H,P) Comparison of V1/2 of steady-state inactivation of transient Na+ currents elicited by
HEK-Nav1.1 and HEK-Nav1.2 cells, respectively, that were treated with 0.1% DMSO (black) or 15 µM PW201 (blue). Data
are mean ± SEM. In bar graphs, circles represent individual replicates. Significance was assessed using an unpaired t-test
comparing cells treated with 0.1% DMSO and 15 µM PW201. ns, not significant. A table summary of results is shown in
Table 1.
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Figure 4. PW201 potentiates the intrinsic excitability and INa of MSNs in the NAc. (A) Representative traces of evoked 
action potentials from MSNs treated with 0.01% DMSO (black) or 15 µM PW201 (blue) in response to increasing current 
injections (schematic of the current-clamp protocol is shown below representative traces). (B) Average number of evoked 
action potentials at each current step from MSNs treated with 0.01% DMSO (black) or 15 µM PW201 (blue). (C) 
Comparison of the max number of evoked action potentials between MSNs treated with 0.01% DMSO or 15 µM PW201. 
(D) Average instantaneous firing frequencies (IFFs) at each current step from MSNs treated with 0.01% DMSO (black) or 
15 µM PW201 (blue). (E) Comparison of IFFs of MSNs at the 150 pA current step treated with 0.01% DMSO or 15 µM 
PW201. (F) Representative traces of transient INa of MSNs of the NAc treated with either 0.01% DMSO (black) or 15 µM 
PW201 (blue) in response to the voltage-clamp protocol shown below the traces. (G) Current–voltage relationship for 
experimental groups descried in (F). (H) Bar graph derived from (G) comparing the peak INa density of MSNs treated with 
0.01% DMSO or 15 µM PW201. (I) Normalized conductance plotted as a function of the voltage to characterize the effects 
of 0.01% DMSO (black) or 15 µM PW201 (blue) on the voltage dependence of activation of INa of MSNs. (J) Normalized 
current plotted as a function of the voltage to characterize the effects of 0.01% DMSO (black) or 15 µM PW201 (blue) on 
the voltage dependence of steady-state inactivation of INa of MSNs. Data are mean ± SEM. In bar graphs, circles represent 
individual replicates. Significance was assessed using an unpaired t-test comparing MSNs treated with 0.1% DMSO and 
15 µM PW201. *, p < 0.05; **, p < 0.01. A table summary of the current-clamp results is shown in Table 2. 
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Figure 4. PW201 potentiates the intrinsic excitability and INa of MSNs in the NAc. (A) Representative traces of evoked
action potentials from MSNs treated with 0.01% DMSO (black) or 15 µM PW201 (blue) in response to increasing current
injections (schematic of the current-clamp protocol is shown below representative traces). (B) Average number of evoked
action potentials at each current step from MSNs treated with 0.01% DMSO (black) or 15 µM PW201 (blue). (C) Comparison
of the max number of evoked action potentials between MSNs treated with 0.01% DMSO or 15 µM PW201. (D) Average
instantaneous firing frequencies (IFFs) at each current step from MSNs treated with 0.01% DMSO (black) or 15 µM
PW201 (blue). (E) Comparison of IFFs of MSNs at the 150 pA current step treated with 0.01% DMSO or 15 µM PW201.
(F) Representative traces of transient INa of MSNs of the NAc treated with either 0.01% DMSO (black) or 15 µM PW201
(blue) in response to the voltage-clamp protocol shown below the traces. (G) Current–voltage relationship for experimental
groups descried in (F). (H) Bar graph derived from (G) comparing the peak INa density of MSNs treated with 0.01% DMSO
or 15 µM PW201. (I) Normalized conductance plotted as a function of the voltage to characterize the effects of 0.01% DMSO
(black) or 15 µM PW201 (blue) on the voltage dependence of activation of INa of MSNs. (J) Normalized current plotted as a
function of the voltage to characterize the effects of 0.01% DMSO (black) or 15 µM PW201 (blue) on the voltage dependence
of steady-state inactivation of INa of MSNs. Data are mean ± SEM. In bar graphs, circles represent individual replicates.
Significance was assessed using an unpaired t-test comparing MSNs treated with 0.1% DMSO and 15 µM PW201. *, p < 0.05;
**, p < 0.01. A table summary of the current-clamp results is shown in Table 2.

Table 2. Effects of PW201 on passive and electrical properties of MSNs of the NAc a.

Treatment Max Number
of APs

IFF at 150
pA (Hz) RMP (mV) Ithr (pA) Vthr (mV) Max Rise

(mV/ms)
Max Decay

(mV/ms) Rin (MΩ) Tau (ms) Cm (pF)

DMSO 17.2 ± 1.1 (6) 24.5 ± 2.6
(6)

−71.7 ±
3.8 (6)

40.0 ± 7.3
(6)

−43.1 ±
1.4 (6)

233.9 ±
33.7 (6)

−60.6 ±
4.9 (6)

199.6 ±
13.0 (6)

25.6 ± 4.6
(6)

125.2 ±
14.3 (6)

PW201 24.4 ± 1.3 (7)
**

32.7 ± 1.4
(7) **

−71.1 ±
1.6 (7)

41.4 ± 6.3
(7)

−42.9 ±
1.5 (7)

227.4 ±
25.1 (7)

−58.4 ±
2.8 (7)

168.4 ±
13.5 (7)

15.6 ± 3.2
(7)

91.6 ±
14.1 (7)

a Summary of the ex vivo electrophysiological evaluation of PW201 in MSNs of the NAc. Results are expressed as mean ± SEM. The
number of independent experiments is shown in parentheses. A Student’s t-test comparing MSNs treated with 0.1% DMSO and 15 µM
PW201 was used to determine statistical significance. **, p < 0.01.
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In current-clamp recordings, treatment of MSNs of the NAc with PW201 resulted
in a potentiation of their action potential discharge (Figure 4A–C; Table 2). In addition
to increasing the maximal firing of MSNs, PW201 also increased the instantaneous firing
frequency of these neurons (Figure 4D,E). These effects of PW201 on action potential
discharge, coupled with a lack of effects on passive electrical properties, such as resting
membrane potential and input resistance (Table 2), suggest that the ligand’s modulatory
effects on neuronal excitability likely arise due to changes in Nav channel activity. Such a
hypothesis is further supported by the effects of PW201 on Nav1.6 channel conductance in
heterologous cells (Figure 2), as well as by previous investigations demonstrating changes
in the maximal firing and instantaneous firing frequency of neurons due to changes in Nav
channel conductance [44–47].

As an additional test to ensure that the effects on the action potential discharge
of MSNs of the NAc conferred by PW201 were mediated by changes in Nav channel
activity, whole-cell voltage-clamp recordings of INa were performed in intact MSNs in
the acute brain slice preparation using the voltage-clamp protocol shown in Figure 4F.
To circumvent space clamp issues that preclude recording of fast gating INa in brain
slices using conventional voltage-clamp protocols, we employed a two-pulse step protocol
described by Milescu et al. [48] and employed by others [49,50]. This protocol uses a
depolarizing pre-pulse step to inactivate Nav channels distant from the recording electrode
that is followed shortly afterward with a second step to record Nav channels close to the
recording pipette. Using this protocol, we reliably resolved well-clamped INa of intact
MSNs in the acute brain slice preparation. MSNs treated with 0.01% DMSO displayed
an average peak INa density of −53.0 ± 9.6 pA/pF (n = 6), whereas MSNs treated with
15 µM PW201 displayed a significantly increased peak INa density of −100.2 ± 15.2 pA/pF
(n = 8; p < 0.05; Figure 4F–H). This effect provides strong evidence that the compound’s
potentiation of action potential discharge of MSNs of the NAc is mediated by changes in
the activity of their constituent Nav channels.

In addition to assessing the effects of PW201 on the amplitude of INa of MSNs, the
effects of the compound on the voltage dependence of activation (Figure 4I) and the voltage
dependence of steady-state inactivation (Figure 4J) of INa of MSNs were also investigated.
Consistent with the results shown in Figure 2 demonstrating that 15 µM PW201 modulates
the amplitude of Nav1.6-mediated INa in heterologous cells without affecting the voltage
dependences of activation (Figure 2E) or steady-state inactivation (Figure 2F), treatment of
acute brain slice preparations containing the NAc with 15 µM PW201 affected neither the
voltage dependence of activation (Figure 4I) nor the voltage dependence of steady-state
inactivation (Figure 4J) of the INa of MSNs compared to treatment with 0.01% DMSO.
Specifically, MSNs treated with 0.01% DMSO displayed an INa with a V1/2 of activation
value of −35.4 ± 2.3 mV (n = 6), which was not significantly different than MSNs treated
with 15 µM PW201 (−38.7 ± 2.0 mV; n = 8; p = 0.3037; Figure 4I). As it relates to inactiva-
tion, the V1/2 of steady-state inactivation of INa of MSNs treated with 0.01% DMSO was
−69.6 ± 1.5 mV (n = 6), which was not significantly different from the V1/2 of steady-state
inactivation value observed for MSNs treated with 15 µM PW201 (−68.0 ± 2.5 mV; n = 8;
p = 0.6224; Figure 4J). Overall, the results of these recordings performed in MSNs, coupled
with the recordings performed in HEK-Nav1.6 cells, demonstrate that PW201 affects the
INa amplitude without affecting the voltage dependences of activation or steady-state
inactivation of INa.

3. Discussion

PPIs between the pore-forming α subunit of Nav channels and auxiliary proteins regu-
late channel gating and trafficking [12,17,18,21,22,24,51,52]. Translationally, perturbation of
these PPIs gives rise to neural circuity aberrations that are associated with neurologic and
neuropsychiatric disorders [33,34], underscoring their role as critical sites for neuromod-
ulation. Despite representing novel pharmacological targets for neuromodulation, such
PPIs have historically proven difficult to appreciably modulate using conventional small
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molecules [53–56]. As this challenge largely arises from the large size of PPI interfaces
making it difficult to identify druggable motifs that could confer functionally relevant
modulation of the intermolecular interaction, efforts to map PPI interfaces using chemical
probes, such as those employed in the present investigation, are a necessary pre-requisite
for the development of small molecule modulators of PPIs.

In our previous work [37], we showed that PW201 modulated FGF14:Nav1.6 complex
assembly, displayed direct binding to the CTD of the Nav1.6 channel, modulated Nav1.6-
mediated INa in heterologous cells, and docked well with residues that are similarly
interacted with by the β8/9 loop of FGF14. In the present work, we expanded upon those
findings and showed that whereas PW201 modulated Nav1.6-mediated INa in heterologous
cells in a dose-dependent manner with an IC50 of 15 µM (Figure 2), the ligand displayed no
effects on Nav1.1 or Nav1.2 channels in heterologous cells when similarly tested at 15 µM
(Figure 3). These findings could suggest that the ligand binding site of PW201 on the CTD
of the Nav1.6 channel is not conserved among the Nav1.1 or Nav1.2 channels; however,
extensive structural and biophysical studies are required to unequivocally substantiate
such a hypothesis. Nevertheless, these findings, coupled with the molecular modeling
of PW201 shown in Figure 1, could help guide future rational design efforts seeking to
develop isoform-selective small molecule modulators of the Nav1.6 channel.

In addition to demonstrating isoform-selective effects of PW201 on Nav1.6 channels in
heterologous cells, we also assessed the effects of PW201 on the INa and intrinsic excitability
of MSNs of the NAc. MSNs represent the principal cell type of the NAc [57,58], are highly
vulnerable to neurodegeneration [59], and are enriched with FGF14 and the Nav1.6 chan-
nel [24]. In current-clamp and voltage-clamp recordings, PW201 was shown to potentiate
the action potential discharge (Figure 4A–E) and increase the INa amplitude of MSNs of the
NAc (Figure 4F–H), respectively. Importantly, changes in Nav channel conductance, such
as those conferred by PW201, have previously been shown to increase neuronal excitability
and confer changes in the instantaneous firing frequencies of neurons [44–47]. Coupled
with the findings observed in heterologous cells, these results demonstrate that pharmaco-
logical manipulation of the Nav1.6 channel achieved through targeting its PPI site with
FGF14 can alter the activity of cells in clinically relevant brain regions, underscoring the
potential translational value of the target for neurologic and neuropsychiatric diseases.

