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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 ov33 integrin. The binding properties of [68Ga]Ga-DFO-c(RGDyK)
towards the avf33 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
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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 Navl.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 av33, 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 av33. 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 ocv33 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, «-helix, -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, Kovacevi¢ 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
(0O20c¢-Dap(GO2),-0O20c-NH;, 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 uM, 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-O20c-[Dap(G02)]s-020c-NH,
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].

f) Oﬁj
NH
f"\nJ;l}.
[e]
3-oxapentanoic acid DAP(O1)

;\u /g'i:: (on H}

L-2,3-diaminopropionic acid

(DAP) KT\ J/o

s

OH

+ o q
S iy
[o) -, NH
O,

v A L

OH (o)

3,6-dioxaoctanoic acid | DAP(02)

(02)

where all O are -NH,

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.

~

/5/6-ccrboxyﬂuorescein
(5/6-FAM)

Q H 9 TR H § H o
HO N/\,O\/\o/\n,N N N N N N N\/\o/\/o\)LNHz
H o H o H o H o
S |

l COOH

o
where all O are in compound 1a: Q™~NyNH Arg
NH,
compound 2a: Ny NH: D-Arg
NH,
NH,
compound 3a: O’V‘N’)‘NHz Har
R NsNH
compound 4a: & ‘61/\0’\/ ‘Im 2 DAP(GO1)
H )N\Hz
compound 5a: O’N‘(r)l/\o’\’o‘/\N NH, DAP(GO2)
H NH2
N 0. 0. 2N
compound éa: 9~ *g/‘o’\/ ‘/\uﬁ\’ ~NTNH, DAP(02(GO1))
R o Jcl)\;o Ny _NH
compound 7a: OO TN YO pAR(02(G02))
R o
compound 8a: @ ‘cr)l/\o/\’ ~NH, DAP(02)
N o
compound 9a: O'Ng/\ON ~OH DAP(HO2)

DAP = 2,3-diaminopropionic acid

02 = 3,4-dioxaoctanoic acid

GO1 = 5-amidino-3-oxapentanoic acid

GO2 = 8-amidino-3,6-dioxaoctanoic acid

HO2 = 2-(2-(2-hydroxyethoxy)ethoxy)acetic acid

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.

Binding
Constants
Molecular Weight Double
: < * olecular el #
No Sequence Reten;:;ir;;l‘lme Calculated /g Cell Permeakiﬁility [1M] Cytotoxicity #
Determined ** (Target) Single-Stranded
DNA
[uM] *
1 OZOC(AI‘\%%'OZOC' 211 1244.5/1245.4 ND Moderate 10%
2
5/ ,6-FAM-020c- 74+£01
1a (Arg)e-020¢-NH, 9.12/9.26 1603.8/1604.4 ++ (cytoplasm) 0.02 % 0.04 & 10%
020c¢(D-arg)e- o
2 0200-NH,) 2.12 1244.5/1245.5 ND Moderate 15%
5/,6-FAM -020c-(D- o
2a arg)s-020c-NH, 8.46/8.71 1603.8/1604.8 ++ (cytoplasm) - 15%
3 ozoc-a;ﬁ);-ozoc- 245 1329.6/1330.4 ND Weak 10%
5/,6-FAM -020c- .
3a (Har)e-020c-NH, 8.55/8.83 1687.9/1689.0 ++ (cytoplasm) - 10%
88+21/
4 020¢[Dap(GOT)]g- 3.15 1682.8/1683.6 ND B
020c-NH, 1.8 +£1.1%&
5,,6-FAM -020c- 33426/
4a [Dap(GO1)]s-020c¢- 7.89/8.13 2042.1/2043.0 ++ (nucleus) -
NH 1.7 £20%
2
5/,6-TAMRA-O20c-
4b [Dap(GO1)]-O20c- 8.17/8.59 2096.2/2097.0 ++ (nucleus) ND -
NH,
020c-Dap(GO2)s- 1.8+0.9/ _
5 020c-NH, 3.40 1947.1/1947.9 ND PPy
5,,6—FAM -020c- 34+3.0/
5a [Dap(GO2)]s-020c- 9.10/9.83 2306.4/2307.6 +++ (nucleus) -
NH 23+46%
2
5/,6-TAMRA-O20c-
5b [Dap(GO2)]6-020c- 9.82/10.15 2360.6/2361.4 +++ (nucleus) ND -
NH,
020c-
6 [Dap(02(GO1))]s- 3.55 2554.7,/2555.3 ND ND -
020c¢-NH,
5/,6-FAM-020c-
6a [Dap(02(GO1))]s- 12.99/13.43 2913.0/2913.8 - ND -
020c-NH,
020c-
7 [Dap(02(GO2))]e- 4.09 2819.1/2819.9 ND ND -
OZOC-NHZ
5/,6-FAM-020c-
7a [Dap(02(GO2))Js- 14.35/15.03 3177.3/3178.3 - ND -
020c¢-NH,
020c¢-[Dap(02)]s- _
8 020¢.NH, 3.45 1694.9/1696.0 ND Weak
5/,6-FAM-020c-
8a [Dap(02)]s-020c- 9.12/9.38 2053.2/2054.1 - ND -
NH,
020c¢-[Dap(HO2)]¢- _
9 020¢.NH, 3.71 1700.8/1701.5 ND Weak
5/,6-FAM-020c-
9a [Dap(HO2)]4-020c- 9.45/9.78 2059.1/2060.4 - ND -
NH,




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

Table 1. Cont.

Binding
Constants
Molecular Weight Double
; : olecular We #
No Sequence Reten[tll:‘)ir;;ﬁme ¥ Ca;l:ul ate dl/g Cell Permeablility [uM] Cytotoxicity *
Determined ** (Target) *** Single-Stranded
DNA
[uM]#
B 639 + 703/ B
10 5',6-FAM 11.21 376.3
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 x 2.1 mm), with a grain size of 1.7 um (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 pug/mL;
& MST binding constants; && gpR 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.

Binding Constant
Double
. ., Molecular Weight DNA#
No Sequence Retentlo'n Time Calculated/ Cell Permeablility [uM] Cytotoxicity
[min] Determined ** (Target) *** Single-Stranded DNA #
[uM]#
020c¢-[Dap(GO2)]z- B
12 020c-NH, 1.94 853.9/854.6 ND weak
5/,6-FAM-020c-
12a [Dap(GO2)]-O20c- 10.11/10.43 1213.2/1213.5 - - -
NH,
020c¢-[Dap(GO2)]4- 3 B
13 020¢-NH, 2.09 1400.5/1401.2 ND
5’ ,6-FAM-O20c- 03401/
13a [Dap(GO2)]4-O20c- 9.78/10.01 1759.8/1759.8 ++ (cytoplasm) -
NH 05+02%
2
020c¢-[Dap(GO2)]s- 1.8 +09/ _
5 020¢-NH, 3.40 1948.1/1947.1 ND 28 4 10 &&
5,6-FAM-020c- 3.443.0/
5a [Dap(GO2)]6-020c- 9.10/9.83 2306.4/2307.6 +++ (nucleus) -
NH. 23+46%
2
5,6-TAMRA-O20c-
5b [Dap(GO2)]4-020c¢- 9.82/10.15 2360.6/2361.4 +++ (nucleus) ND -
NH,
020c¢-[Dap(GO2)]Js- o
14 020¢-NH, 297 2493.7 /2493.5 ND ND 10%
5’ ,6-FAM-O20c- 02+0.1/
14a  [Dap(GO2)]s-020c- 8.2/8.8 2852.0/2853.7 +++ (nucleus) 15%
NH. 33+234%
2
5,6-TAMRA-O20c-
14b [Dap(GO2)]g-O20c- 8.2/85 2907.1/2908.5 +++ (nucleus) ND 15%
NH,

* UPLC analysis (Nexera X2 LC-30AD (Schimadzu, Japan)) equipped with a Phenomenex column (150 x 2.1 mm), with a grain size of
1.7 um (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; && gpR 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 uM) (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.

Compound 4b Compound 5a Compound 5b

50 um

o

g ' soum [l Compound 4b Compound 5a Compound 5b 50 um

[ HB2
Bl MDA-MB-231

3a 4a 5a éa 7a 8a 9a
compound number

Figure 3. (A) Cell membrane permeability in HB2 and MDA-MB-231 cells incubated with 10 uM of compounds 4a, 4b, 5a,
and 5b for 24 h. Magnification 20 x. (B) Fluorescence intensity in HB2 and MDA-MB-231 cells incubated with 10 uM of

compounds 1a—9a.
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Compound 1a
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Compound 2a Compound 3a

Compound 2a Compound 3a

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

Notably, most of these compounds did not show cytotoxicity at the concentration
used in the cell experiments (10 uM). 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-f-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-f-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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Compound 4b

Compound 4b

7.5 mM methyl-B-cyclodextri
30 uM chlorpromazine 30 uM cytochalasin D 50 um MM nithyl-B-gyclo exsgl:.‘m

7.5 mM methyl-B-cyclodexirin
50 um

30 uM chlorpromazine 30 uM cytochalasin D 50 um

Figure 5. Cellular uptake study of compound 4b in HB2 and MDA-MB-231 cells (incubation time 24 h, 37 °C). All other
details are provided in individual images. Magnification 20 x.