One seemingly paradoxical effect of PW201 is that whereas the ligand suppresses
Nav1.6-mediated INa in heterologous cells, the compound increases the INa of MSNs in
the acute brain slice preparation. However, the opposite effects of FGF14, the protein from
which PW201 is derived, in heterologous cells versus neurons is widely recognized [12,17,24].
Specifically, co-expression of FGF14 with the Nav1.6 channel in heterologous systems has
previously been shown to suppress Nav1.6-mediated INa [12,15,24,38,40,41,60,61], whereas
over-expression of FGF14 in neurons has been shown to increase INa [17]. As such, these op-
posite effects observed for PW201 in heterologous cells versus in neurons are unsurprising
and provide supporting evidence for the compound functioning as a partial pharmacologi-
cal mimic of FGF14.

Although PW201 is anticipated to not be blood–brain barrier permeable due to its
high molecular weight and total polar surface area, the findings of the present investigation
will inform rational design efforts to develop isoform-selective small molecule modulators
of the Nav1.6 channel macromolecular complex. Such neuromodulators that exert their
effects through targeting of PPI interfaces within the CNS will represent an entirely novel
class of neurotherapeutics and will demonstrate that PPIs represent hundreds of viable
and unexplored targets for CNS drug development.

4. Materials and Methods
4.1. Molecular Docking

The molecular docking study was performed using Schrödinger Small-Molecule Drug
Discovery Suite (Schrödinger, LLC, New York, NY, USA). The FGF14:Nav1.6 homology
model was built using the FGF13:Nav1.5:CaM ternary complex crystal structure (PDB code:
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4DCK) as a template [14]. The FGF14:Nav1.6 CTD homology model was prepared with
Schrödinger Protein Preparation Wizard using default settings. The SiteMap (Schrödinger,
LLC) calculation was performed, and a potential binding site was identified on the PPI
interface of FGF14 and the CTD of the Nav1.6 channel. The docking was performed on
the CTD of Nav1.6 after removing the FGF14 chain structure. The grid center was chosen
on the Nav1.6 CTD at the previously identified binding site with a grid box sized in 24 Å
covering the PPI surface on the Nav1.6 CTD. The 3D structure of PW201 was created
using Schrödinger Maestro and a low-energy conformation was generated using LigPrep.
Docking was then employed with Glide using the SP precision. Docked poses were
incorporated into Schrödinger Maestro for a ligand–receptor interactions visualization.
The top docked pose of PW201 was superimposed with the FGF14:Nav1.6 CTD complex
homology model for an overlay analysis.

4.2. Chemicals

The synthetic route, as well as the chemical properties, of PW201 were previously
described [37]. Lyophilized PW201 powder (purity > 95%) was reconstituted in 100%
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) to achieve stock concen-
trations of 50 mM, which were frozen and stored at −20 ◦C until being thawed and further
diluted for experimental purposes.

4.3. Cell Culture

HEK293 cells were maintained in a 1:1 mixture of Dulbecco’s Modified Eagle Medium
(DMEM) with 1 g/L glucose and F-12 (Invitrogen, Carlsbad, CA, USA) that was further
supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, and 100 µg/mL
streptomycin (Invitrogen). Cells were maintained at 37 ◦C. The HEK293 cells stably
expressing hNav1.1 [42], hNav1.2 [43], and hNav1.6 [15,24,40,41] channels have previously
been described. These cells were maintained according to general cell culture protocols,
with the caveat that 500 µg/mL of G418 (Invitrogen) was used to maintain stable hNav1.2
and hNav1.6 expression and 80 µg/mL of G418 was used to maintain stable expression of
hNav1.1.

4.4. Animals

C57/BL6J mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA).
Mice were housed in the University of Texas Medical Branch vivarium, which operates
in compliance with the United States Department of Agriculture Animal Welfare Act, the
NIH Guide for the Care and Use of Laboratory Animals, the American Association for
Laboratory Animal Science, and Institutional Animal Care and Use Committee approved
protocols.

4.5. Electrophysiology
4.5.1. General

Borosilicate glass pipettes (Harvard Apparatus, Holliston, MA, USA) with resistance
of 1.5–3 MΩ were fabricated using a PC-100 vertical Micropipette Puller (Narishige Inter-
national Inc., East Meadow, NY, USA). Recordings were obtained using an Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA, USA). Membrane capacitance and series
resistance were estimated using the dial settings on the amplifier, and capacitive transients
and series resistances were compensated by 70–80%. Data acquisition and filtering occurred
at 20 and 5 kHz, respectively, before digitization and storage. Clampex 9 software (Molecu-
lar Devices) was used to set experimental parameters, and electrophysiological equipment
was interfaced to this software using a Digidata 1200 analog–digital interface (Molecular
Devices). Analysis of electrophysiological data was performed using Clampfit 11 software
(Molecular Devices) and GraphPad Prism 8 software (La Jolla, CA, USA). Results were
expressed as mean ± standard error of the mean (SEM). Except where otherwise noted,
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statistical significance was determined using a Student’s t-test comparing cells treated with
vehicle (DMSO) or PW201, with p < 0.05 being considered statistically significant.

4.5.2. Whole-Cell Voltage-Clamp Recordings

Whole-cell voltage-clamp recordings in heterologous cell systems were performed
as previously described [37,38]. Briefly, cells cultured as described in Section 4.3 were
dissociated using TrypLE (Gibco, Waltham, MA, USA) and re-plated onto glass cover
slips. After allowing cells at least 2–3 h to adhere, cover slips were transferred to a
recording chamber. The recording chamber was filled with an extracellular recording
solution comprised of the following salts: 140 mM NaCl; 3 mM KCl; 1 mM MgCl2; 1 mM
CaCl2; 10 mM HEPES; and 10 mM glucose (final pH = 7.3; all salts purchased from
Sigma-Aldrich, St. Louis, MO, USA). For control recordings, DMSO was added to the
extracellular solution to reach a final concentration of 0.1%. For recordings to characterize
the effects of PW201, the compound was added to the extracellular solution to reach the
desired final concentration. Cover slips were incubated for 30 min in either vehicle only
or PW201 containing extracellular solutions prior to the start of recordings. For voltage-
clamp recordings, recording pipettes were filled with an intracellular solution comprised
of the following salts: 130 mM CH3O3SCs; 1 mM EGTA; 10 mM NaCl; and 10 mM HEPES
(pH = 7.3; all salts purchased from Sigma-Aldrich). After GΩ seal formation and entry into
the whole-cell configuration, two voltage-clamp protocols were employed. The current-
voltage (IV) protocol entailed voltage steps from −100 to +60 mV from a holding potential
of −70 mV. The voltage dependence of steady-state inactivation protocol entailed a paired-
pulse protocol during which, from the holding potential, cells were stepped to varying test
potentials between −100 mV and +20 mV prior to a test pulse to −20 mV.

4.5.3. Voltage-Clamp Data Analysis

Current densities were obtained by dividing the Na+ current (INa) amplitude by
the membrane capacitance (Cm). Current–voltage relationships were then assessed by
plotting the current density as a function of the applied voltage. Tau of fast inactivation was
calculated by fitting the decay phase of currents at the−10 mV voltage step with a one-term
exponential function. To assess the voltage dependence of activation, conductance (GNa)
was first calculated using the following equation:

GNa =
INa

(Vm − Erev)

where INa is the current amplitude at voltage Vm, and Erev is the Na+ reversal potential.
Activation curves were then generated by plotting normalized GNa as a function of the
test potential. Data were then fitted with the Boltzmann equation to determine V1/2 of
activation using the following equation:

GNa

GNa, max
= 1 + eVa−Em/k

where GNa,max is the maximum conductance, Va is the membrane potential of half-maximal
activation, Em is the membrane voltage, and k is the slope factor. For steady-state inactiva-
tion, the normalized current amplitude (INa/INa,max) at the test potential was plotted as a
function of the pre-pulse potential (Vm) and fitted using the Boltzmann equation:

INa

INa,max
=

1
1 + eVh−Em/k

where Vh is the potential of half-maximal inactivation, Em is the membrane voltage, and k
is the slope factor.
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4.5.4. Acute Brain Slice Preparation

Whole-cell current-clamp and whole-cell voltage-clamp recordings were performed
in acutely pre-prepared coronal brain slices containing the NAc from mice described in
Section 4.4 that were 33–50 days old. For brain slice preparation, mice were anesthetized
using isoflurane (Baxter, Deerfield, IL, USA) and quickly decapitated. After decapitation,
brains were dissected and 300 µM coronal slices containing the NAc were prepared with
a vibratome (Leica Biosystems, Buffalo Grove, IL, USA) in a continuously oxygenated
(mixture of 95% O2/5% CO2) and chilled tris-based artificial cerebrospinal fluid (aCSF)
containing the following salts: 72 mM Tris-HCL; 18 mM Tris-Base; 1.2 mM NaH2PO4;
2.5 mM KCl; 20 mM HEPES; 20 mM sucrose; 25 mM NaHCO3; 25 mM glucose; 10 mM
MgSO4; 3 mM Na pyruvate; 5 mM Na ascorbate; and 0.5 mM CaCl2 (pH = 7.4 and osmolar-
ity = 300–310 mOsm; all salts purchased from Sigma-Aldrich). Prepared slices were first
transferred to a continuously oxygenated and 31 ◦C recovery chamber containing fresh tris-
based aCSF for 15 min. After 15 min, slices were transferred to a continuously oxygenated
and 31 ◦C chamber containing standard aCSF, which was comprised of the following
salts: 123.9 mM NaCl; 3.1 mM KCl; 10 mM glucose; 1 mM MgCl2; 2 mM CaCl2; 24 mM
NaHCO3; and 1.16 mM NaH2PO4 (pH = 7.4 and osmolarity = 300–310 mOsm; all salts
were purchased from Sigma-Aldrich). After at least 30 min of recovery in standard aCSF,
slices were incubated for 30 min in a chamber containing continuously oxygenated and
31 ◦C standard aCSF treated with either 0.01% DMSO or 15 µM PW201 before recording.

4.5.5. Whole-Cell Current-Clamp Recordings

After incubating for 30 min in either 0.01% DMSO or 15 µM PW201, slices were
transferred to a recording chamber perfused with continuously oxygenated and heated
standard aCSF. Somatic recordings of MSNs were then performed using electrodes filled
with an internal solution comprised of the following salts: 145 mM K-gluconate; 2 mM
MgCl2; 0.1 mM EGTA; 2.5 mM Na2ATP; 0.25 mM Na2GTP; 5 mM phosphocreatine; and
10 mM HEPES (pH = 7.2 and osmolarity = 290 mOsm; all salts were purchased from Sigma-
Aldrich). After GΩ formation and entry into the whole-cell configuration, the amplifier
was switched to I = 0 mode for approximately 1 min to determine the resting membrane
potential before switching to current-clamp mode to assess intrinsic excitability. During
this 1 min interval in I = 0 mode, the following cocktail of synaptic blockers was perfused
to halt changes in excitability driven by synaptic activity: 20 µM bicuculine; 20 µM NBQX;
and 100 µM AP5 (synaptic blockers purchased from Tocris, Bristol, UK). To assess intrinsic
excitability, evoked APs were measured in response to a range of current injections from
−20 to +150 pA. Current steps were 800 ms in duration, and the change in the injected
current between steps was 10 pA.

4.5.6. Current-Clamp Data Analysis

The maximum number of APs was determined by quantifying the maximum number
of APs an MSN fired at any current step during the evoked protocol. The average instanta-
neous firing frequency was determined by calculating the mean value of the instantaneous
firing frequency between APs at a given current step. The current threshold (Ithr) was
defined as the current step at which at least one AP was evoked. Voltage threshold (Vthr)
was defined as the voltage at which the first-order derivative of the rising phase of the AP
exceeded 10 mV/ms [62]. The maximum rise and maximum decay of APs were defined as
the maximal derivative value (dV/dt) of the depolarizing and repolarizing phases of the
AP, respectively [63].

4.5.7. Ex Vivo Whole-Cell Voltage-Clamp Recordings of INa

The extracellular solution used for current-clamp recordings was also used to record
INa of MSNs ex vivo, with the caveat that the superfusing solution was supplemented with
120 µM CdCl2 (Sigma-Aldrich) to block Ca2+ currents. The intracellular solution to record
INa of MSN ex vivo contained the following salts (in mM): 100 mM Cs-gluconate (Hello Bio
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Inc., Princeton, NJ, USA); 10 mM tetraethylammonium chloride; 5 mM 4-aminopyridine;
10 mM EGTA; 1 mM CaCl2; 10 mM HEPES; 4 mM Mg-ATP; 0.3 mM Na3-GTP; 4 mM
Na2-phosphocreatine; and 4 mM NaCl (pH = 7.4 and osmolarity = 285 ± 5 mOsm/L;
CsOH used to adjust pH and osmolarity; all salts except Cs-gluconate purchased from
Sigma-Aldrich). After GΩ formation and entry into the whole-cell configuration, the same
cocktail of synaptic blockers as used for the current-clamp recordings was perfused to
block synaptic currents. Transient INa was elicited using the voltage-clamp protocol shown
in Figure 4F and as described elsewhere [48–50]. INa density was calculated by normalizing
the INa response by Cm.
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Abstract: The AIF/CypA complex exerts a lethal activity in several rodent models of acute brain
injury. Upon formation, it translocates into the nucleus of cells receiving apoptotic stimuli, inducing
chromatin condensation, DNA fragmentation, and cell death by a caspase-independent mechanism.
Inhibition of this complex in a model of glutamate-induced cell death in HT-22 neuronal cells by an
AIF peptide (AIF(370-394)) mimicking the binding site on CypA, restores cell survival and prevents
brain injury in neonatal mice undergoing hypoxia-ischemia without apparent toxicity. Here, we
explore the effects of the peptide on SH-SY5Y neuroblastoma cells stimulated with staurosporine
(STS), a cellular model widely used to study Parkinson’s disease (PD). This will pave the way to
understanding the role of the complex and the potential therapeutic efficacy of inhibitors in PD. We
find that AIF(370-394) confers resistance to STS-induced apoptosis in SH-SY5Y cells similar to that
observed with CypA silencing and that the peptide works on the AIF/CypA translocation pathway
and not on caspases activation. These findings suggest that the AIF/CypA complex is a promising
target for developing novel therapeutic strategies against PD.

Keywords: cyclophilin A (CypA); apoptosis-inducing factor (AIF); human neuroblastoma SH-SY5Y
cells; staurosporine-mediated cell death; AIF(370-394) peptide; caspase-3; PARP

1. Introduction

Parkinson’s disease (PD) is a devastating neurodegenerative disorder for which only
symptomatic treatments are available. Developing effective therapies against PD is thereby
a major need, and advancements in the knowledge of molecular and cellular mechanisms
underlying its pathogenesis and/or progression are crucial. However, as human dopamin-
ergic neurons, primary cells from PD patients are difficult to obtain and maintain. Therefore,
studies on PD are almost exclusively performed with established neuronal cell models, in-
cluding the undifferentiated neuroblastoma SH-SY5Y cell line [1]. To induce cellular stress,
SH-SY5Y cells can be treated with staurosporine (STS), a protein kinase inhibitor, which
provokes cell death through both caspase-dependent and independent pathways [2–4].
Indeed, SH-SY5Y cells treated with high concentrations of STS (over 0.5 µM) do not die
following a characteristic necrotic phenotype but rather due to oxidative damage. Con-
sistent with this idea, in the presence of high concentrations of STS, caspase inhibition by
z-VAD-fmk, a broad-spectrum caspase inhibitor, reduces the apoptotic phenotype but does
not inhibit cell death, which instead appears to be due to oxidative damage [5]. Specifically,
high concentrations of STS have been shown to increase caspase-3 activity, Poli ADP-ribosio
polimerasi (PARP) proteolysis, and morphological changes indicative of apoptosis, within
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a few hours of treatment [6–8]. It has been also demonstrated that STS treatment provides
the nuclear translocation of apoptosis-inducing factor (AIF) from the mitochondria to the
nucleus, where it exerts a proapoptotic activity [7,9,10].

AIF is a mitochondria-associated flavin-binding protein implicated in electron trans-
port chain functions and reactive oxygen species (ROS) regulation [11–13]. However, it
is also an important cell death effector in many cellular stress paradigms [14–16]. Upon
several apoptotic stimuli, which induce outer mitochondrial membrane permeabilization,
AIF is released from mitochondria as a truncated form of about ~57 kDa (AIF(∆1-121),
hereafter tAIF), translocating to the nucleus where induces chromatin condensation, DNA
degradation, and cell death, through a caspase-independent mechanism [9,15]. Inhibition
or down-regulation of AIF provides neuroprotection in vitro and in a variety of different
rodent models of acute brain injury induced by cerebral hypoxia/ischemia (HI), arrest-
induced brain damage, epileptic seizures, or even brain trauma [17–21]. Moreover, accumu-
lating evidence also suggests that AIF-induced neuronal cell death can be involved in the
progression of neurodegenerative diseases such as PD. In agreement with that, a massive
nuclear translocation of tAIF has been observed in the ventral mesencephalon of autopsy
samples of patients with PD [22]. In addition, its expression changes in the peripheral
blood mononuclear cells of these patients [23].

In different cell and rodent models of acute brain injury, the lethal role of AIF is linked
to its interaction with cyclophilin A (CypA) [24–26]. CypA is a ubiquitously expressed
protein belonging to the immunophilin family with a peptidyl-prolyl cis-trans isomerase
activity [27]. Current studies in animal models and humans have provided evidence of the
critical role of CypA in several human diseases [27]. In neurons, CypA has a pro-apoptotic
activity following its association with tAIF, because the complex promotes AIF nuclear
translocation and/or DNAse activity [21,22]. Gene silencing of CypA indeed provides a
significant neuroprotection effect by preventing the nuclear translocation of tAIF [24,25].

We have previously reported an AIF-based CypA-binding peptide named AIF(370-394)
able to inhibit the interaction between the two proteins with an IC50 in the low micromolar
range [25]. This molecule has been used in several in vitro models to evaluate the role of
the AIF/CypA complex in different paradigms of cell death and also as a template for the
design of new selective peptidomimetic inhibitors of the complex [28–31]. AIF(370-394)
selectively inhibits the AIF/CypA complex formation, suppresses the glutamate-induced
cell death in neuronal cells, and prevents brain injury in neonatal mice following HI [26].
More recently, AIF(370-394) has been used to demonstrate the crucial role of the AIF/CypA
complex on myocyte death in arrhythmogenic cardiomyopathy, significantly expanding to
other diseases the potential impact of targeting this complex for therapeutic approaches [32].

In this scenario, using AIF(370-394) as a prototypical inhibitor, we have investigated
the possible crosstalk between the AIF/CypA complex and STS-evoked cell death in
SH-SY5Y.

MTT and flow cytometry assays have been used to assess cell viability and apoptosis,
whereas the associated molecular mechanism has been assessed by Western blotting (WB)
analysis. Moreover, the efficiency and final outcome of using the AIF blocking peptide
have been compared to the silencing of CypA. We find that CypA selective targeting
confers significant resistance to STS-induced apoptosis in SH-SY5Y cells and that this effect
is related to the blocking of CypA/AIF nuclear translocation without affecting caspases
activation. The results provide evidence that the AIF/CypA complex is a promising target
for the development of combined therapeutic strategies for the treatment of PD.

2. Results
2.1. Down-Regulation of CypA Protects SH-SY5Y Cells from Death Induced by STS

In order to evaluate the effects of AIF(370-394) on STS-treated SH-SY5Y cells, we first
assessed the effects of the down-regulation of endogenous CypA in the cells. CypA was
highly expressed in SH-SY5Y and its expression levels increased upon treatment with 10
µM STS, as shown by WB assays of lysates of cells exposed to the drug for 3 h (Figure 1A).
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The relative densitometric analysis of bands was shown in Supplementary Figure S1A.
SH-SY5Y cells were next transiently transfected with a siRNA directed against CypA
(siRNACypA) or with an unrelated silencer (siRNACtrl) used as control. As shown in
Figure 1B, transfection of the siRNACypA in SH-SY5Y cells provided a decrease of about
60% of CypA levels compared with control groups already after 24 h, as detected by
densitometric analysis of WB bands (Supplementary Figure S1B).
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Figure 1. CypA-silencing inhibited STS-induced cell death in SH-SY5Y cells. (A) WB evaluation of the
expression level of CypA in SH-SY5Y cells untreated and treated for 3 h with 10 µM of STS. (B) WB
evaluation of CypA expression level after transfection of CypA small interfering RNA (siRNACypA).
Erk1/2 proteins were used as a loading control. (C) MTT viability assay of SH-SY5Y transfected with
siRNACtrl (Ctrl) and siRNACypA exposed to STS for 3 h at the indicated concentrations, (n = 8,
** p < 0.01). (D) Quantification of flow cytometry results of PI stained SH-SY5Y cells, transfected with
siRNACtrl (Ctrl) or with the siRNACypA and treated with STS for 3 h at 10 µM, (n = 8, ** p < 0.01).

Cell viability 24 h after transfection of the siRNAs was assessed by MTT assays
following treatment with different doses of STS (from 1 to 20 µM) for 3 h. In line with
previous results [33], STS dose-dependently reduced cell viability reaching a 75% decrease
at 20 µM (Figure 1C). Noteworthy, the downregulation of CypA promoted cell proliferation
and at the highest concentration of STS (20 µM), cell viability was about 2.8 fold higher
(from 25 to 72%, absolute change of about 47%) compared to SH-SY5Y cells treated only
with STS (** p < 0.01). FACS analyses of apoptotic cells stained with PI were also performed,
showing that STS treatment led to a significant percentage of PI positive cells (~60%)
already at 1 µM with an increase up to 75% at 20 µM (Figure 1D). Consistent with MTT
data, the strong pro-apoptotic effect of STS was neutralized by the downregulation of
CypA, which lead to a significant reduction of PI positive cells (from >75% to about 30%)
in all conditions tested (Figure 1D). Overall, the results show that CypA is implicated in
STS-induced apoptosis in SH-SY5Y cells.

To better illustrate the pro-apoptotic effect of CypA in this experimental paradigm, we
also performed experiments in SH-SY5Y cells over-expressing CypA. Cells were transfected
with a plasmid coding for CypA fused with the GFP (green fluorescent protein). The
efficiency of transfection was assessed by cell sorting monitoring GFP fluorescence. 24 h
after the transfection about 75% of cells over-expressed the protein (Figure 2A). Notably,
even if the overexpression of CypA induced a negligible cytotoxic effect on SH-SY5Y
cells (Supplementary Figure S2), their treatment with STS at 1, 5, 10 and 20 µM for 3 h
produced a significant increase of PI positive cells compared to cells not overexpressing
CypA (Figure 2B).
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Figure 2. CypA overexpression increases STS-induced cell death in SH-SY5Y cells. (A) Assessment
of pEGFP-cypa plasmid transfection efficiency after 24 h using flow cytometry monitoring the GFP
fluorescence. (B) Quantification of flow cytometry results of PI stained SH-SY5Y cells, transfected
or not (Ctrl) with pEGFP plasmid coding CypA (pEGFP-cypa) and treated with STS for 3 h at the
indicated concentrations (n = 8, ** p < 0.01). (C) Quantification of flow cytometry results of PI stained
SH-SY5Y cells, co-transfected with pEGFP-cypa/siRNACypA or transfected only with pEGFP-cypA
(Ctrl) and treated with STS for 3 h at the indicated concentrations.

Finally, we co-transfected the cells with the plasmid coding for GFP-CypA and with
the siRNACypA. The presence of siRNACypA induced a reduction of CypA expression
levels of about 20% at 24 h and the effect increased at 48 and 72 h (Supplementary Figure S3).
In line with previous results, the downregulation of CypA at 24 h reduced the percentage of
PI stained cells after treatment with STS at all concentrations tested (Figure 2C). Altogether,
the results show again that CypA plays a pro-apoptotic role in the cell death of SH-SY5Y
induced by STS.