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 uM) 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 uM, 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 54). 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 uM for
compound 4 and 1.8 £ 0.9 uM 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.

4 5 é 7 8 ? 10 N 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

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. Cont.
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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 pM) of dsDNA (76 bp fragment) and 0.437 puM of the indicated compounds labeled with
5/6-FAM. Control experiments were performed with DNA and 5/6-FAM dye (D,H).
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Figure 8. Chemical formulae of second generation compounds with varying lengths of the
main chain.
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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
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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).

Compound §
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ES pmaxGFP alone B3 pmaxGFP alone

Viability [%]

& 4

compounds / PmaxGFP

Figure 10.

compounds / PmaxGFP

(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 x 10710 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., Ca>* and Mg?*) or
poliArg [19,20]. Compound 13a binds to the DNA sequence causing plasmid condensation,
leading to a size reduction.
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Figure 11. Atomic force microscopy (AFM) findings. (A) plasmid pmaxGFP; (B) compound 13a; (C) compound 13a with
plasmid pmaxGFP-N/P 0.2:1, 2.5 pm; (D) compound 13a with plasmid pmaxGFP-N/P 0.2:1, 500 nm; (E) compound
5a; (F) compound 5a with plasmid pmaxGFP-N/P 0.2:1, 2.5 um; (G) compound 5a with plasmid pmaxGFP-N/P 0.2:1,
2.5 um; (H) compound 5a with plasmid pmaxGFP-N/P 0.2:1, 500 nm; (I) compound 14a; (J) compound 14a with plasmid
PmaxGFP-N/P 0.2:1, 1 um; (K) compound 14a with plasmid pmaxGFP-N/P 0.2:1, 2.5 um; (L) compound 14a with plasmid
PmaxGFP-N/P 0.2:1, 10 pm.

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
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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 pm. 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.
(lane 1) DNA marker; (lanes 2, 8, 14) pmaxGFP plasmid; (lanes 3—6) compound 13 in various N /P ratios—0.2:1, 1:1, 1.5:1,
and 3:1 (charge peptidomimetic/charge plasmid), respectively; (lanes 9-12) compound 5 in various N /P ratios—0.2:1, 1:1,

1.5:1, and 3:1, respectively; (lanes 15-18) compound 14 in various N/P ratios—0.2:1, 1:1, 1.5:1, 3:1; (lanes 7, 13) intentionally

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

14
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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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Figure 13. Snapshots from molecular dynamics (MD) simulations examining DNA condensation in a system (A) without a
peptidomimetic, (B) in the presence of compound 13, and (C) in the presence of compound 14. The four DNA helices are
colored gold, green, pink, and red. The peptidomimetic molecules are colored in various shades of blue. (D) Interactions
between a single molecule of compound 14 and three DNA double helices at the final step of the simulation.

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 dsSDNA-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 A 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-O20c-OH (where O20c
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-O20c-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-
020c¢-[Dap(Mtt)],-O20c-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-O20c-NH, (compounds 6 and 7) were
coupled to each -NH; moiety of Fmoc-O20c-(Dap),-O20c-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-O20c 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 DMEF, 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/H,0/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 x 2.1 mm), with a grain size of
1.7 um (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 IIl 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% CO, 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 pg/mL of streptomycin. The HB2 cell line
requires the addition of 5 pg/mL insulin and 5 pg/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 x 10*/well
and 4 x 10*/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 uM.
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 x 10% /well
and 7 x 10%/well, respectively, and incubated in complete medium (100 uL/well) for
48 h. Then, the medium was replaced with fresh medium (100 pL/well), and solutions of
test compounds at various concentrations (1, 10, and 50 pM) 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 uL.
fresh medium with 25 pL 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 pL/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 x 103/well and 7 x 103 /well,
respectively, and incubated in complete medium (100 uL/well) for 48 h. Then, the medium
was replaced with fresh medium (100 uL/well), and solutions of compounds at various
concentrations (1, 5, 10, 20, 50, and 100 uM) 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 puL/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 pL/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 x 10*/well
and 4 x 10*/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 uM), chlorpromazine
(final concentration: 1, 2, 5, 10, 20, and 30 uM), and methyl-3-cyclodextrin (final concentration:
1,25, 5, and 7.5 mM) for 30 min before adding 10 pM 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 uL/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), 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 x 10%/well and 7 x 10%/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), 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 CaCl, (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 puL/well),
and the transfection complex solution was added to each well (10 uL/well). After 5 h
incubation, the medium was replaced with 100 uL/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

e  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 puL
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.

e  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 uL 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 A 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’l, 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 3-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 54).
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 NacCl, 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 uL/min, and in kinetic
experiments, the buffer flow rate was 30 uL/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 M) was prepared in EDBS buffer (25 mM Tris-HCI (pH = 8), 4% (w/v) sucrose,
4 mM DTT, and 80 pg/mL BSA). Next, 10 uL of 5/6-FAM-labeled compounds diluted in
EDBS buffer were added to 10 uLL of DNA solution (1:1 dilution series) to reach a final
concentration of 0.437 uM. 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 uM peptidomimetics 5a, 13a,
and 14a and 2 nM pmaxGFP plasmid DNA (Lonza, Switzerland) were examined using
AFM in 8 mM MgCl, 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 fy = 150 kHz;
spring constant k = 0.7 N/m). Images were taken at 512 x 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 «-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; a-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 -
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 a-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 3;p-helical peptides [13]. Other hydrocarbon staples,
such asi,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,/ + 1 positions by ring-closing metathesis reactions and
the X-ray crystallographic structure of the right-handed o-helical octapeptide stabilized by
i,i + 1 stapling.
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SoAdo SR oo
o0l oo

< O = amino acid O = olefin-bearing amino acid )

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
ii+2andii+]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 CH,Cl, (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 CH,Cl,)
afforded the best yield at 76% (Entry 6). The reactions in refluxing CH,Cl, 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.
2N

o) Grubbs cat. = 0
0 l (2nd or 1st, 20 mol %) o )\
O-C#LN CO,Me O_C,)LN CO,Me
N N

solvent, temp., time

/\/ H , L H
74 "Boc ‘Boc

1 1

Solvent Temp. Time Yield

1 o, sq 2
Entry Catalyst (mol %) (mM) ©C) () (%) E/Z Ratio
1 Grubbs 2nd (20) CH,Cl, (20) rt 2 55 1.0:5.6
2 Grubbs 1st (20) CH,Cl;, (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) THEF (20) rt 2 27 1.0:4.4
6 Grubbs 2nd (20) CH,Cl, (5) rt 2 76 1.0:5.0
7 Grubbs 1st (20) CH,CI, (5) rt 2 69 1.0:4.7
8 Grubbs 2nd (20) CH,ClI; (5) reflux 2 28 1.0:4.9
9 Grubbs 2nd (20) CH,Cl, (5) reflux 0.5 28 1.0:5.3

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

Further, we investigated the substrate scope for the ring-closing metathesis of peptides
ati,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)-«-(4-pentenyl)alanine (Entries 6 and
7; E/Z =1: >20 for 6’ and 1:14 for 7’). These results suggest that x-methyl or -methyl
groups of i + 1 residue strongly affect the transition state of the ring-closing metathesis to
yield Z-isomers.

Grubbs cat.
(2nd, 20 mol %)
unstapled peptide stapled peptide
1-7 CH.Cly (5 mM), rt, 2 h 1-7
entry SM product yield (%) E/Zratio?

/\o _ o
i 2 )

1 o N~ ~CO,Me 0 N~ Co,Me 76 1.0:5.0
N H H

N
/\/ Boc Boc
1 1
\/\O o
/ /
0 /N o
2 O_O)LN CO,Me O_C,)LN CO,Me 75 2.0:1.0
H H
/\/ N N,
74 “Boc Boc
2 2
M
Ool ff\/aol
3 O_C,)LN CO,Me O_O)LH COMe 91 4.0:1.0
Yl N H N,
74 “Boc Boc
3 3
/\/O

(0] 0]
4 23 8.5:1.0
N~ "CO,Me N~ "CO,Me
o) N 2! (0] VA 2

N
/\/ Boc Boc
4 4
/\ o
_—
0%y o \
5 o N> CoMe o N CoMe 21 1.0:1.5
/\/ N H N H
74 “Boc ‘Boc
5 5
A o
- N
6 o) N~ "CO,Me 0o N~ ~CO,Me 39 1.0:>20
/\/ N H N H
74 “Boc ‘Boc
6 6'
S s
ol . /o\\
7 o N> COoMe o N~ COMe 43 1.0:14
/\/ N H N H
74 “Boc ‘Boc

Scheme 1. Substrate scope for ring-closing metathesis of peptides 1-7 at,i + 1 positions. ! Determined
by 'H NMR.

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
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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 7,i + 7 hydrocarbon stapling
(E/Z was up to 1: >9) [15].

/\ Grubbs cat.
0° (2nd, 20 mol %)
O_O)LN CH,Cl, (5 mM)
/\/ N H r, 2 h, 52%
/ “Boc ﬁk/
Me

(\/EO
Pd/C, H,
SERR é
N H MeOH, rt, 83%

ElZ=1:>20

Scheme 2. Ring-closing metathesis of octapeptide 8 at i,i + 1 positions.

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 P2;2;2; space
group to give an «-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 «-helical stapled peptides at
iand 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 A;
N-H---O, 163.6°), N(5)H---O = C(1) (N--O, 2.98 A; N-H---O, 168.6°), N(6)H---O = C(2)
(N---0, 291 A; N-H---O, 157.2°), and N(7)H---O = C(3) (N---O, 3.14 A; N-H.--O, 139.7°)
were observed. These hydrogen bonds indicate the existence of the «-helical secondary
structure in 10. The average torsion angles of 10 at the N-terminus [avg.($1-P5) = —62.4°
and avg.(Y1-Y5) = —46.5°] were much closer to the ideal values of a right-handed «-helix
[ = =57° and ¥ = —47°] [35]. Therefore, the crosslinkage of the i,i + 1 staples at the
N-terminus could affect the stabilization of the «-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 A; N-H---O, 136.7°) and N(8)H---O = C(5) (N---O, 3.40 A; 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 o- and 31p-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(Hyp*) (N---O,
2.93 A; 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 a-helix in this case. Thus, introducing hydrocarbon stapling at i,i + 1 positions
using cis-4-hydroxyproline could be used for the stabilization of x-helical peptides likewise
i,i+4 and i,i + 7 staples. In our previous study, we reported asymmetric Michael addition
of 1-methylindole to «,3-unsaturated aldehydes catalyzed by Boc-deprotected 10 [19]. We
hypothesized that the reactive iminium ion intermediate between cis-4-hydroxy-L-proline
and «,3-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.

Figure 2. X-ray crystallographic structure of (i,i + 1)-stapled peptide 10: a view (a) perpendicular to

a-helical axis and (b) along helical axis from N-terminus.

Table 2. Crystal and diffraction parameters of peptide 10.

Empirical Formula

Csq Hgz Ng O3, Cs H, N O

Formula weight 1134.45
Crystal dimensions (mm) 0.403 x 0.275 x 0.250
Data collection temp. (K) 93
Crystal system orthorhombic
Lattice parameters
a,b,c(A) 11.357, 19.104, 29.332
w7 () 90, 90, 90
V (A% 6363.84
Space group P21212
Z value 4
D calc (g/cm?) 1.184
# (MoKa) (cm™1) 0.692
No. of variable 765
No. of observations 11273 (I > 25(1))
R; (I >25(D) 0.0275
wRy 0.0707
Crystallizing solvent DMF/H,0
Table 3. Intra and intermolecular H-bond parameters for peptide 10.
Donor Acceptor Distance [A] Angle [°] Symmetry
D-H A D---A D-H---A Operations
Ny4-H Og 3.09 163.6 XY,z
Ns5-H O 2.98 168.6 XY,z
Ng-H 0, 291 157.2 XY,z
Ny-H O3 3.14 139.7 XY,z
Ny-H Oy 3371 136.7 XY,z
Ng-H Oy 3.23 102.9 2 XY,z
Ng-H Os 3401 162.7 XY,z
N,-H Onyps 2.93 137.6 XY,z
N3-H Opmr 2.90 159.8 1/2-x1-y-1/2+z

! 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 x-or 3-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 «-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 CHClj3 as a solvent.
'H NMR and ¥C 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 (5) are reported in parts per million (ppm). For the 'H
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 Fys4, 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 pm and 40-50 pm, 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
=\_0

\/\O Zj‘COZH
j S-1 Boc
EDCI, HOBt -—C’)L CO-Me
H.N 7 > CO,Me

S-2

Boc-1-Hyp®4-1.-Hse®"-OMe (2): to a solution of N-tert-butoxycarbonyl 4-O-allyl-cis-4-
hydroxy-L-proline (Boc-L-Hyp®A!-OH, $-1 [47,48]; 88.1 mg, 0.325 mmol) in CH,Cl, (2 mL)
were added N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI-HC,
67.9 mg, 0.354 mmol) and 1-hydroxybenzotriazole hydrate (HOBt-H,O; 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-Hse®Al-OMe, S-2 [49,50], 51.1 mg, 0.295 mmol) in CH,Cl,
(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, CH,Cl,
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. aqg NaHCOj3, and brine. The organic layer was dried
over anhydrous Na;SO,4 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. R¢ = 0.58 (EtOAc). [OL}ZDO ~11.0 (c 1.00, CHCl3). 'H NMR
(500 MHz, CDCl3) 6: 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). 1*C NMR (125 MHz,
CDCl3) &: 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 . HRMS (ESI) m/z: [M + Na]* calcd.
for Cp1H3uaN,O7Na, 449.2264; found, 449.2262.

M
Z = S-1 o)
/\/\o SOCl, /\/\o EDCI, HOBt i l
MeOH l /\/O_ON)LH CO.Me
BocHN CO,H HCI- HoN CO,Me .
2! 2! 2 / Boc
S-3 S-4 3

Boc-L-HypOA-1-SerOP*_OMe (3): to a solution of carboxylic acid $-3 [51] (135 mg, 0.495 mmol)
in MeOH (5 mL), thionyl chloride (0.143 mL, 1.98 mmol) was added dropwise at 0 °C. The
reaction mixture was stirred at room temperature for 2 h and was concentrated to give H-L-
SerOPte_OMe-HCl (S-4, R; = 0.57 with 0.5% AcOH in EtOAc), which was used for the next
step without further purification. To a mixture of H-L-Ser®F**-OMe-HCl (S-4, 0.495 mmol)
and Boc-L-Hyp®A!l-OH (S-1, 148 mg, 0.545 mmol) in CH,Cl, (5 mL) were added EDCI-HCI
(114 mg, 0.594 mmol), HOBt-H,O (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, CH,Cl, was removed under vacuum, and the residue was diluted with EtOAc. The
resultant solution was washed successively with 1 M of HCI, water, sat. aq NaHCOs3, and
brine. The organic layer was dried over anhydrous Nay;SO, 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. R¢ =0.71
(EtOAC). [oc]lzj2 ~2.6 (¢ 1.00, CHCl3). 'H NMR (500 MHz, CDCl3) 8: 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) &: 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~!. HRMS (ESI) m/z: [M + Na]* calcd. for CoyH3sN,O7Na, 463.2420; found,
463.2418.

/\/O

/\/O

Z s-1

EDCI, HOBt o
0 _O)k N~ ~CO,Me
H
HN 7~ CO,Me N
S-5 /\/ Boc

Boc-L-HypPA-L-TyrO"-OMe (4): to a solution of Boc-L-Hyp®A-OH (8-1, 445 mg, 1.64 mmol)
in CH,Cl, (8 mL) were added EDCI-HCI (314 mg, 1.64 mmol) and HOBt-H,O (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-Tyr®A-OMe, S-5 [52], 386 mg, 1.64 mmol)
in CH,Cl, (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,
CH,Cl, was removed in vacuo, and the residue was diluted with EtOAc. The resultant
solution was washed successively with 1 M of HCI, water, sat. ag NaHCOj3, and brine. The
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organic layer was dried over anhydrous NaySO,4 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. R¢ = 0.75 (EtOAc). [oc]zDg’ +0.90 (c 1.00,
CHCl3). 'TH NMR (500 MHz, CDCl3) 5: 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, | = 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) &: 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 CosH3zsN>O7Na, 511.2420;

found, 511.2422.
=
s1 N
= O\
RO SOCl, o. EDCI, HOBt 0%
p p S
S A o oo
BocHN 7 CO,H HCI- HoN ™7~ COMe /\/ N H
4 Boc
S6 (R=H) NaH S8