2.2. STS-Induced Cell Death Is Counteracted in AIF(370-394)-Treated Cells

Once assessed that CypA plays a role in the neuronal cell loss caused by STS, we used
AIF(370-394) to inhibit the formation of the CypA/AIF complex and to evaluate its effect
on cell viability compared with that observed following CypA silencing. AIF(370-394)
conjugated with a TAT sequence (hereafter AIF(370-394)) was transfected in SH-SY5Y cells
with a protocol previously optimized (see Materials and Methods for details).

The amount of peptide transfected into the cells was determined by FACS analysis
using the FITC conjugated peptide at 3 different doses (25, 50, and 100 µM). The average
transfection efficiency was about 27, 63, and 75% at 25, 50, and 100 µM, respectively at 24 h
(Figure 3A). The effects of peptide transfection on cell viability was explored through FACS
analysis by staining the apoptotic cells with the PI dye. Results show that the transfection
of the peptide, at all concentrations tested at 24 h, provides no or negligible effects on
cell viability compared to untreated cells. Indeed, in all cases, only about 1% of cells
were positive to PI staining, just like untreated cells used as control (Figure 3B). Similar
analyses performed at 72 h after transfection show that the peptide is not toxic in the
concentration range tested up to 72 h (Supplementary Figure S4). On the basis of this
evidence, the concentration of the peptide was maintained at 50 µM in all subsequent
experiments. MTT experiments were thus performed on cells in the presence of STS at
concentrations between 1.0 µM and 20 µM and with AIF(370-394) at 50 µM. Data show that
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the peptide provided a strong protective effect against cell death induced by the drug at
all concentrations tested (Figure 2C). Importantly, up to 10 µM STS cell vitality was fully
restored in the presence of peptide. Using STS at 20 µM, more than 75% of cells survived
when exposed to AIF(370-394) (Figure 2C). These findings show that treating the cells with
the peptide, the pro-apoptotic action of STS is significantly suppressed, and this effect is
greater than that observed following silencing of CypA.
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Figure 3. Transfection of the peptide AIF(370-394) protects SH-SY5Y cells from death induced by
STS. (A) Assessment of AIF(370-394) transfection efficiency after 24 h using flow cytometry and
the FITC-conjugated TAT peptide at 25, 50, and 100 µM. (B) Evaluation of the cytotoxic effects of
FITC-AIF(370-394) by FACS analysis; apoptotic cells were stained with PI. (C) MTT viability assay of
SH-SY5Y cells transfected with AIF(370-394) exposed to STS for 3 h at the indicated concentrations,
(n = 8, ** p < 0.01).

2.3. AIF(370-394) Influences the AIF/CypA Nuclear Translocation Induced by STS, without
Affecting Caspase-3 Activation and PARP

To investigate the mechanism underlying the protective effects of AIF(370-394) on
STS-treated SH-SY5Y cells, we evaluated whether the peptide influenced the subcellular
localization of CypA and AIF. SH-SY5Y cells were then transfected with the TAT-conjugated
peptide and treated with STS. Peptide-treated cells not exposed to STS were used as controls.
Nuclear and cytosolic fractions were extracted and AIF and CypA were detected by WB.
As shown in Figure 4, CypA and AIF were stained in both the cytosol and the nucleus of
untreated SH-SY5Y cells while, as observed in other cell lines [12,25,26,32], STS treatment
induced the translocation of both proteins into the nucleus as a consequence of the kinase
inhibitor-induced oxidative stress. Indeed, an increase of the AIF and CypA levels was
observed in the nucleus upon STS treatment compared to control cells.

Importantly, in the presence of AIF(370-394), a reduced amount of both proteins was
revealed in the nucleus of cells treated with STS as compared to control cells, leading to a
significant accumulation of AIF in the cytosol (Figure 4A,B).
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Figure 4. AIF(370-394) blocks AIF and CypA nuclear translocation induced by STS. (A) Representative
immunoblots of CypA and tAIF and relative densitometric bar graph of proteins (B) in the cytosolic
and nuclear fractions of SH-SY5Y cells untreated or treated with 5 µM STS for 3 h. (C) Representative
immunoblot for the detection in the cytosolic extract of cleaved caspase 3 and (D) cleaved PARP in
the nuclear extract and relative densitometric bar graphs of proteins (E). Densitometric analyses were
performed using vinculin and lamin A/C as markers of cytosolic and nuclear proteins, respectively.

To further elucidate the mechanism underpinning the AIF(370-394) protective effect
on the STS-treated SH-SY5Y cells, we also inspected the amounts of cleaved caspase-3 and
PARP in both the cytosolic and nuclear extracts of cells treated and untreated with 10 µM
STS. According to previous reports [5,34], in STS-treated cells, we detected a significant
increase of activated caspase-3 and cleaved PARP, detected as the p24 subunit at ~24 kDa, in
the cytosol and nucleus, respectively, compared to control cells (Figure 4C–F). The delivery
of AIF(370-394) to STS-treated cells did not alter the levels of cleaved target proteins
compared to cells treated with STS alone, indicating that the presence of the peptide did not
influence the cell death mediated by caspase activation. Cleaved PARP was unexpectedly
not stained in the STS-untreated cells. We hypothesize that at the time point evaluated, the
level of cleaved PARP is still too low and is therefore not detected.

3. Discussion

Several reports have shown that the nuclear translocation of the AIF/CypA complex is
associated with cell death in a variety of different cellular and rodent models of acute brain
injury induced by oxidative stress, cerebral hypoxia/ischemia (HI), and even brain trauma.
Following HI insults, the complex translocates to cell nuclei where induces chromatin
condensation, DNA degradation, and cell death through a caspase-independent mecha-
nism [25,26]. Recently, we have shown that this phenomenon is not restricted to neuronal
tissues, but also occurs in in vitro and in vivo models of arrhythmogenic cardiomyopa-
thy [32]. It is noteworthy that blocking the AIF/CypA complex and its nuclear translocation
through CypA antisense oligonucleotides and/or the delivery of the inhibitory peptide
AIF(370-394) protects against cell death induced by high doses of glutamate in HT22 hip-
pocampal cells, prevents brain injury in neonatal mice undergoing HI, and averts myocyte
death during myocardial dysfunction [25,26,32]. Despite the increasing evidence on the
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crucial role of the AIF/CypA complex in neurological diseases and the importance of its
targeting for therapeutic purposes, the role of the AIF/CypA complex in PD has not so far
been investigated.

In this framework, we explored the role of the AIF/CypA complex in SH-SY5Y treated
with STS, which is a well-known model to study PD in cells [1]. In these cells, it has been
demonstrated that, as a consequence of oxidative stress, high doses of STS induce the
mitochondrial release of AIF in the cytoplasm and in the nucleus, where it is involved
in cell death pathways [7,9,10]. Here, we have demonstrated that, in this experimental
paradigm, AIF translocation to the nucleus and the subsequent effects on cell viability
requires its association with CypA and that inhibiting the formation of this complex is a
way to prevent cell damages induced by oxidative stress.

We found that CypA is highly expressed in this cell line and that treatment with
STS increases its levels in both the cytoplasm and the nucleus, very likely due to an
inflammatory response, as reported in previous reports [27]. In the same experimental
conditions, AIF is also detected in the nucleus, suggesting that the complex AIF/CypA
contributes to decreasing cell viability. The dependence of the death mechanism from the
AIF/CypA complex formation is strongly supported by the observation that blocking CypA
expression with the corresponding antisense significantly neutralizes STS-mediated cell
killing and by the protective effects provided by AIF(370-394), which reportedly blocks the
nuclear translocation of the complex. Moreover, the overexpression of CypA in SH-SY5Y
significantly amplifies the lethal effect of STS while its downregulation strongly counteracts
it. Altogether, these data demonstrate the implication of the AIF/CypA complex in the
STS-driven mechanism of death of SH-SY5Y cells and that its targeting provides strong
neuroprotection.

We have previously demonstrated that blocking the AIF/CypA nuclear translocation
with AIF(370-394) not only suppresses apoptosis of HT-22 neuronal cells after glutamate-
mediated oxidative stress but also preserves mitochondrial bioenergetics, suggesting al-
ternative pathways of action of the peptide, upstream of lethal nuclear translocation of
AIF/CypA [25]. However, this evidence was not confirmed in the model of neonatal mice
brain injury after HI [26]. To assess this aspect in SH-SY5Y cells and to determine the impact
of the peptide on caspases activation, we also evaluated the activation of caspase-3 upon
STS treatment. In SH-SY5Y, STS promotes the permeabilization of the outer mitochondrial
membrane [35], inducing the release of several proteins from mitochondria to the cytosol.
Cytochrome C is one of the first proteins to translocate into the cytosol, where it activates
by an allosteric mechanism, the apoptosis-protease activating factor 1 (APAF-1), which is
in turn required for the proteolytic maturation of caspases, including the caspase-3-like
proteases [36]. Preliminary experiments show that, as previously reported [36], in SH-
SY5Y STS causes a significant increase of the cleaved/activated caspase-3 compared to
untreated cells, but interestingly, the presence of the peptide does not appear to affect
caspase-3 activation. To further investigate this observation, we have also examined the
effect of STS and STS/peptide treatments on PARP cleavage, which is a major hallmark
of caspase-3 activation. Consistent with the increase of caspase-3 cleavage, STS induces
PARP inactivation [6–8], but, in line with previous results, AIF(370-394) does not affect the
processing of these proteins in this cell model. These results globally show that inhibiting
with AIF(370-394) the AIF/CypA complex in a cellular model of PD prevents cell death and
that the mechanism is independent of the caspase pathways and does not affect mitochon-
drial bioenergetics. However, future experiments are needed to analyze in more detail the
pro-apoptotic mechanism mediated by AIF/CypA complex in this experimental paradigm.

The development of effective therapies for PD is extremely challenging because of
the limited understanding of the mechanisms of neurodegeneration in PD and the high
heterogeneity of the pathology. Peptides are crucial tools for PD research studies and drug
discovery [37]. Today several natural and synthetic peptides are used for the treatment of
PD, such as Glucagon-like peptide-1 (GLP-1)-based receptor agonists [38] and NAPVSIPQ
(NAP) [39]. We thus feel that AIF(370-394) may play a key role for understanding further
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the mechanisms underlying the disease onset and the potential pathways to target for its
treatment, especially those associated with damage of the mitochondrial functions. The
successful application of this synthetic peptide highlights the role of the AIF/CypA complex
in the pathophysiological mechanisms leading to PD and suggests that it is a promising
target for developing first-in-class therapeutics to treat this currently incurable disease.

4. Materials and Methods
4.1. Materials

Protected amino acids, coupling agents (HATU, Oxyma), and Fmoc-Rink Amide AM
resin used for peptide synthesis were purchased from IRIS Biotech GmbH (Marktrewitz,
DE). Solvents, including acetonitrile (CH3CN) and dimethylformamide (DMF) were pur-
chased from Carlo Erba reagents (Milan, Italy). Other products such as trifluoroacetic
acid (TFA), sym-collidine, diisopropylethylamine (DIPEA), piperidine, were from Sigma-
Aldrich (Milan, Italy). HPLC analyses for peptides characterization were performed on an
Alliance HT WATERS 2795 system, equipped with a PDA WATERS detector 2996, whereas
preparative purifications were carried out on a WATERS 2545 preparative system (Waters,
Milan, Italy) fitted out with a WATERS 2489 UV/Visible detector.

4.2. siRNA

RNA interference experiments were performed as previously described in the litera-
ture [25].

4.3. Peptide Synthesis and Characterization

AIF(370-394) conjugated at the N-terminus with the cell-penetrating TAT peptide
(sequence: GRKKRRQRRRβAFC), which was introduced to favor membrane crossing [40],
was assembled on solid phase (Rink-Amide MBHA resin) using a standard protocol for
Fmoc chemistry with Oxyma-DIC and HATU-collidine as coupling reagents, as previously
reported [41,42]. Peptide purity and identity were confirmed by liquid chromatography–
mass spectrometry analysis (LC–MS), as reported in the literature [41,42]. The TAT-
conjugated peptide is here called AIF(370-394) for simplicity. A TAT-AIF peptide variant
N-terminally modified with fluorescein-5-isothiocyanate (FITC) was also similarly prepared
and utilized to assess cell penetration by FACS analyses.