$-7 (R =allyl) == allyl bromide

Boc-L-Hyp®4-D-Ser®Y-OMe (5): to a solution of Boc-D-Ser-OH (8-6, 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 Et,O. The aqueous phase
was acidified with 1 M of HCI, which was extracted with EtOAc three times. The combined
organic layers were washed with water and brine, dried over anhydrous Na;SOy4 and
concentrated under vacuum. The residue was purified by flash column chromatography
on silica gel (40% EtOAc in n-hexane) to give Boc-D-SerPAL.OH (8-7,1.68 g, 69%, R¢ = 0.28
with 10% MeOH in EtOAc) as a pale yellow oil. To a solution of §-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-Ser®A-OMe-HCl (S-8, R = 0.57 with 0.5% AcOH in EtOAc),
which was used for the next step without further purification. To a mixture of H-D-Ser©A!l-
OMe-HClI (S-8, 0.500 mmol) and Boc-L-Hyp®A!-OH (S-1, 149 mg, 0.550 mmol) in CH,Cl,
(5 mL) were added EDCI-HC1 (115 mg, 0.600 mmol), HOBt-H,O (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, CH,Cl, was removed under vacuum, and the
residue was diluted with EtOAc. The organic solution was washed successively with 1 M
of HCI, water, sat. aqg NaHCOj3, and brine. The organic layer was dried over anhydrous
NaSO4 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. R¢ = 0.66 (EtOAc). [oc]zD3 —22.6 (c 1.00, CHCl3). 'H NMR
(500 MHz, CDCl3) b: 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) &: 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~—'. HRMS (ESI) 71/z: [M + Na]* calcd. for
C20H32N207Na, 435.2107; found, 435.2106.
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Boc-L-HypCA-L-ThrO4"-OMe (6): to a solution of N-tert-butoxycarbonyl O-allyl-L-threonine
(Boc-L-ThrAl-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. NaHCOj3 aq. After removal of MeOH by evaporation,
the aqueous residue was extracted with CHCl; (five times) and the combined organics
were dried over anhydrous Nay;SO,. Concentration of the solution gave H-L-ThrOAl-OMe
(5-10, 41.9 mg, 48%), which was used for the next step without further purification. To a
solution of Boc—L—HypOA“—OH (8-1, 72.1 mg, 0.266 mmol) in CH,Cl, (0.8 mL) were added
EDCI-HCI (51.0 mg, 0.266 mmol) and HOBt-H,O (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-ThrOA!-OMe (S-10, 41.9 mg,
0.242 mmol) in CH,Cl, (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, CH,Cl, was removed, and the residue was diluted with EtOAc. The solution was
washed successively with 1 M of HCl, water, sat. aqg NaHCOj3, and brine. The organic layer
was dried over anhydrous Nay;SO,4 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. R¢ = 0.58 (EtOAc). [oc]zD3 -11.2 (¢ 1.00, CHCI3).
'H NMR (400 MHz, CDCl3) 5: 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, ] = 6.3 Hz, 0.6H), 1.13 (d,
] = 6.4 Hz, 2.4H). 13C NMR (100 MHz, CDCl3) &: 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]* caled. for Co1H35N,07, 427.2444; found, 427.2437.

s-1 X
\/\g\ socCl, \/\g\ EDCI, HOBt o B
N” >COMe
- MeOH - CH,Cly, 0°C tort O~O)L 2
HN > COMe HN > COMe R i N H
p-NO,CH,COLH 4 Boc

S-11 S-12 7

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)-O'Bu-p-NO,CsH,CO,H, 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.
NaHCOs; aq. After removal of MeOH by evaporation, the aqueous residue was extracted
with CHClj; (five times) and the combined organics were dried over anhydrous NaySOy.
Concentration of the solution gave H-(S)-Ala(4-Pte)-OMe (S-12) contaminated with p-
NO,CsH4sCO,;Me, which was used for the next step without further purification. To a
solution of Boc—L—HypOAH—OH (8-1, 60.5 mg, 0.223 mmol) in CH,Cl, (1.5 mL) were added
EDCI-HCI (42.8 mg, 0.223 mmol) and HOBt-H,O (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 CH,Cl, (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, CH,Cl; 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 NaySO,4 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. R¢ = 0.58 (EtOAc). [cx]zD3
~16.2 (c 1.00, CHCl3). "H NMR (500 MHz, CDCl3) é: 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) 5: 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™~!. HRMS (DART) m/z: [M + H]*
caled. for CyrH37N»0g, 425.2652; found, 425.2651.

3.3. Synthesis of Stapled Dipeptides 1'-7’

Boc-L-Hyp®X-1-Ser®%X-OMe (1/; X = n-but-2-enyl tether): to a solution of unstapled peptide
1 [20] (20.5 mg, 0.0500 mmol) in degassed CH,Cl, (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. R¢ = 0.32 (EtOAc). 'H NMR
(500 MHz, CDCl3) 6: 7.23-7.00 (m, 1H), 5.86-5.73 (m, 1H), 5.68 (dt, ] = 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) 6: 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 + HJ* caled. for C1gH9N»Oy, 385.1975; found, 385.1970.

Boc-L-Hyp®X-1-Hse®X-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. R; = 0.34
(EtOACc). '"H NMR (500 MHz, CDCl3) 5: 6.78 (s, 1/3H), 6.41 (s, 2/3H), 5.86 (ddd, ] = 10.8,
8.6, 6.6 Hz, 1/3H), 5.75 (dt, ] = 15.7, 5.9 Hz, 2/3H), 5.74-5.59 (m, 1H), 4.78-4.66 (m, 1H),
4.35 (d, ] = 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). 1°C
NMR (125 MHz, CDCl3) é: 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 C19H390N»O7Na, 421.1951; found, 421.1954.

Boc-L-Hyp®X-L-Ser®*-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. R¢ = 0.42
(EtOAc). 'H NMR (500 MHz, CDCl3) é: 7.85 (d, ] = 8.1 Hz, 0.2H), 7.26-7.09 (m, 0.8H),
5.93-5.81 (m, 0.8H), 5.66 (dt, ] = 14.9, 5.9 Hz, 0.1H), 5.60 (ddd, ] =9.1, 7.4, 6.2 Hz, 0.2H), 5.47
(dt, ] =15.3,4.2Hz, 0.7H), 5.42 (td, ] = 10.1, 10.0, 5.1 Hz, 0.2H), 4.83-4.64 (m, 1H), 4.43-4.24
(m, 1H), 412 (t, ] = 4.4 Hz, 0.2H), 4.04 (t, | = 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, ] = 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, CDCl) &: 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]* caled. for Cyo0H3,N»,O7Na, 435.2107; found,
435.2117.

Boc-L-Hyp®X-L-Tyr®X-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. R¢ = 0.61
(EtOAc). 'H NMR (500 MHz, CDCl3) &: 7.17 (d, ] = 8.5 Hz, 1H), 6.96-6.82 (m, 2H), 6.76 (s,
1H), 6.25 (s, 1H), 5.58 (dt, ] = 15.1, 4.9 Hz, 1H), 5.48 (dt, ] = 15.1, 6.6, 5.6 Hz, 1H), 4.94 (ddd,
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J=10.9,8.9,4.5Hz, 1H), 4.63 (d, ] = 5.1 Hz, 2H), 4.18-3.82 (m, 3H), 3.79 (s, 3H), 3.77-3.54
(m, 2H), 3.37 (dd, ] = 14.1, 4.5 Hz, 1H), 3.09 (s, 1H), 2.67 (t, ] = 12.4 Hz, 1H), 2.39-1.82 (m,
2H), 1.46 (s, 9H). HRMS (ESI) m/z: [M + Na]* calcd. for Cp4H3pN,O7Na, 483.2107; found,
483.2105.

Boc-1L-HypOX-D-Ser®%-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. R; = 0.39
(EtOAc). 'H NMR (500 MHz, CDCl3) &: 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, ] = 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, | =12.2, 4.1 Hz, 1H), 2.62
(d, ] = 15.2 Hz, 0.6H), 2.50 (d, ] = 14.0 Hz, 0.4H), 2.29-2.12 (m, 1H), 1.45 (d, ] = 8.9 Hz, 9H).
HRMS (ESI) m/z: [M + Na]* calcd. for C1gHgsN,O7Na, 407.1794; found, 407.1790.

Boc-L-HypOX-L-Thr®X-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. R¢ = 0.32
(EtOAc). 'H NMR (500 MHz, CDCl3) &: 7.02 (d, ] = 8.2 Hz, 1H), 5.86 (dt, ] = 11.5, 6.7 Hz,
1H), 5.78 (dt, ] =11.5, 6.2 Hz, 1H), 4.72-4.54 (m, 1H), 4.39—4.21 (m, 2H), 4.16 (dd, ] = 11.8,
6.5 Hz, 1H), 4.12-4.06 (m, 1H), 4.01 (dd, ] = 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, ] = 12.0, 3.3 Hz, 1H), 2.51 (d, ] = 14.8 Hz, 1H), 2.27-2.14 (m, 1H),
1.43 (s, 9H), 1.21 (d, ] = 6.3 Hz, 3H). HRMS (ESI) m/z: [M + Na]* calcd. for C19HzyN,O7Na,
421.1951; found, 421.1958.

Boc-L-Hyp®X~(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 CHCl;. R; = 0.52
(10% MeOH in CHCl3). 'H NMR (500 MHz, CDCl3) &: 7.52 (s, 1H), 5.90-5.77 (m, 1H), 5.65
(dt, ] =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 CpoH3,N,O4Na,
419.2158; found, 419.2166.