4.4. Neuroblastoma SH-SY5Y Cell Culture and Transfection

SH-SY5Y neuroblastoma cells were obtained from the American Type Culture Collec-
tion (ATCC) and cultured in high-glucose DMEM supplemented with 10% FBS (Hyclone),
penicillin (100 mg/mL), streptomycin (100 mg/mL), and amphotericin B (250 mg/mL)
(Merk Life Science S.r.l. Via Monte Rosa, 93 20149 Milan, Italy). The cells were incubated
at 37 ◦C at a fixed concentration of CO2 (5%), and culture medium was changed every
2–3 days.

Transient transfection with siRNA and pEGFP-cypA plasmid was performed using
Lipofectamine-2000 (Invitrogen) following the manufacturer’s procedure. Peptide transient
transfection was performed using the AIF(370-394) peptide conjugated at N-terminus with
the TAT peptide [26,32]. Briefly, the peptide was incubated with cells for 4 h in DMEM
without serum. After the incubation, culture medium was changed with DMEM supple-
mented with 10% FBS (Hyclone), penicillin (100 mg/mL), streptomycin (100 mg/mL), and
amphotericin B (250 mg/mL) (Sigma, UK).

4.5. Cell Treatment

Cells were treated with STS at the indicated times and concentrations. STS was
dissolved in DMSO and added to the culture medium to obtain the final concentration
indicated. Negative control cells were treated with an equal volume of DMSO (<0.1% v/v).
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4.6. Cell Viability Assay (MTT)

The effect of STS on cell viability was determined by the MTT assay (MTT: 3-(4,5-
dimethyl thiazol-2yl)-2, 5-diphenyl tetrazolium bromide) [43]. Cells were seeded in a
96-well flat-bottom plate at a density of 6 × 103 cells/well for 24 h at 37 ◦C in a CO2
incubator. After 24 h incubation, the culture medium was replaced with a fresh medium,
therefore treated with STS. Subsequently, 10 µL of MTT working solution (5 mg/mL in
phosphate buffer solution) were added to each well and the plate was incubated for 4 h
at 37 ◦C in a CO2 incubator. The medium was then aspirated, and the formed formazan
crystals were solubilized by adding 50 µL of DMSO. Absorbance intensity was measured
using an Infinite M200 plate reader (TECAN) at 570 nm. Experiments were performed in
triplicate and values are expressed as mean ± SD.

4.7. Cell Death Assay by Propidium Iodide (PI)

Cells were plated (2 × 105 cells/mL) and grown for 24 h. Cells were then transfected
with the peptide and treated with the STS at the indicated concentration and time. Cell
samples were left untreated and used as negative controls. Finally, cells were recovered
and incubated with PI buffer containing 0.2 µg/mL of PI in PBS and analyzed by (FACS)
calibur flow cytometer using Cell Quest software (Becton Dickinson, BD Biosciences, Drive
Franklin Lakes, NJ 07417-1880 USA).

4.8. Subcellular Fractionation and Western Blot Analysis

For WB analysis, SH-SY5Y cells were lysed in 50 µL RIPA buffer supplemented
with protease inhibitor cocktail and phenylmethylsulphonylfluoride (PMFS) (all from
Sigma-Aldrich, Milano, Italy). After centrifugation at 13,000× g for 30 min at 4 ◦C the
supernatant was stored at −80 ◦C until further use. For cytosolic extract preparation, cells
were washed in cold PBS, centrifuged at 6000 rpm for 5 min at 4 ◦C and resuspended in
the Cytoplasmic Extract (CE) buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA,
0.3% NP-40 supplemented with protease and phosphatase inhibitors cocktail) on ice for
5 min. After centrifugation at 3000 rpm for 5 min at 4 ◦C, the supernatant (cytosolic extract)
was harvested. The pellet was washed twice with CE buffer without NP-40, centrifuged
at 3000 rpm for 5 min at 4 ◦C, and incubated with an equal volume of Nuclear Extract
(NE) buffer (20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 25% glycerol supplemented with
protease inhibitors cocktail) for 10 min. After centrifugation at 14,000 rpm for 5 min at
4 ◦C the supernatant (nuclear extract) was harvested. The protein concentration was
determined by the Bradford assay method. About 30 µg of proteins were separated on
4–12% pre-cast gel (Bolt Bis-Tris Plus, Thermo Fischer, Milano, Italy) followed by transfer
to a PVDF membrane. After blocking with 5% skim milk powered in TRIS-buffered saline
(TBS)-Tween for 1 h, the membranes were incubated overnight at 4 ◦C with specific primary
antibodies: anti-CypA (GTX 104698, GeneTex, 2456 Alton Pkwy Irvine, CA 92606, USA),
anti-Lamin-A/C (GTX 101127, GeneTex, 2456 Alton Pkwy Irvine, CA 92606, USA), anti-AIF
(sc 9416, Santa Cruz Biotechnology, Inc. Bergheimer Str. 89-2, 69115 Heidelberg, Germany),
anti-caspase 3 (ab32351-Abcam, Prodotti Gianni S.p.A., Via Quintiliano,30, 20138 Milan,
Italy), anti-PARP (ab6079-Abcam, Prodotti Gianni S.p.A., Via Quintiliano,30, 20138 Milan,
Italy), anti-Vinculin (orb 76294, Biorbyt Ltd., 5 Orwell Furlong Cowley Road Cambridge
Cambridgeshire CB4 0WY, UK), and anti-Erk1/2 (sc-514302, Santa Cruz Biotechnology,
Inc. Bergheimer Str. 89-2, 69115 Heidelberg, Germany). PVDF membranes were then
exposed to the appropriate HRP-conjugated secondary antibody and immunocomplexes
were visualized with the ECL detection system (Santa Cruz, CA, USA) and subsequently
exposed to film. Relative band intensities were quantified by densitometric analysis with
Image J software (NIH, Bethesda, MA, USA).
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4.9. Statistical Data Analysis

Data were presented as the mean ± SD of biological replicates. Differences in the
mean between different groups were calculated using analysis of variance (ANOVA) plus
Student’s t-test. p-values of less than 0.05 were recognized as significant.
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Abstract: Despite the great strides in healthcare during the last century, some challenges still remained
unanswered. The development of multi-drug resistant bacteria, the alarming growth of fungal
infections, the emerging/re-emerging of viral diseases are yet a worldwide threat. Since the discovery
of natural antimicrobial peptides able to broadly hit several pathogens, peptide-based therapeutics
have been under the lenses of the researchers. This review aims to focus on synthetic peptides and
elucidate their multifaceted mechanisms of action as antiviral, antibacterial and antifungal agents.
Antimicrobial peptides generally affect highly preserved structures, e.g., the phospholipid membrane
via pore formation or other constitutive targets like peptidoglycans in Gram-negative and Gram-
positive bacteria, and glucan in the fungal cell wall. Additionally, some peptides are particularly active
on biofilm destabilizing the microbial communities. They can also act intracellularly, e.g., on protein
biosynthesis or DNA replication. Their intracellular properties are extended upon viral infection
since peptides can influence several steps along the virus life cycle starting from viral receptor-cell
interaction to the budding. Besides their mode of action, improvements in manufacturing to increase
their half-life and performances are also taken into consideration together with advantages and
impairments in the clinical usage. Thus far, the progress of new synthetic peptide-based approaches
is making them a promising tool to counteract emerging infections.

Keywords: antimicrobial peptides; antifungal; antibacterial; antiviral; peptide-based therapies;
synthetic peptides

1. Introduction

When Fleming in 1922 discovered the first natural antibiotic, the lysozyme, [1] able to
“lyse” bacterial cells and in 1928, Penicillin, from the fungus Penicillium notatum, able to
inhibit bacterial growth, [2] the dawn of the antibiotic age started. Later on, in 1939, René
Dubos isolated an antibacterial agent from Bacillus brevi, called gramicidin [3]. Gramicidin
demonstrated its broad-spectrum activity against Gram-positive and Gram-negative bacte-
ria becoming the first antibiotic commercially manufactured and sold up to this day [4].
Since the discovery of human defensins, histatins and cathelicidins, antimicrobial peptides
(AMPs) have been studied, sequenced, and synthesized in laboratory in order to be used in
the clinic for the treatment of several bacterial, fungal and viral infections. Besides repre-
senting the first defense of the innate immune system against pathogens, [5] they also have
immunomodulatory effects working as mediators of the infection-associated inflammation,
recruiting, and enhancing the activity of leukocytes and the release of cytokines but also
contributing to the infection control and resolution [6,7].

Besides humans, natural AMPs have been found in different kingdoms (animals,
plants, bacteria, fungi but also archaea and protists) and registered in the AMP database
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(https://aps.unmc.edu/, accessed on 3rd November 2021) [8,9]. Briefly, all AMPs share
common features, such as a sequence composed of less than 100 amino acids (aa), [10] with
the majority having between 10 and 60 aa [11]. Even if some anionic AMPs, rich in glutamic
and aspartic acids, are negatively charged [12], almost all antimicrobial peptides have a
net positive charge for the presence of a high number of lysine, arginine and histidine
(protonated in acidic conditions) [13]. Finally, another common feature is represented by
the hydrophobicity conferred by hydrophobic aa that often overcomes 50% of the total
amino acid sequence [14]. The high lipophilicity is useful especially for the penetration in
the biological membranes but considering the net charge, overall, AMPs are amphipathic
molecules. The classifications are based on their structure or the presence/absence of
recognizable motifs. AMPs could be α-helix, β-sheet, linearly extended, both α-helix and
β-sheet, cyclic and with complex structure or, seen from a different perspective, tryptophan-
and arginine-rich, histidine-rich, proline-rich and glycine-rich [15,16].

In the last decades, the increasing resistance to antibiotic treatments, i.e., Methicillin,
Vancomycin-resistant Staphilococus aureus and the rise of species with intrinsic multi-drug
resistance, such as Candida auris, highlights the need for the development of new agents [17–19].
It has been estimated that nowadays in the US every year 2.8 million people are infected by
antibiotic-resistant microorganisms with a death rate of 35,000 people [20] and just in recent
years the world was affected by a new pandemic virus (SARS-CoV-2) with 236 million cases
and 5.9 million deaths up-to-date [21].

Studies on the AMPs synthetic analogs provided a new tool to understand the different
and unique modes of actions against diverse microorganisms. Thus, this review will focus
on the improvements of their properties with respect to their natural counterpart, their
activity on bacterial and fungal conserved structures, i.e., membranes and cell walls, as
well as on biofilm formation, their antiviral properties and execution dynamics.

The latest studies in vivo and in vitro will be discussed, with highlights on the suc-
cessful therapeutic application despite drawbacks like toxicity and immunogenicity.

2. Synthetic Antimicrobial Peptides

Natural antimicrobial peptides have been always present during the evolutionary
process [22], however, many natural AMPs showed host toxicity, rapid degradation by
proteases, instability due to pH changes, loss of activity in presence of serum and high
salt concentrations, lack of suitable delivery systems able to limit the drawbacks, and high
costs of production [23–25]. Moreover, their complex design, low antimicrobial activity
and pharmacokinetics led many laboratories to improve their structure and amino acid
sequence to enhance their therapeutic properties [26]. Despite the multiple obstacles in the
clinical application, synthetic peptides were developed to overcome the difficulties linked
to the natural peptides while mimicking their pharmacological qualities [27].

The approaches commonly used for the development of non-natural AMPs are (1) the
site-directed mutations characterized by the addition, the deletion or the substitution of aa,
(2) the de novo design which doesn’t use any template sequence, (3) the template-based
design that uses fragments of the parental compound as starting point for the construction
of new AMPs (in this case, antibodies seem to be a big source of patterns, especially those
which recognize and bind components of the cell membrane and wall), and lastly (4) the
self-assembly-based design that exploits the formation of simple nanostructures like dimers,
or more complex as micelles, vesicles and nanotubes [11].

Semi-synthetic AMPs maintained the active sites of the natural source, but chemical
changes were brought in order to reach the optimal properties whereas synthetic AMPs are
obtained from chemical synthesis with frequent usage of the solid phase. This technique is
based on the addition of one aa at a time, thus favoring the investigation of the role of each
amino acid in the sequence [28].

Apart from the solid-phase method, synthetic AMPs can also derive from the cat-
alytic ring-opening polymerization (ROP) of α-amino acid N-carboxyanhydride (NCA),
an exquisite tool for the fabrication of long polypeptides with low polydispersity but
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variable chemical composition and topology [29]. Chemical synthesis represents a great
step forward in peptide production with higher efficiency, reliability, and speed, especially
when compared to the AMPs produced through the technology of the recombinant DNA
followed by bacterial expression and purification.

The advances in the AMPs synthesis are the result of several studies about machine
learning and algorithms able to predict or identify potential sequences based on the physic-
ochemical and structural properties and on the quantitative structure-activity relationship
(QSAR) of AMPs and targets already present in databases followed by high-throughput
screenings [30]. Therefore, several strategies were tested to achieve a superior half-life
e.g., the usage of D-amino acids [31], peptide cyclization [32], unnatural amino acids [33].
With peptidases able to recognize mainly L-amino acids sequences, stereogenic D-variants
of amphipathic peptides could be resistant to proteolysis [34], as well as peptides with
uncommon amino acids, i.e., ω and β-amino-acids [35,36]. Protection from cleavage could
be also conferred by modifying or protecting vulnerable peptide bonds so that they cannot
be easily accessed [37]. In some cases, such modifications could be applied just to the N-
and C-terminus i.e., C-amidation or N-acetylation [38].

Similarly, PEGylation, the covalent attachment of polyethylene glycol (PEG) chains
to lysine or to the N-terminus [39], could also be applied to mask other residues like
arginine [40]. On the other hand, lipidation, consisting in the attachment of one or more fatty
acid chains to a lysine residue or to the amine of the N-terminus, [41] could improve AMPs
properties by enhancing their interaction with the membranes. Introduction of sulfonamide
groups has been also investigated to exploit their bio-active properties, enhance their
proteolytic stability and hydrogen bonding ability [42].

Another approach to improve the half-life of peptides in vivo is to synthesize them as
dendrimers around a residue or a linear polymer core [43]. These multiple antigen peptides
(MAP) developed by Tam and colleagues [44] are mainly constituted by a lysine core to
which peptide chains are attached [45]. The number of bi-, tri-, tetra and more sequence
patterns define the multivalency of those peptides and confers an increased cationic charge
as well as hydrophobic groups. The steric hindrance given by the bulk, firstly, limit
the access to the proteolytic site [46,47] and, secondly, seems to improve their activity by
increasing the local concentration of peptide units with membranolytic activity [48]. Peptide
structure is a pivotal point for the interaction with the membranes: the cationic charge
allows the initial binding to a negatively charged layer; afterwards, while amphipathicity
is necessary for membrane perturbation and peptide uptake, the hydrophobic groups are
responsible for the carving [49]. Studies on the mechanism of action would divide the
AMPs in two categories: membrane disruptive [50,51] and non-membrane disruptive (activity
on other targets) (Figure 1) [52,53].
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Figure 1. AMPs broad-spectrum antimicrobial activity. (a) Primarily, AMPs’action is based on their
action on cytoplasmic membranes, i.e., perturbation or disruption. However, in presence of Gram-
negative bacteria (A) AMPs have to firstly cross the outer phospholipidic membrane and secondly
traverse the peptidoglycan layer before reaching the inner membrane. In Gram-positive bacteria
(B) they navigate through the thick cell wall of peptidoglycan and in fungi (C), they encounter
mannitol proteins, glucans and chitin prior to access to the cytoplasmic membrane. Once reached the
phospholipidic bilayer, they induce perturbation via pore formation following either (D) (i) carpet-like,
(ii) barrel-stave or (iii) or toroidal pore model depending on the peptide composition. (b) Besides
pore formation, some AMPs bind some components and receptors on the extracellular side of the
membrane, i.e., Toll-like receptors; others manage to enter the cytosol through direct penetration in
vesicles or channels thus destabilizing the permeability and activating the inflammatory cytokines
cascade. Intracellularly, they could also interfere with DNA or RNA leading to degradation and cell
death. They may also affect mitochondrial activity or protein synthesis by targeting ribosome subunits
or protein folding. In the case of bacterial cell wall, they can prevent elongation of peptidoglycan
chains or hinder teichoic and teichuronic binding acids to amidases. Cell wall components inhibition
will promote cell autolysis. In the extracellular space, AMPs can sequestrate LPS reducing the impact
of endotoxins on the host’s immune response. In fungal cells, AMPs can intervene on glucan synthesis
thus blocking the building pieces of their wall. Further inhibitory action on biofilm matrix impairs
the quorum sensing and improves the susceptibility of the single pathogens in both bacterial and
fungal communities.
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3. Antibacterial Peptides and Their Mechanism of Action

Many factors can influence membrane perturbation and disruption by AMPs, i.e., amino
acids sequence, the lipid composition of the membrane, peptide concentration as well as
differences in membrane composition between eukaryotic and bacterial cells allow the AMPs
to distinguish a microbial target from the host. Bacterial membranes are negatively charged due
to the presence of anionic phospholipids groups, e.g., phosphatidylglycerol, phosphatidylserine,
while eukaryotic cells possess groups with a neutral charge, e.g., phosphatidylcholine and
phosphatidylethanolamine [54]. Moreover, the presence of cholesterol, a common feature in
eukaryotic cells, is able to interact with AMPs either neutralizing or reducing their activity or
stabilizing the phospholipid bilayer [55].

In Gram-positive bacteria, AMPs have to cross first the cell wall composed of crosslinked
peptidoglycan with lipoteichoic acid prior to reaching the membrane whereas in Gram-negative
they face a coat of lipopolysaccharide (LPS) followed by a phospholipidic outer membrane
and a less cross-linked peptidoglycan layer [56]. Electrostatic interactions between the cationic
peptide and the negatively charged components, e.g., lipopolysaccharide in Gram-negative
and teichoic acid in Gram-positive, are the first steps to contribute to bacterial membrane affin-
ity [57]. However, while AMPs seem to traverse the peptidoglycan layer with ease and access
to the cytoplasmic membrane of the Gram-positive, they need to disrupt or perturb both outer
and cytoplasmic membrane in Gram-negatives. Impedance in crossing or permeabilization
results in loss of antimicrobial activity (Figure 1a (A,B)) [58].

In order to explain the perturbation of the phospholipidic membranes operated by
the AMPs, three main models have been proposed: carpet-like, barrel-stave and toroidal pore
(Figure 1a (D)). Generally, when the ratio of peptide/lipids is low, AMPs interact with the
phospholipidic layer of the membrane in a parallel manner, defined as carpet-like model,
and interaction among the peptides or penetration in the hydrophobic core of the bilayer
are not taking place [59]. Membrane integrity is disrupted and micelles are formed as in
a detergent-like process [60]. With increasing AMPs ratio, they move to a perpendicular
orientation until reaching such a concentration that they can cross the membrane forming
pores (1:50–1:500 and more) [61,62]. A minimum length of ~22 amino acid for α-helix
peptides is required to span the phospholipid layer, while β-sheet structures necessitate a
minimum of 8 [63].

In the barrel-stave, interaction among peptides is a prerequisite as they mimic a transmem-
brane pore, whereas, in the case of the toroidal model, peptides are loosely arranged [64,65].
Despite the perturbation of the membrane seems to vary depending on the peptides, actually,
the mechanisms of action are not completely well-defined and they are partially overlap-
ping [66]. Moreover, all these models are based on the membrane perturbation but, then, the
killing effect is not always enough to provide antimicrobial activity [67].

Besides membrane disruption, recent studies showed how peptides could act on
other targets as well (Figure 1b) [68]. Some AMPs have shown their efficacy by binding
some components and receptors on the extracellular side of the membrane and wall, thus
destabilizing the permeability and/or activating intracellular signaling pathways that have,
as a response, the inhibition or the activation of several functions. An interesting example
is represented by the binding of Toll-like receptors and the consequential amplification
of the inflammatory response via NFkB cascade followed by activation of the immune
system towards microbiological pathogens [69,70]. Other antimicrobial peptides manage
to enter the cytosol through direct penetration, endocytosis (both micropinocytosis and
receptor-mediated) [71], or the exploit of delivery systems [72]. There, they can affect
different enzymes and intermediates involved in vital processes.

The inhibitors of the nucleic acid biosynthesis seem to have a high binding affinity
for both DNA and RNA because they share with nucleic acid-binding enzymes or sub-
strates, homologous fragments of their sequences; an interesting example is represented
by DNA-binding protein histone H2A [73]. Other mechanisms use the inhibition of the
enzymes involved in the DNA/RNA biosynthesis, like DNA topoisomerase I preventing
DNA relaxation [74], RNA polymerase blocking the transcription [75] and gyrase impair-
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ing the supercoiling of DNA. [76] As a result, DNA/RNA degradation is induced and
consequentially also cell death. There are several inhibitors of protein biosynthesis which
alter the transcription and the translation but also the correct folding and the degradation
of the protein. Usually, the AMPs that act on the protein biosynthesis target the ribosome
subunits [77] but some others can interfere with the incorporation of histidine, uridine
and thymidine [78,79], the amino acid synthesis pathways [80], the release factors on the
ribosome [81], the regulation of sigma factors [82], the nucleotide and coenzyme trans-
port [80] and the degradation of DNA-replication-associated proteins [83]. Some peptides
influence protein folding, in particular, DnaK, the major Hsp70 of the chaperone pathway
in Escherichia coli, which has been seen as an optimal target to prevent the refolding of
misfolded proteins [84]. Another approach is linked to the inhibition of matrix metallopro-
teases, essential enzymes in microbial cell growth and homeostasis, i.e., serine protease,
trypsin-like protease, elastase and chymotrypsins [85–87]. There are also inhibitors of cell
division that block DNA replication or the mechanisms essential for the repair of DNA
damages, then resulting in the block of the cell cycle, in the impairment of the chromosome
separation, in the failure of septation, in the alteration of mitochondrial activity and in a
substantial change in the cell morphology with clearly visible blebbing and elongation
towards a filamentous shape [88,89].

Cell wall synthesis is another suitable target. Some AMPs act on lipid II by sequestrat-
ing it from the functional site [90,91] or by binding D-Ala-D-Ala residues of its precursor
preventing the addition of N-acetylglucosamine and N-acetylmuramic acid in the structure,
hence the peptidoglycan elongation [92]. Other peptides have shown antimicrobial activity
by activating cell wall-associated lytic enzymes, for example, some AMPs binding teichoic
and teichuronic acids which otherwise are linked to amidases. The release of amidase
stimulates premature autolysin activity and, consequently, cell lysis.

Moreover, lipopolysaccharides (LPS) are components of the membrane as well but,
when released, are also well-known endotoxins able to raise an excessive and harmful pro-
inflammatory response. AMPs that bind and neutralize LPS avoid the excessive stimulation
of the immune system favoring a correct and balanced infection resolution [93].

Recently, the AMPs inhibitory activity on biofilm has been reported. Biofilm, consisting
of an extracellular matrix of mainly polysaccharides, provides virulence, persistence and
drug resistance to the microbial community [94,95]. Anti-biofilm mechanisms, similar to
the membrane-targeting ones, are also very diverse and sequence dependent. A database
of biofilm-active peptides can be found online [http://www.baamps.it/, accessed on
10 November 2021]. AMPs could prevent biofilm formation by affecting cell attachment,
or could act on preformed biofilm by disrupting the quorum-sensing, dispersing the cells
within it, or affecting the expression of the related genes [96,97]. Destabilization of matrix
architecture impairing secretion or interaction between the matrix polymers has been
also hypothesized [98]. Another target is the stress-responder guanosine pentaphosphate
[(p)ppGpp] a major player for biofilm growth and environmental stress resistance [99].
Weakening of the biofilm increases the susceptibility of the pathogen to the AMPs or to
the conventional antibiotics, therefore, even a synergistic action could be appealing for
clinical purposes [100].