3.4. Synthesis of Stapled Octapeptides 9 and 10

Boc-L-HypOX-L-SerOX-[(L-Leu),-Acscl-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. R¢ = 0.26 (EtOAc). 'H NMR (500 MHz, CDCl3) &: 7.73 (d, ] = 2.3 Hz, 1H), 7.43
(d, ] =8.0Hz, 1H),7.37 (d, ] = 4.8 Hz, 1H), 7.27-7.24 (m, 1H), 7.24-7.18 (m, 3H), 6.08 (dd,
J =109, 6.6 Hz, 1H), 6.04 (dd, | = 10.9, 5.8 Hz, 1H), 4.46 (ddd, | = 11.7, 5.3, 2.3 Hz, 1H),
4.39-4.30 (m, 2H), 4.26-4.15 (m, 5H), 4.01 (dd, ] = 11.4, 5.3 Hz, 1H), 3.96-3.88 (m, 2H), 3.74
(dd, ] =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, ] = 12.1,
3.4 Hz, 1H), 2.66 (dt, ] = 13.5, 8.1 Hz, 1H), 2.45-2.30 (m, 2H), 2.26 (ddd, ] = 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 C54HggNgO13Na, 1081.6525; found, 1081.6536.

Boc-L-HypOX-1-SerOX-[(L-Leu),-Acscl,-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. R¢ = 0.31 (EtOAc). 'H NMR (500 MHz,
CDCly) §: 7.70 (s, 1H), 7.46 (d, ] = 5.0 Hz, 1H), 7.44 (d, ] = 8.0 Hz, 1H), 7.26-7.24 (m, 2H),
7.23(d, ] =5.6 Hz, 2H), 4.35 (ddd, | = 11.4, 8.1, 3.0 Hz, 1H), 4.28 (ddd, ] = 11.0, 4.8, 1.5 Hz,
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1H), 4.24-4.16 (m, 2H), 4.14 (d, ] = 10.9 Hz, 1H), 4.04 (t, ] = 3.5 Hz, 1H), 3.98 (dd, ] = 11.1,
5.1 Hz, 1H), 3.93 (dt, ] = 9.6, 4.5 Hz, 1H), 3.83 (dd, ] = 11.9, 2.2 Hz, 1H), 3.70 (dd, ] = 9.3,
1.6 Hz, 1H), 3.67 (s, 3H), 3.63 (dd, ] = 9.3, 2.7 Hz, 1H), 3.58 (dt, ] = 9.3, 3.2 Hz, 1H), 3.54 (t,
J =11.2 Hz, 1H), 3.44-3.36 (m, 2H), 2.65 (dt, ] = 13.6, 8.3 Hz, 1H), 2.38 (ddd, ] = 15.1, 11.1,
4.3 Hz, 1H), 2.27 (dd, ] = 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.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ijms22105364 /s1: 1H and 3C NMR spectra of compounds 2-7, 1’7/, 9, and 10; X-ray
crystallographic data of compound 10, and CIF file of compound 10.
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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 «v[33 integrin, a target structure involved in the
tumor-induced angiogenic process. The presented study aimed to synthesize deferoxamine (DFO)-
based ¢(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. [*3Ga]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 avf33 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
1111p-1abeled 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., avB1, av33, av35, av36, cv38, o531,
a8f1, and «llbf33, 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 orv[33 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 av33
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 av33 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 ¢(RGDyK) pentapeptide conjugated with p-SCN-Bn derivatized DFO to obtain
the DFO-based ¢(RGDyK) conjugate, which was then labeled with Ga-68. Binding proper-
ties of [68Ga]Ga-DFO—c(RGDyK) towards av (33 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 av(33
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 av33 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]Jundec-7-ene (DBU)
in CH,Cl, 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/CH,Cl; (1:1), room temperature (r.t.), 16 h; (ii) DBU/CH,Cl, (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(*Bu)-OH for 5, Fmoc-Asp(‘Bu)-
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 CH,Cl,. 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 2. Synthesis of cyclic pentapeptide. Reagents and conditions: (i) DBU/CH,Cl, (1:1), room
temperature (r.t.), 10 min; (ii) HFiP/CH,Cl, (1:4), r.t.,, 3 h; (iii) PyBOP, DIPEA, DME, r.t., 24 h; (iv) 2%
NH,;NH;-OH in DMF, r.t., 3 h.

9; DFO-c(RGDyK) /©/

Scheme 3. Synthesis of final conjugate with deferoxamine. Reagents and conditions: (i) p-SCN-
Bn-deferoxamine, DIPEA, DMSO/DMEF 1:1, room temperature (r.t.), 1 h; (ii) trifluoroacetic acid
(TFA)/CH,Cl, 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/pmol and radiochemical purity >98% in 5 min at 85 °C, confirmed by RP-HPLC
(corresponding radiochromatogram is shown in Figure 1). The ®®Ga-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 ®*Ga-
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].

[°®Ga]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 [®®Ga]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 [*®*Ga]Ga-DFO-c(RGDyK) decreased rapidly (see
Table 1). The obtained in vitro data are in a good agreement with previously published data
on [*8Ga]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 [®*Ga]Ga-NODAGA-c(RGDyK) [24], which subsequently
influenced the in vivo behavior of the studied radiotracer.
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Figure 1. [68Ga]Ga—DFO—C(RGDyK) structure (A) and representative radiochromatogram (B).

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 FeCls, and 6 mM DTPA.

Incubation

Log P Protein Stability in Stability in Stability in Iron  Stability in DTPA
(=6 Time Binding (%) Human Serum (%) PBS (%) Solution (%) Solution (%)
(min) (n=3) (n=23) (n=3) (n=3) (n=3)
30 30.7 £1.40 97.5£0.46 97.6 £ 0.60 0.13 £0.12 754 £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 £3.32 983 +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 [®¥Ga]Ga-DFO-c(RGDyK) by cell lines expressing avB3 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 [*®Ga]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 [®*Ga]Ga-
DFO-c(RGDyK) could only be blocked for the av33-positive cells (M21), whereas for the
av33-negative control cells (M21-L), the uptake was approximately one half of the amount
for the receptor-positive cells. The binding of [*¥Ga]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 [®*Ga]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 ¢(RGD{K) does not have any
significant impact on the av(33 integrin binding affinity [19].
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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 [*8Ga]Ga-DFO-c(RGDyK)
in M21 (avf3-positive) and M21-L (av33-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 [*Ga]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 [*®Ga]Ga-NODAGA-
¢(RGDyK) to the av3 integrin expressing M21 cells and that the binding kinetics fol-
lowed a classic sigmoid inhibition curve. The ICs5j value found for DFO-c(RGDyK) 9 was
2.35 4 1.48 nM (Figure 2C). Although we did not use the gold standard radioligand [*?*I]I-
echistatin and observed relatively high nonspecific binding in the competition assay, which
could affect the accuracy of ICsg calculations, the determined ICs( value is in accordance
with the ICs5j 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 [**Ga]Ga-DFO-c(RGDyK)
injection in healthy Balb/c and tumor-bearing (U-87 MG) Balb/c nude mice. [*®*Ga]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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Figure 3. Ex vivo biodistribution of [*¥Ga]Ga-DFO-c(RGDyK) in healthy Balb/c mice 30 and 90 min
after r.o. injection (A). Static PET/CT imaging (3D volume rendered images) of [8Ga]Ga-DFO-
¢(RGDyK) in healthy Balb/c mice 30 and 90 min after r.o. injection (B).

The results of biodistribution studies of [®¥Ga]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,
[°8Ga]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 orv33-expressing tumor model [20,24,33,34].
[8Ga]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., [®*Ga]Ga-DOTA-
c(RGDyK) [23], [®8Ga]Ga-NOTA-c(RGDyK) [20], and [®®Ga]Ga-NODAGA-c(RGDyK) [24],
[°8Ga]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(av 33-positive) and M21-L (xv33-negative) xenografted Balb/c
nude mice to evaluate the specificity of [®®Ga]Ga-DFO-c(RGDyK) uptake in the tumors
with high and low avB3 integrin expression in vivo. Static PET/CT images of [*3Ga]Ga-
DFO-c(RGDyK) in U-87 MG tumor mice (Figure 5A) confirmed the results from ex vivo
biodistribution showing the uptake in av[33 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 [*®*Ga]Ga-DFO-c(RGDyK) in M21 and
M21-L tumor-bearing mice (Figure 5B) displayed specific uptake of the radiotracer in
av 33 integrin-positive (M21) tumor tissue, while no uptake was observed in «v33 integrin-
negative (M21-L) tumor tissue both 30 and 90 min p.i. Animal PET/CT imaging of [*3Ga]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-
¢(RGDyK) for SPECT imaging and theranostic applications [18,40].
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Figure 4. Ex vivo biodistribution of [68Ga]Ga-DFO—C(RGDyK) in tumor-bearing (U-87 MG) Balb/c
nude mice (A) and corresponding tumor-to-organ ratios (B) 30 and 90 min after r.o. injection.
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15

Figure 5. Static PET/CT imaging (coronal slices and 3D volume rendered images) of [®8Ga]Ga-
DFO-¢(RGDyK) in tumor-bearing (U-87 MG (A) or M21 and M21-L (B)) Balb/c nude mice 30 and
90 min after r.o. injection; K = kidneys, SI = site of injection, T = U-87 MG tumor, T+ = M21 tumor,
T— =M21-L tumor, UB = urinary bladder.
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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 A molecular sieves
or stored as received from commercial suppliers. *8GaClj for radiolabeling was eluted
from a %Ge/®8Ga-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 CH;Cl, (3 x 5 mL). The solution
of Fmoc-Gly-OH (267 mg, 0.9 mmol) and DIPEA (148 uL, 0.9 mmol) in a mixture of
DMEF/CH;Cl, (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 CH,Cl, (5 x 5 mL), DMF
(5 x 5mL), and CH,Cl; (5 x 5 mL). For capping, the solution of CH,Cl, /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 CH,Cl, (3 x 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 CH,Cl, (5 x 3 mL) and MeOH (3 x 3 mL), dried under a stream of nitrogen
and divided into two portions (2 x 12 mg). Both samples were treated with CH,Cl, / 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/H,O (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/UYV). 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 CH,Cl, (5 mL) for 30 min. Solution of
DBU/CH,Cl, (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 CH,Cl, (3 x 5 mL) and DMF (3 x 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 CH,Cl; (5 mL) for 30 min and then
washed with CH,Cl, (3 x 5 mL) and DMF (3 x 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 uL,
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 CHCl, (5 x 5 mL), DMF (5 x 5mL), and CH,Cl, (5 x 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 CH,Cl, (5 mL) for 30 min and then washed with
CH,Cl, (3 x 5mL) and DMF (3 x 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 CH,Cl,
(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/CH,Cl, (1:4,3 x 4 mL, v/7)
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 uL, 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

NH,;NH,;-OH (60 uL) 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 uL). The
solution of p-SCN-Bn-deferoxamine (12 mg, 0.01 mmol) and DIPEA (10 uL, 0.05 mmol)
in anhydrous dimethyl sulfoxide (DMSO; 500 puL) 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 CH,Cl,/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 CH,Cl, /TFA
(1:1, 1 mL, v/v), the cleavage cocktail was evaporated under a stream of nitrogen, and
cleaved compounds extracted into CH3;CN/H,O (1:1, 1 mL, v/v). Prior to HPLC separation
(column Phenomenex Gemini, 50 x 2.00 mm, 3 pm 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 H,O or 95% methanol +
5% H,O + 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 H,O 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 pA, 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 x 100 mm,
5 um particles), gradient was formed from CH3CN and 0.01 M ammonium acetate in HyO,
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 (11/z 297.15909). The samples were diluted to a
final concentration of 0.1 mg/mL in CH;CN/H,O (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 'H), and 125.77 MHz (for 13C) at 27 °C. Chemical shifts (§) are
reported in parts per million (ppm) and coupling constants (J) are reported in Hertz (Hz).
The 'H and '3C NMR chemical shifts (5 in ppm) were referenced to the residual signals of
DMSO-dg [2.50 (*H) and 39.52 (}3C)]. The residual signal of ammonium acetate (from HPLC
purification) exhibited a signal at 1.90 ppm (H) and at 21.3 ppm and 172.0 ppm (}3C).

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

3.3. Radiolabeling and Quality Control

For radiolabeling of DFO-c(RGDyK) 9, ®8GaCl; was obtained by eluting a commercial
68Ge/ 68Ga-genera’tor with 0.1 N HCl. The fractionated elution method was used to increase
the radioactivity to volume ratio to its maximum. DFO-¢(RGDyK) 9 (0.1-50 pg) was
incubated with 300 L of ¥Ge/%8Ga-generator eluate (20-40 MBq), and pH was adjusted
to 4-5 by adding 30 pL of 1.14 M CH3COONa x 3H,O. After the incubation (1-30 min) at
85 °C and the adjustment of pH to 6—7 with 100 pL of 1.14 M CH3COONa x 3H,O, the
samples were analyzed by RP-HPLC with radiodetection.

Radiochemical purity (RCP) of [®®Ga]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 A = 220 and 280 nm), and a GABI Star radiometric detector (Raytest
GmbH, Straubenhardt, Germany). A Nucleosil 120-5 C18 250 x 40 mm column (WATREX,
Prague, Czech Republic) with 1 mL/min flow rate was used with the following gradient:
CH3CN/H,0/0.1% 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% CH;3CN, 13.1-15 min 0% CH3CN.

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

Partition coefficient (log P) of [*3Ga]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 uM). Aliquots of 50 uL were added to 450 uL PBS and 500 pL 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 x g), and 50 pL 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 FeCls),
and chelator solution (6 mM diethylenetriaminepentaacetic acid (DTPA)). [*®*Ga]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, 2000x g). The supernatant was
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analyzed by RP-HPLC. Samples containing PBS, DTPA, and FeCl; were analyzed directly.
The stability is reported as % RCP of [*¥Ga]Ga-DFO-c(RGDyK) (n = 3).

For protein binding measurement, 10 uL of [68Ga]Ga—DFO—c(RGDyK) was mixed
with 190 pL 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
2000x g for 1 min to remove the storage buffer. After adding 25 pL of tested sample,
the columns were centrifuged again for 2 min with 2000x 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 av (33
integrin; ocv33 integrin-positive) and M21-L (av33 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/HCI, 5.4 mM KCl, 1.8 mM CaCl,, 0.8 mM MgSO4, 5 mM glucose, and
140 mM NaCl in H,O [41]. The cells were incubated with [68Ga]Ga-DFO-c(RGDyK) (7 nM)
alone and also with an excess (3.5 pM) 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 ®®Ga-labeled ligand were 3090 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 [®®Ga]Ga-DFO-c(RGDyK) was calculated
as the mean of the percentage of the applied dose + standard deviation.

The determination of the ICgy 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 x 1071 to 5 x 107> M. The cells were
then incubated for 30 min at 37 °C. Next, [®*Ga]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 IC5( 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 x 10° 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 x 10° M21 and M21-L cells. Tumor
growth was continuously monitored by caliperation. When the tumor volume reached
around 0.1-0.3 cm? (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 [®®Ga]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.0.) injected with [**Ga]Ga-
DFO-c(RGDyK) (1-2 MBq/mouse, 1 pg 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.0. injected with [*3Ga]Ga-DFO-c(RGDyK) at a dose of 5-7 MBq
corresponding to ~2 ug 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 pA, 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 ¢(RGDyK) conjugate 9 could be
easily radiolabeled with Ga-68 with high radiochemical purity, thus not requiring further
purification steps. [®®Ga]Ga-DFO-c(RGDyK) showed excellent in vitro stability in human
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serum and PBS, high affinity for av[33 integrin, rapid predominantly renal elimination,
and good tumor-to-background ratios, indicating that it may be applicable for imaging of
tumors expressing ov33 integrins. Additionally, the use of DFO as a chelating moiety also
allows labeling of the studied DFO-c(RGDyK) with different radiometals.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/1jms22147391/s1.
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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; A3; 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 ¢ and 1 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 x-helices and 3-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 3-sheets and y-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 o-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
VEGEFR1 and VEGFR?2, 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 3-sheets 35
and 6. 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 3-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 p(LPR) was shown to target VEGFR1 and neuropilin-1 [40]. The motif p(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 ! Application Ref
Anticancer Applications—Diagnostic
76 7992
VEGF-P3(CYC) épgﬁlsggEggﬁ%FGg?* Inhibition angiogenesis [38,39]
Inhibition retinal
p(LPR) p(Leu-Pro-Arg) angiogenesis; Diagnostic [41-43]
SP5 PRPSPKMGVSVS * Drug delivery [44,45]
Maintaining chemotactic
uPARgs o SRSRY * activity and triggers directed [46,47]
cell migration
and angiogenesis
RL3 Ac-p(Tyr- Arg-Aib-Arg)- Prevent extracellular [48]
NH, invasion by tumor cells
p(RGD) p(Asp-Gly-Arg) Diagnostic [49-51]
Glioblastoma
*
VS SWFSRHRYSPFAVS multiforme (GBM) [52,53]
Gliomas, glioma stem cells,
VAP SNTRVAP * vasculogenic mimicry [54]
and neovasculature
Glioma cells and
WSW SYPGWSW * [55]
tumor neovasculature
BK RPPGFSPER * Glioma cells [56]
FP21 P Aé?é?gé};g%: . Ovarian cancer [57-59]
T7 HAIYPRH * Drug delivery [60]
Applications in Immunology
TG19320 (rty)sKoKG IgG binding [61,62]
VSVp RGYVYQGL * antigen surfaFe of hepatitis [63]
B virus
OVAp SIINFEKL * antigen surfa.ce of hepatitis [63]
B virus
PS1 HOQLDPAFGANSTNPD *  2ntigen S“éfiicreu‘;f hepatitis [63]
HAI HAIYPRH * Crossing BBB [64]
THR THRPPMWSPVWP * Crossing BBB [64]
Analogue of diabetogenic
InsB:9-23 HLVEALYLVCGERGG *  Si¢t peptide—prevents T-cell [65,66]
activation in humanized
model mice
Application in Neurodegenerative Diseases
. Blocking the oligomerization
Amytrap WKGEWTGR and aggregation of AB1_s [67-71]
Strong inhibitory effects on
*
IAPP11-20 RLANFLVHSS amylin aggregation in T2DM [72]
Reduction of amyloid fibril
- *
B-synas-ss GVLYVGSKT and oligomer formation 73]
Application in Antimicrobial Antibiotics
RI1018 rrwirvavilry Preventing formation [74]
of Biofilm
. . Preventing formation
RI-JK6 rivwvrirrwqv of Binfilm [74]
RI-73 IwGvwrrvidwlr Damagmg the [75]
bacterial membrane
BMAP-28 GGKLYR gﬁggggﬁﬁéZVK Broad antimicrobial activities [76]