4. Antifungal Peptides

The concern generated by bacterial infections goes hand in hand with that of fungal
infections especially considering both the frequency and the rapidity their resistance de-
velops and spreads and the poor arsenal of available antifungal drugs. Fungal infections
become extremely threatening especially for certain categories represented by patients with
a compromised immune system due to pathological conditions, such as HIV/AIDS or
autoimmune diseases and to therapeutic outcomes like chemotherapy and organ transplan-
tation [101]. Among the fungal species Candida albicans, Aspergillus fumigatus, Cryptococcus
neoformans and Pneumocystis jirovecii are the main ones responsible for the majority of severe
mycoses [102] with 90% of reported deaths [103]. Among the emerging and reemerging
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species, such as Histoplasma capsulatum and Fusarium spp., of note is Candida auris which is
considered by the Centre for Disease Control and Prevention (CDC) as an urgent global
threat for its multi-drug resistance [18,104].

The latest reports highlight also the need for efficient treatments that nowadays are
based only on three major classes of antifungal drugs: azoles, echinocandins and polyenes.
Of these classes, echinocandins originated from non-ribosomal AMPs synthetically op-
timized [101]. Fungi are eukaryotic organisms; hence, they share with mammalian cells
high similarities making it difficult to identify suitable targets while minimizing the risk
of adverse effects. Although toxicity is an important issue, synthetic modifications of
AMPs structures have extremely improved safety leaving just a few exceptions mainly
represented by erythrocyte hemolysis and nucleic acid damages [105–107]. As previously
seen for antibacterial AMPs, peptides with antifungal activity may present improved
affinity towards phospholipids of the fungal membrane (phosphatidylserine and phos-
phatidylethanolamine) suggesting a distinctive relation between structure and activity
(Figure 1a (C)) [108].

The three models used to describe the pore generated in bacterial membranes (carpet-
like, barrel-stave and toroidal) are applicable also for AMPs acting on fungal membranes.
Interestingly amphotericin B, the major representative of the polyene class of antifungal
drugs, behaves as barrel-stave-pore forming peptide [101]. Evidence has demonstrated
the existence of AMPs acting on the fungal membrane and on its components without
having always clear information about their mechanism of action. Often these peptides
affect the permeability of the membrane leading to ROS accumulation, oxidative stress
damages, ATP release and the activation of stress-response pathways as HOG and MAPK
cascade [109–111]. On the other hand, just a few AMPs have been revealed to interact
with membrane components like glucosylceramides and β-1,3-glucans or with enzymes
involved in the production of membrane components as the inositol phosphoryl ceramide
synthase which is essential for the sphingolipid biosynthesis [112–114]. Membrane-active
peptides have good potential and a broad-spectrum that sometimes includes both bacteria
and fungi, nevertheless, as some AMPs with exclusive antifungal properties exist, it is also
the case of antimicrobial peptides active against the cell wall (Figure 1b). The cell wall is an
external structure proper of fungi unique in its composition since rich in glucans, chitin and
mannan. The development of cell wall-active-AMPs grants high levels of safety with no or
minor toxicity for mammalian cells. Most of the AMPs interfere with the synthesis of the
wall components, such as β-1,3-glucan synthase fundamental enzyme for the production of
β-1,3-glucans hence for the maintenance of the structural integrity (echinocandins exert this
mechanism of action) and chitin synthase essential for chitin production [106]. Mannan and
its glyco—and proteo-conjugates are deeply involved in fungal virulence, biofilm formation
and adhesion to both biotic and abiotic surfaces included. Mannan-binding peptides
form ternary complexes with calcium able to disrupt the fungal structural integrity [115].
Other AMPs that have been investigated have identified in nucleic acids their targets, in
particular, several peptides bind and intercalate the DNA or inhibit the enzymes involved
in its synthesis and repair [74]. In certain cases, some antifungal AMPs altered consistently
the cell morphology and the organelle functions (in particular mitochondria, nucleus and
vacuole) and interact with intracellular proteins [116–119]. In addition to these modes of
action, it is important to mention the innovative use in the fungal world of the cations
hijacking strategy using an Aluminum and/or Iron chelator translocatable inside the fungal
cell through the siderophore iron transporter 1 (Sit1) [120].

Worthy of remark is the antibiofilm activity of some antifungal peptides. Biofilm is
a virulence factor that, similarly to bacteria, a community of fungal cells adopts to evade
the immune system. Moreover, it provides protection from antifungal drugs since the
extracellular matrix works as a penetration-delayer factor. The colonization of both biotic
and abiotic surfaces followed by biofilm formation represents a great risk especially in
nosocomial settings where the use of invasive devices is a normal practice. Biofilm is
associated with high morbidity and mortality rates and the development of AMPs with
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antibiofilm potential is urgently needed. Several antifungal peptides have been widely
characterized and, among their abilities, they managed to both inhibit the biofilm formation
and eradicate mature biofilm [121–125]. A negative point is the lack of precise information
about the mechanism that sometimes could be considered as a downstream consequence
attributable to the modes of action just described.

5. Antiviral Peptides

Viruses represent a major cause of human disease, and the emergence of viral drug
resistance and epidemics induce to search for new antivirals. Natural AMPs are an interesting
source of innovative antiviral agents, but more interestingly, antiviral peptides (AVPs) can be
designed and optimized to block critical steps of the viral life cycle (Figure 2) [126]. In 2014,
Kumar et al. described the AVP targeting about 60 medically significant viruses [127]. Usually,
AVPs exhibit antiviral effects by inhibiting the virus directly, but their inhibition sites and the
mechanism of action vary within the viral replication cycle.

Figure 2. AVPs targets in viral life cycle. Depending on the type of virus and on the mode of action
of the peptides, AVPs can block viral entry by binding with specific cellular receptors or interaction
with viral glycoproteins, which are involved in both entry and fusion process. They may also hinder
the fusion via physicochemical interaction with hydrophobic membrane–protein interfaces. AVPs
can act intracellularly as well by direct influence of viral nucleic acid synthesis or blocking viral
protein expression. Others modulate the antiviral immune system of the host cell by up-regulating
expression of interferons and cytokines.

Most viral pathogens are present in the Emerging Infectious Diseases/Pathogens list
of the US National Institute of Allergy and Infectious Diseases (NIAID), such as Small-
pox virus, viral hemorrhagic fever viruses (arenaviruses, bunyaviruses, flaviviruses and
filoviruses), and coronaviruses are membrane-enveloped viruses. Virus and host cell mem-
brane fusion is necessary for virus entry and biophysical as well as biochemical features of
the membrane fusion process can be common among enveloped viruses. Targeting these
conserved characteristics that are necessary for membrane fusion, is emerging as a new
tool for the development of broad-spectrum antivirals [128].
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Viral entry, which is the earliest phase of infection in the viral life cycle, is the fa-
vored target for AVPs. Most AVPs block viral entry by one of the next mechanisms: (1)
interaction with heparan sulfate, (2) blocking of cell-to-cell spread, (3) interaction with
specific cellular receptors, (4) interaction with viral glycoproteins, (5) membrane or viral
envelope interaction [129].

Viral surface glycoproteins are involved in both the entry and penetration process
and undergo conformational changes because of the interactions with the receptor pro-
teins. Most AVP inhibit enveloped viruses’ entry by physico-chemical interaction with
hydrophobic membrane–protein interfaces [130]. A few examples of peptide entry in-
hibitors are reported. Enfuvirtide is a peptide entry inhibitor for HIV that acts by blocking
the HR1 domain of the viral envelope glycoprotein 41; it was approved by the US Food
and Drug Administration (FDA) and the European Medicines Agency (EMA) for human
use in 2003 [131]. Another class of HIV entry inhibitors, termed anchor inhibitors, target
the fusion peptide [132].

The mimetic peptide, DN59, which consists of the amino acids corresponding to the
amphipathic stem region of the dengue virus envelope glycoprotein was shown to interfere
with the normal infective process [133]. Peptides homologous to the surface glycoproteins of
HSV-1 and HSV-2 envelopes were demonstrated to be active against the herpes virus [134].
Peptide entry inhibitors were also used against other viruses, such as cytomegaloviruses,
influenza virus and coronaviruses [130]. ACE2-derived peptides were already used to
contrast SARS-CoV infection [135], and the approaches used to synthesize peptides against
coronaviruses in the past may be re-considered to design new peptides for inhibition of
SARS-CoV-2 infection on the documented evidence of efficacy against SARS-CoV, MERS-
CoV, SARS-related CoVs. For example, among these peptides, which had already been used
against SARS-CoV-1, 15 were selected against the receptor-binding domain (RBD) of the
spike protein of SARS-CoV-2 potentially able to inhibit the entry of SARS-CoV-2. Moreover,
peptides targeting domains in the S protein other than the RBD may also interfere with
viral entry [136]. The approaches followed for the development of peptides targeting
SARS-CoV-2 entry have been recently summarized by Schütz and colleagues [136].

AVPs with potential anti-SARS-CoV-2 activities could target the host as well. The
mouse β-defensins-4 derived P9, thanks to its polycationic property, prevents endosomal
acidification necessary for viral-host endosomal membrane fusion and consequent viral
uncoating and RNA release, resulting in inhibition of the virus [137].

More recently, a dual-functional cross-linking peptide 8P9R has been demonstrated to
inhibit both the endocytic pathway and the TMPRSS2-mediated pathway of SARS-CoV-2
hypothesizing its employment in effective cocktail therapy with repurposed drugs [138].
Otherwise, another target may be the ACE2 receptors instead of the viral S1 subunit [139].

Distinctively, other AVPs have been designed to modulate intracellular targets [129].
It is known that antimicrobial host defense peptides, such as PR39 and LL-37 can cross
lipid membranes, while others are found as precursors inside host cell vacuoles. Cellular
internalization of these peptides can stimulate gene/protein expression by blocking viral
protein expression, influencing viral nucleic acid synthesis, or stimulating host cell antiviral
defenses [128,140]. while others modulate the antiviral immune system of the host cell
by up-regulating the expression of interferons and cytokines [141]. For example, rhesus
theta-defensin 1 (RTD-1) is a cyclic antimicrobial peptide first identified in rhesus macaque
leukocytes, that was demonstrated to alter pulmonary infection outcome induced by SARS-
CoV in mice by potentiating cytokine responses [142,143].

Therefore, AVPs can be designed and optimized through a deep knowledge of the
structures of viral proteins and cellular targets. Host cell factors proteins or pathways
required by numerous viruses to complete their replication cycle are attractive targets for
broad-spectrum antivirals, included AVPs. Indeed, this strategy would offer a versatile
solution that could work against many viruses, including the emerging ones, offering a low
possibility of inducing drug resistance. However, the major concerns duly noted are the
cellular proteins function in the complex network of interactions as well as cytotoxicity.
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For this reason, many peptides are designed, as described previously, to act extracel-
lularly, i.e., to target early steps of viral replication, such as viral envelope glycoprotein
activation, receptor attachment, or fusion.

Although smaller than standard AVPs, reduced glutathione (GSH) deserves to be
cited as an effective antiviral against different viruses. GSH is a tripeptide, present in all
mammalian cells, constituted of the amino acid L-glutamate, L-cysteine, and glycine. Its
synthesis is catalyzed sequentially by γ-glutamylcysteine and GSH synthetase. Inside the
cells, 98% of glutathione is found in reduced form, and only 2% is oxidized (GSSG) or
joined with other molecules [144]. Glutathione (GSH) has a key role in cellular physiology
and metabolism [145]. Furthermore, in the last years, an imbalance in the GSH/GSSG
ratio has been described in several pathologies including viral infections [146]. It has been
widely demonstrated that intracellular redox status alterations, associated with depletion of
GSH are essential for the completion of the viral cycle. However, the mechanisms by which
viruses induce a decrease in intracellular GSH content are different and not completely
clear. Accordingly, GSH has been proposed as a potent antiviral acting with different
mechanisms depending on the type of virus. Recently, the role of GSH in determining
individual responsiveness to COVID-19 infection and the possibility of using GSH for the
treatment and prevention of COVID-19 illness has been also described [147].

Unfortunately, GSH has a short half-life in blood plasma and hardly crosses the cell
membrane; for this reason, design strategies have emerged in the development of GSH
derivatives with improved permeability or small molecules able to release intracellularly
precursors for GSH synthesis [148]. Many papers have reported the efficacy of GSH and
pro-GSH molecules in inhibiting replication of several viruses and many reviews have
summarized the results achieved over the years [146,149–151].