! 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 VEGFR?2 [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 Kp 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 p(LPR) peptide which
was suggested as a good candidate for use as SPECT probe for molecular imaging of cancer.
p(LPR) was indeed labeled with technetium-99m (**™Tc), which is the first-choice radionu-
clide in diagnostic nuclear medicine. The authors prepared two different p(LPR) analogues
having sequences IprpK-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
p(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 uPARgs.g7, 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-p(Tyr-Arg-Aib-Arg)-NH, (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 « 33 isoform represents an interesting molecular target for many di-
agnostic and therapeutic applications [87-90]. « 33 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-p(RGD) peptide labeled with the radioiso-
tope *™Tc. The radiochemical purity of HYNIC-p(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 ™ Tc-HYNIC-p(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 «s31 and o 33.
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 ¢ and ¢ 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 -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 KRSFIEDLLFNKYV 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 3-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 Af31_4, 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-Af31_4» monoclonal antibody (mAb). Very recently, aducanumab a mAb
that binds only aggregated and soluble oligomers of A has been approved for treating
AD, strongly indicating that the anti-aggregation therapy with A targeting molecules
is an effective first line treatment for this disease. As alternative anti-aggregating agents,
peptides capable to prevent A4 aggregation or to dissociate preformed Af31_4, 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 Af31_4, blocking oligomerization
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and aggregation of the full length polypeptide. Using this molecule, the authors observed a
significant reduction of Af31_4, 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 Af31_4;. The parent
molecule was a chimeric peptide obtained by conjugating the HIV-1 “TAT” sequence to
the AR fragment 16-20 (Af14-20). Its RI variant, named RI-OR2-TAT, was meant to act as a
cell-permeable and brain-penetrant A 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 A} oligomers level of in the brain. Since RI-OR2-TAT inhibited
Ap 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 Af3. Also, protective effects towards the toxicity exerted
by pre-aggregated A3 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 18, ['8F]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 Af1_4» and also partially dissolved newly aggregated
oligomers [71].

Another approach proposed to combat Alzheimer’s disease is blocking the initial
cleavage of the amyloid-3 protein precursor (ABPP) by the -site ABPP cleaving enzyme 1
(BACE1). Some Rl-analogues based on a fragment of ABPP 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 A31_49 and AB1-42 (AP1-40/42) production without
inducing cytotoxicity. Moreover, Af31_49,42 levels decreased in plasma and brain, dimin-
ishing also the levels of soluble ABPP production and of insoluble A 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
BACEI1 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-AB1_49/4p and the parent Af1_49,4p to elucidate the mechanism of cross-fibril for-
mation and the effect of RI-A31_49,4p on fibril stability. The resulting models indicated
that AB1_40/4p and RI-AB1_49,/42 generated a two-layer structure with similar stability. In
particular, the dihedral angles were of opposite sign for the Af31_49 fibrils and the extent of
the twists was different. Furthermore, the twists of RI-A31_4 and of the parent peptide
were close to zero. Analyzing the RI-Af 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 AR 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 3-pleated sheet structures damaging pancreatic islet
-cells. The “hot spot” peptide segment encompassing residues 8-18 (IAPPg ;3, sequence
ATQRLANFLVH) represents the “sticky” region of human IAPP, which is also able to
assemble with IAPPy; 55, 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 x-synuclein
(x-syn) [116], a protein whose structural deformation is associated with PD. The isoform
-synuclein (3-syn) is a natural inhibitor of the aggregation of x-syn [73]. The entire
sequence of 3-syn was then systematically mapped using synthetic analogues to identify
the domains able to mediate the molecular recognition between -syn and o-syn. A
synthetic RI-analogue of the 3645 3-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 a-syn in the nervous system
and observed a reduction of «x-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].

Net Helicity 2

Peptide Sequence Charge % ACN P Application Mechanism of Action Status Therapeutic Indication Ref.
SDS DPC
. GLFDIIKK s
aurein 1.2 . < > 43.93 - . Prerequisite
IAESE-NH, * +1 ‘:[:‘;::;iﬁblal and. aggregation and in vitro [129] [130]
properties t-like mechanism
Rl-aurein 1.2 feaikkiid flg-NHy ** > = 37.10 carpef 3
CAMEL S, - < 373 )
2 +6 Broad N Bacterial = Preclinical [119] Bacterial infections [119] [131,132]
Ivklvagikkt spectrum antibacterial membrane disruption
RI-CAMEL KNy > = 30.71
- GLFDVIKKVA
citropin 1.1 SVIGGL-NH, * = = 4240 Broad spectrum Prerequisite
+2 antibacterial and aggregation and in vitro [129] [133]
i i i ot-like mechanis
Rl-citropin 1.1 ivléz,gg&s\z}x]\_/{l;k“ _ N 4128 anticancer properties carpet-like mechanism
Omiganan [LRWPWWPW NO  NO 329 1. Phaselll 1. Local catheter
RRK-NH, * O
complete site infections
(discontinued) 2. Topical
2. Phase IIT skin antisepsis
complete 3. Papulopustular
3. Phase IIT on rosacea
going 4. Acne vulgaris
4. Phase I 5. Atopic
+5 Broad spectrum anti- Bacterial C(;‘mpletc derlmatitis
—omi . i . fungal, antibacterial membrane disruption 5. Phase II 6. Vulvar
RI-omiganan krrwpwwpwrli-NHy NO NO 35.48 & P complete intracpithelial [134-136]
6. Phase II neoplasia
complete 7. Condylomata
7. Phase IT acuminata
complete (external genital
8. Phase IT on warts)
going [118] 8. Facial

seborrhoeic
dermatitis [118]

66



Int. J. Mol. Sci. 2021, 22, 8677
Table 2. Cont.
icity @
Peptide Sequence Cll:Iaertge Helicity % ACN P Applicati Mechanism of Action Status Therapeutic Indication Ref.
SDS DPC
GIGKFLKKAKK
Pexiganan FGKAFVKILK = = 3058 Bacterial Phase Il complete; o
K-NH, * +10 Broad membrane disruption rejected, efficacy not Infected diabetic foot [137,138]
spectrum antibacterial superior to current ulcers [118] ’
. kklikvfakgfk kakklfk therapies [118]
RI-pexiganan gig-NH, ** < < 26.36
temporin A FL]:,E’E-IEEVI;S < > 42.80 Gram- Bacterial . o .
2 42 positive bacteria membrane disruption Preclinical [119] Bacterial infections [119] [139,140]
RI-temporin A ligslvrgil plf-NH2 ** < < 3891

* All-L sequences are reported as capital letters.
>; < is referred to the helicity fraction calculated as in [141]. In particular, =

** Lower case letters indicate amino acids in the D configuration. Note: 2: The symbol =;
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 (ug/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 EI;faecalis 1 S. aureus ! S. pneumoniae E. coli K. pneumoniae ! P. aeruginosa !
CM 2673 ATCC 25923 ATCC 49619 ATCC 25922 ATCC 700603 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
Rl-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-Nufiez
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 Rl-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

68



Int. J. Mol. Sci. 2021, 22, 8677

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 Rl isomerization and
structure reconstruction of the MDM2/MDMX peptide inhibitor stingin, which adopts an
N-terminal loop and a C-terminal «-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 3-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 3-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, x[33 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 Bozovi¢ar and Bratkovi¢ 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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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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Figure 2. Based on scientific research published on PUBMED in the last decade (1 January 2011 to
31 December 2020).

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, -
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 (HCI), or sulfuric acid (HySO4) 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].

PEPTIDE DIAGNOSTIC

e—e=oELISA /"
e-+» Microarray /
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+—Microfluidics /7
—eo— Multiple Reaction Monitoring /

1970

1980 1990 2000 2010 2020
Years

Figure 3. Understanding the role of peptides in diagnostics through the published literature on PUBMED in the last
5 decades (1 January 1970 to 31 December 2020). Comparison of the data published with the keywords “Peptide diagnostic”
along with additional filters for ELISA, Microarray, Biosensors, Microfluidics, and Multiple Reaction monitoring. We
observed ELISA ranked 1st followed by Microarray and Biosensors.

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 (Zapp p2)2
showed higher binding affinity to AFP along with high thermal stability. The detection
limit of the immunoassay using (Zarp p2)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].

PEPTIDE ELISA

Alzheimer's disease []

Heart disease 2
Allergy =

Diabetes

Virus [

Autoimmune disease
Bacteria

Cancer

Peptide ELISA

0 20,000 40,000 60,000
Number of published literature in PUBMED (2011-2020)

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 (7-36NH,) and GLP-1 (9-36NH>). The active form of GLP-1 is (7-36NH>), 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 (9-36NH;) before reaching the
target via the circulation. The developed ELISA could recognize both GLP-1 (9-36) NH,
and nonamidated GLP-1 (9-37) [42—44]. The ADRB1-AB-immunogen-peptide (ESDEAR-
RCYNDPK) impact of betal-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

85



Int. . Mol. Sci. 2021, 22, 8828

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
invivo. 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 y-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 y-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).

PEPTIDE DIAGNOSTIC
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Figure 5. Understanding the role of peptides in imaging diagnostics (PET and SPECT) through the published literature
on PUBMED in the last five decades (1 January1970 to 31 December 2020). Comparison of the data published with the
keywords peptide diagnostic and sub-keywords (PET and SPECT). PET has grown drastically in last decade.

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,
o33 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 «f33 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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Figure 6. Understanding the role of radiolabeled peptide in PET through the published literature on PUBMED in the last
5 years and 10 years. Comparison of the data published with different keywords, such as somatostatin receptors, interleukin
2 receptor, prostate specific membrane antigen, 33 integrin receptor, gastrin-releasing peptide, chemokine receptor 4, and
urokinase-type plasminogen receptor.
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Figure 7. Understanding the role of radiolabeled peptide in SPECT through the published literature on PUBMED in the last
5 years and 10 years. Comparison of the data published with different keywords, such as somatostatin receptors, interleukin
2 receptor, prostate specific membrane antigen, «33 integrin receptor, gastrin-releasing peptide, chemokine receptor 4, and
urokinase-type plasminogen receptor.

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, Sjogren 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 **™Tc (EDDA /HYNIC-TOC) or '8F or
08Ga, 1231, 11In, or ®*Cu (DOTATATE) [67,68].

Several SST analogues have already been developed and assessed for clinical use; how-
ever, " In-labelled pentetreotide (also known as Hln-octreotide or Octreoscan™), a DTPA-
conjugate of octreotide, is extensively studied in diagnostic imaging. '!In-pentetreotide
has a high affinity for SSTR2 and SSTRS5; 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 ®®Ga-DOTA-TOC (more se-
lective to SSTR2 and SSTR5), ®¥Ga-DOTA-TATE and **Cu-DOTA-TATE (affinity to SSTR2),
PmMTe-EDDA /HYNIC-TOC (affinity to 2 and 5 type receptors), and ®®Ga-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 0f®8Ga-DOTATATE PET/CT with 1 In-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 ®®Ga-DOTATATE PET/CT, while
M1p-gctreotide 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 ®8Ga-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 Ga-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 **Cu-DOTATATE
and %®Ga-DOTATOC PET/CT scans in these patients. However, *Cu-DOTATATE had a
comparatively better lesion detection rate, as patient follow-up discovered that the majority
of the extra lesions detected by **Cu-DOTATATE were true positive [72]. Nevertheless,
the study also revealed thata >24 h shelf life and at least 3 h scanning window makethe
4Cu-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 «, 3, and y subunit, named CD25, CD122, and CD132, respectively.
The o-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, whileIlL-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, 1237 1251 355 and, recently,lSF for PET imaging [62].

Signore et al. performed a study to evaluate in vivo the binding of ®™Tc-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 **™Tc-IL2 uptake in 15 out of 21 (71%) melanomas lesions
and 2 out of 9 (22%) benign cutaneous lesions. Additionally, in the PMTe-IL2 scan, the
target-to-background ratio significantly correlated with the number of IL2R-positive tumor-
infiltrating lymphocytes. This study demonstrated that the **™Tc-IL.2 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 (1 = 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 ®Ga- labelled HBED-CC
conjugate of the PSMA-specific pharmacophore Glu-NH-CO-NH-Lys (®®Ga-PSMA) was
published by Afshar-Oromieh et al. [80]. In this study, anlSF—ﬂuoroethylcholine (F-FECH)
PET scan was unable to detect any lesions, while a ®®Ga-PSMA PET scan revealed a lesion
adjacent to the urinary bladder matched with tumor relapse.

Recently, Grubmiiller et al. performed a study to evaluate simultaneous [®*Ga]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 [®®Ga]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 '8F-FDG PET scans.
In this study, the patients (n = 30) underwent both 8Ga-PSMA-617 and '8F-FDG PET scans
over two consecutive days and then surgical treatment was performed. This study revealed
that the ®¥Ga-PSMA-617 PET scan is superior to the 1®F-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], Sjogren 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. avP3 Integrin Receptors

Integrinsare a class of 24 heterodimeric transmembrane glycoproteins made up of
different 18 a-subunits and 8 p-subunits, and play a key role in cellular interactions
and transduction of signals between the extracellular matrix and interior of the cell [91].
The av33 integrin, also referred as the vitronectin receptor, plays a key role in tumor
metastasis and angiogenesis, so diagnostic examination with av[33 expression offers a great
prospective strategy. On the surface of vitronectin, «v(33-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, av[33 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 radiolabeled v 33 antagonist that helps in the monitoring of ocv33
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 av(33 [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 av[33 integrin receptors.

A feasibility study is recently performed by Makowski et al. using Galacto-RGD
PET/CT imaging in patients with acute myocardial infarction (1 = 12) for av[33 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 av[33 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 av33 and ov35 imaging in melanoma and renal tumors.
The authors demonstrated that an increased '8F-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
av 33 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 ®®Ga-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 ®®Ga-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 ®®Ga-labeled heterodimeric
peptide BBN-RGD [103]. This novel radiotracer, 68Ga-BBN-RGD, targets o Bsintegrin as
well as GRPR. In this study, the authors investigated the diagnostic accuracy and safety
of %8Ga-BBN-RGD PET scans in healthy volunteers (1 = 5) and prostate cancer patients
(n = 13) and comparedit with ®®Ga-labelled BBN. This study did not show any obvious side
effect of ®®Ga-BBN-RGD administration in any healthy volunteer and/or patient. In patient
scans, ®Ga-BBN-RGD PET/CT diagnosed 3 of 4 primary tumors, while only 2 of 4 primary
tumors were diagnosed with ®Ga-BBN PET/CT. Interestingly, the authors found that ®Ga-
BBN was not able to detect lesions that were GPRR -ve and «y 33 integrin +ve; however,
%8Ga-BBN-RGD was able to detect these lesions. Therefore, this novel approach for dual
oy B3 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 ®®Ga-NODAGA-LacN-E[c(RGDfK)],Glycopeptide has also
been developed for PET imaging of cancer patients, which can diagnose integrin o 33
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 3-branched
amino acids along with leucine, valine, phenylalanine, or isoleucine, etc. Peptide sequence
with glycine may induce 3-sheet packing. These type of peptide sequences can form f3-
sheet or a-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).

Tumor targeting peptides Cell-penetrating peptides

)
—

Intracellular targeting peptides

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 muotif 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].

a RGD10-10R:
DGARYCRGDCFDGRRRRRRRRRR
[
2 D D,
@ : ®
o o A
siRNA  J NG ¥l |
(5] e (5]

Nucleus

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 (axv33)-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]
RGDSC 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 . pDNA
(DPV) siRNA [60] MPG GRNA [61,62] C105Y pDNA [63-66]
HIV-1 twinarginine pDNA pDNA 5
translocation (TAT) SIRNA [67-74] Transportan SIRNA [72,75,76] K-FGF pDNA [77]
arginine-rich peptides  PONA [78-82] NickFect (NF) ~ PONA [33-86] Bip pDNA  [87]
- » pDNA Melittin-derived .
Polyarginine pDNA [75,76,88-90]  PepFect (PF) MRNA [91,92] peptides siRNA [93]
Penetratin pDNA [94-96] MAP siRNA [97]
L5a pDNA [98,99] Crotamine pDNA [100-102]
VP22 pDNA [103,104]
. pDNA . Antennapedia AON
Protamine mRNA [105-109] (Antp) SiRNA [110,111]
Pep-1 pDNA [112,113]
CADY siRNA [114-116]
FGF pDNA [77]
pVEC pDNA [117,118]
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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 «-helical and (-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 3-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 condens