In conclusion, AVPs, due to their ability to target various aspects of the viral lifecycle,
their low molecular weight and low toxicity, can be considered a potential resource to com-
bat emerging and re-emerging viral pathogens for which drug-resistance was developed or
specific therapies do not exist. Especially, in the light of recent fast-replicating viruses with
high rate of mutation frequency, novel candidates with multiple mechanisms of action or
synergistic effects are indeed highly desirable [152].

6. AMPs—Goods vs. Bads, and the Long Way towards Clinical Application

There are obvious, multiple advantages of AMPs over classical antibiotics. As pre-
viously describes, AMPs are easy to synthesize, thanks to recent advances in automated
protein synthesis, or can alternatively be produced in large quantities in heterologous
expression systems, either in microbial cells or in plants [153]. In addition, AMPs are
largely prone to chemical modification, aimed at overcoming inherent problems, such
as susceptibility to enzymatic degradation, chemical/physical instability and toxicity to
host cells, thus optimizing molecules’ features and smoothing their pathway towards
the clinics [154]. Broad-spectrum activity and rapid killing are other much-appreciated
characteristics. Finally, AMPs are increasingly seen as a promising therapeutic alternative
for treating biofilm-associated infections, one of the major threats in the field of bacterial
infections [155]. Similar to the fungal biofilm structure, bacteria as well usually acquire
significant resistance against conventional antibiotics and the immune system defenses,
thanks to the features of the biofilm itself, including the matrix of extracellular polymeric
substances produced by the same microorganisms. Of the several molecules that have
been already studied for their antibiofilm activity, dendrimeric AMPs seem particularly
promising, in particular by displaying the property to inhibit biofilm formation in host-
mimicking conditions [156,157].

A suitable instance of both the limitations to therapeutic use inherent to the nature
itself of AMPs and the ways to overcome these is offered by the recent study of Wang
Manchuriga and colleagues on temporins [158]. As many natural AMPs isolated from the
skin of anuran amphibians (frogs and toads), temporins display a potent antimicrobial
activity but this quality is often thwarted by elevated cytotoxicity, in particular against
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erythrocytes [159]. Working on temporin-GHa from Hylarana guentheri, Manchuriga and
colleagues designed several analogs of the naturally-occurring sequence, modifying the
type, position and number of charged residues. Some of the derived peptides displayed a
significant reduction of hemolytic activity with respect to parent peptide while retaining
potent antibacterial activity, but it was not possible to reduce cytotoxicity to zero without
compromising antibacterial activity, confirming that a delicate balance of charge and other
physico-chemical parameters (e.g., amphipathic and extension of hydrophobic surfaces) is
necessary to obtain a plausible therapeutic lead [158].

Other key criteria of AMPs that should always be studied in detail when consider-
ing these molecules for use in clinical settings are immunogenicity and pharmacodynam-
ics/pharmacodynamics properties. Proline-rich AMPs (PrAMPs) are a class of membrane-
permeable AMPs that have been identified more than 20 years ago in mammals and insects;
they have an intracellular mode of action, inhibiting protein synthesis leading to a bactericidal
outcome [160]. Apidaecin Api88 (18 aa) and oncocin Onc72 (19 aa)—PrAMPs based on natural
peptides isolated from milkweed bug Oncopeltus fasciatus—were shown to be nonimmuno-
genic in mice, unless conjugated to protein carriers, a fact attributed to the small size of these
molecules [161]. A pharmacokinetics analysis showed that Onc72 reached several organs
within 10 min and that the peptide’s concentrations in blood were well above the minimal
inhibitory concentrations for gram-negative key pathogens like K. pneumoniae [161]. More
recently, the long-lasting post-antibiotic effect (PAE)—an important criterion of antimicrobial
pharmacodynamics indicating the persistent growth of bacteria briefly exposed to antibiotics
independently of host defense mechanisms—of several PrAMPs was tested, revealing pro-
longed PAEs against several strains of E. coli, P. aeruginosa and K. pneumoniae for all tested
peptides but especially Api88, Api137, Bac7(1–60) and A3-APO [162]. “The PAEs presented
here provide an additional hypothesis besides immunomodulatory effects that can explain the
good in vivo efficacies of PrAMPs”, notwithstanding the fast clearance rate measured for some
of these peptides, authors discussed [162], “This again highlights that MIC values determined
for AMPs in vitro cannot be simply used to predict in vivo efficacies, as often assumed in
the literature. Instead, MIC values should be seen as one important criterion among other
parameters to be considered,” authors appropriately remarked [162].

One of the aspects that are often quoted in support of the (potential) use of AMPs in
clinical practice is their low tendency to evoke antibiotic resistance. This tenet stems from
the fact that AMPs generally (but not always, as specified above) hit the lipid component
of the plasma membrane, a cellular component that is believed per se to be not easily
modifiable in its basic physicochemical features by microbial targets. Although the slower
emergence of resistance to AMPs with respect to conventional antibiotics is a reality,
however, experience and much work have clearly shown that the reassuring thought
that the complex phenomenon of resistance would not eventually thwart AMPs’ value, is
somewhat naïve and misleading. In fact, the long coevolution of microorganisms and AMPs
has spurred the development of several resistance mechanisms. These include sequestration
by bacterial enzymes, proteolytic degradation of peptides, efflux pumps to remove AMPs
from the periplasmic space, alteration of components of bacterial surface to reduce surface
attachment and permeability, down-regulation by immunomodulation [163–166].

The concept of coevolution and its effect on the rise of bacterial resistance to AMPs’
action is well explained by the example of Helicobacter pylori. Sabine Nuding and colleagues
tested the pattern of induction of gastric antimicrobial peptides by H. pylori as well as
its susceptibility to the same peptides [167]. Researchers found that the induction of
antimicrobial peptides, such as the inducible defensin HBD2 in the gastric mucosa by H.
pylori, did not enhance the killing capacity against H. pylori itself. On the other hand, the
expression levels of the constitutive defensin HBD1, inducible HBD3 and LL37, remained
unchanged. Tested H. Pylori strains proved resistant to HBD1, but susceptible to the
killing activities of HBD3 and LL37. “The combination of selective defensin induction and
resistance to others may enable Helicobacter to colonize the gastric mucus layer where it
can adhere to epithelial cells and induce inflammatory as well as malignant processes,”
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concluded the authors, that remarked the need for further studies aimed at understanding
the mechanisms regarding H. pylori selective antimicrobial resistance [168].

Despite the limitations briefly outlined above, that have hampered their development
in the classical drug discovery pipeline, AMPs are attracting continuous and ever-increasing
interest as new antimicrobials agents. Out of some ~3000 molecules that have been isolated
from different sources, just a handful have been the object of preclinical studies and further
proceeded to clinical trials [166]. A recent analysis of AMPs patents from 2015 through
2020 has confirmed a long-standing trend, i.e., the fact that AMPs earmarked for clinical
development are in vast majority analogs or derivatives of natural peptides, obtained
through a template-based strategy aimed at enhancing the activity and stability of natural
AMPs while reducing their toxicity [168].

Currently, just three AMPs have been approved by the U.S. Food and Drug Adminis-
tration (FDA) for therapeutic use, i.e., gramicidin, colistin and daptomycin. Gramicidin
has a long history. First isolated from Bacillus brevis over 70 years ago, gramicidin is active
against a range of Gram-positive and Gram-negative bacteria, although its severe toxic-
ity for human erythrocytes has a limited clinical indication to topical applications [169].
Polymyxin and colistin, which are cationic peptides in use for decades, have regained
interest lately, due to their strong activity against multi-drug resistant Gram-negative
pathogens. Their ability to bind the lipid A component of LPS makes them precious, the
last resource weapons to fight septic shock, notwithstanding their known nephrotoxicity.
Resistance has emerged, however, and is spreading at an alarming pace, putting the effec-
tiveness of these valuable therapeutics at risk [170,171]. Last but not least, daptomycin.
This membrane-active cyclic lipopeptide has received the green light from the FDA in 2003
to treat Gram-positive infections. It is believed that its mechanism of action differs from
that of other AMPs since daptomycin causes bacterial membrane depolarization rather than
membrane disruption and pore formation [172]. In recent years, resistance in Staphylococcus
aureus has been more and more frequently reported, and the search for substitutes that
might prolong the clinical use of this important antibiotic is actively underway [173].

The concern caused by AMPs resistance is clearly transmitted by a very recent clinical
trial aimed at evaluating the efficacy of oral colistin-neomycin in preventing multidrug-
resistant Enterobacterales (MDR-E) infections in solid organ transplant recipients. In the
trial’s frame, a 14-day regimen of oral colistin and neomycin did not reduce MDR-E infec-
tions, and four liver-recipients developed colistin resistance [174]. A study of the molecular
mechanisms of colistin resistance in environmental isolates of Acinetobacter baumannii, re-
covered from hospital wastewater and wastewater treatment plant, has shown that all
isolates had increased levels of eptA mRNA and decreased levels of lpxA and lpxD mRNA;
the eptA gene, in particular, could indicate its main role in colistin resistance through lipid
A modification [175]. Authors hypothesized that when untreated hospital wastewater is
released into the urban sewage, it might contain colistin-susceptible A. baumannii, and
that resistance might emerge in wastewater itself following exposure to pollutants, such
as cationic surfactants, and subsequently spread in the environment [175]. Looking at the
bright side, things can always improve. Recent work has shown that kynomycin, a new
daptomycin analog, was endowed with enhanced activity against both methicillin-resistant
S. aureus and vancomycin-resistant Enterococcus, with improved pharmacokinetics and
lower cytotoxicity than daptomycin [176]. Freshly acquired data suggest that physico-
chemical features like Ca2+ binding and Ca2+-mediated oligomerization could explain
kynomycin’s enhanced antibacterial activity [177].

Even a hasty glance at the AMPs pipeline conveys the level of difficulty at bringing
these molecules to the market, either for topical or systemic treatment [166,178]. After many
failures, however, a couple of promising candidates loom on the horizon, at least for some
therapeutic indications. Polyphor is developing the synthetic lipopeptide murepavadin, a
member of a novel class of antibiotics that combine high-affinity binding to both LPS and
outer membrane proteins, resulting in high specificity towards Gram-negative bacteria and
effective bactericidal activity. Murepavadin, in particular, targets the lipopolysaccharide
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transport protein D (LptD), an outer membrane protein on Pseudomonas aeruginosa, leading
to cell death. Phase 3 clinical trials investigating the safety and efficacy of intravenous
murepavadin have been prematurely stopped due to a rise of creatinine concentration in the
serum of patients treated with the AMP, indicating renal failures [179,180]. Despite these
disappointing results, Polyphor plans to continue the development of inhaled murepavadin
to treat chronic P. aeruginosa infections associated with cystic fibrosis. Exeporfinium chlo-
ride (XF-73), a derivative of AMP concept containing two cationic ammoniums and one
porphyrin core, is currently the main protagonist of the anti-infectives program at Des-
tiny Pharma [181]. XF-73 is a membrane-active antibiotic, particularly potent against
Gram-positive bacteria, including MRSA. A phase 2 trial of XF-73 for the prevention of
post-surgical staphylococcal nasal infections is ongoing. An in vitro study of bacterial
resistance that compared XF-73 to standard antibiotics currently in use did not demonstrate
the emergence of any resistance to XF-73 even after 55 repeat exposures [182].

7. Conclusions

The challenging research for new antimicrobial entities is still ongoing but not without
difficulties. New species of bacteria, fungi and viruses are emerging, and the most alarming
fact is their intrinsic and sometimes multi-drug resistance to first-line drugs. These aspects
together with the fast and global spread of resistance through horizontal transfer represent
a serious threat for global health. An innovative approach involves the use of compounds
inspired by nature and subsequently optimized to reach suitable features, i.e., low toxicity
and strong activity. The result of this process is represented by synthetic peptides. Their
broad mechanisms of action and the unlikely resistance that they generate, are important
advantages and perhaps the key point for a shift towards new antimicrobial synthetic
peptides-based treatments for the near future.
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