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Abstract: Ribosomally synthesized and post-translationally modified peptides (RiPPs) represent a
significant potential for novel therapeutic applications because of their bioactive properties, stability, and
specificity. RiPPs are synthesized on ribosomes, followed by intricate post-translational modifications
(PTMs), crucial for their diverse structures and functions. PTMs, such as cyclization, methylation,
and proteolysis, play crucial roles in enhancing RiPP stability and bioactivity. Advances in synthetic
biology and bioinformatics have significantly advanced the field, introducing new methods for RiPP
production and engineering. These methods encompass strategies for heterologous expression, genetic
refactoring, and exploiting the substrate tolerance of tailoring enzymes to create novel RiPP analogs with
improved or entirely new functions. Furthermore, the introduction and implementation of cutting-edge
screening methods, including mRNA display, surface display, and two-hybrid systems, have expedited
the identification of RiPPs with significant pharmaceutical potential. This comprehensive review not
only discusses the current advancements in RiPP research but also the promising opportunities that
leveraging these bioactive peptides for therapeutic applications presents, illustrating the synergy between
traditional biochemistry and contemporary synthetic biology and genetic engineering approaches.

Keywords: bioactive peptides; genetic engineering; heterologous expression; high-throughput
screening; RiPPs; synthetic biology

1. Introduction

Bioactive peptides are a fascinating group of natural products with significant po-
tential in pharmaceuticals and biotechnology. The potent biological activities of bioactive
peptides, including antimicrobial, antiviral, and antitumor properties, make them prime
candidates for drug development. Bioactive peptides are classified into the following
two major groups based on biosynthetic pathways: (1) ribosomally synthesized and post-
translationally modified peptides (RiPPs) and (2) non-ribosomal peptides (NRPs). RiPPs
(e.g., lanthipeptides and lasso peptides) have unique biosynthetic pathways that combine
ribosomal synthesis with highly diverse and complex post-translational modifications [1],
while NRPs (e.g., penicillin and vancomycin) are assembled by non-ribosomal peptide
synthetases independently of the ribosome [2].

RiPPs constitute a significant class of natural products found across all domains of life,
from bacteria to humans. Because of their bioactive properties, stability, and specificity,
RiPPs have gained attention from various industries. In the pharmaceutical sector, RiPPs are
investigated for their potential as novel therapeutics including antibiotics [3], antivirals [4],
and anticancer agents [5], many of which are undergoing clinical trials or are FDA-approved
(Figure 1) [6]. In agriculture, they are considered for use as eco-friendly biopesticides [7],
contributing to sustainable farming practices. The food industry employs RiPPs, such
as nisin, as natural preservatives to combat spoilage and pathogenic bacteria, thereby
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extending product shelf life while ensuring safety [8]. The wide-ranging utility of RiPPs
highlights their significant value across various industries.

Nisin Thiostrepton

(Lanthipeptide) (Thiopeptide)

Figure 1. Representative therapeutic RiPPs and their classes. Letters in circles represent amino acids,
and moieties undergoing modification are highlighted in red.

RiPPs originate from precursor peptides that are synthesized on ribosomes from the
corresponding mRNA. These precursors typically consist of a leader peptide (or in some
cases, a follower peptide) guiding post-translational modifications (PTMs) and a core
peptide undergoing PTMs. After ribosomal synthesis, the precursor peptides undergo a
series of PTMs that are responsible for the remarkable diversity in the structure and function
of RiPPs. The PTMs can include processes like cyclization, dehydration, methylation, and
cleavage of leader peptides [9-11]. Leader peptides are particularly important for PTMs
owing to their effects on the specificity and activity of tailoring enzymes, sometimes
keeping RiPPs inactive until the modifications are completed [12]. PTMs play a pivotal
role in optimizing the therapeutic efficacy of RiPPs through a variety of mechanisms. By
introducing modifications that increase lipophilicity or facilitate membrane interactions,
PTMs can significantly enhance cell permeability, thereby enabling RiPPs to effectively
target intracellular pathways [13]. These modifications not only improve the stability of
RiPPs in biological environments by conferring resistance to proteolytic degradation and
stabilizing their structures but also induce significant changes in their three-dimensional
conformation, which is crucial for their biological activities [14]. Moreover, PTMs can
adjust the binding characteristics and affinity of RiPPs towards specific targets, enabling
more effective interactions at lower concentrations and introducing new functional groups
or biochemical properties [15]. This selective post-translational tailoring enhances the
physicochemical and biological attributes of RiPPs, positioning them as versatile and
potent candidates for various therapeutic applications by fine-tuning their pharmacological
properties to address specific clinical needs effectively.

RiPPs can be easily predicted and engineered because of their direct genetic encoding.
Notably, advancements in genome sequencing have played a crucial role in the identifica-
tion and characterization of RiPPs. The ribosomal origin of these peptides allows for the
prediction of their chemical structures from genomic data, facilitating genome-driven RiPP
discovery. This characteristic renders RiPPs an attractive target for bioengineering and syn-
thetic biology efforts aimed at producing novel bioactive compounds. Heterologous expres-
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sion of RiPP gene clusters in hosts like Escherichia coli [12,16-21] and Streptomyces sp. [22,23]
is essential for elucidating these peptides and generating novel derivatives. Recent ad-
vances in synthetic biology and bioinformatics have significantly impacted research on
RiPPs, particularly in the discovery of novel RiPPs and their engineering. The integration
of high-throughput genome sequencing with sophisticated bioinformatic algorithms has
enabled the prediction of RiPP biosynthetic pathways directly from genetic material. For
example, specialized tools such as AntiSMASH [24], PRISM [25], and RODEO [26] have
been developed for mining and annotating RiPP biosynthetic gene clusters, leading to
an accelerated identification of new RiPPs [27,28]. On the other hand, synthetic biology
facilitates in vivo and in vitro synthesis and screening of RiPPs by heterologous expression
under diverse generic circuits [29]. Furthermore, these advances have exploited the inher-
ent promiscuity within RiPP biosynthetic systems to generate a diverse array of engineered
compounds with enhanced bioactivities and stability [29]. However, translating these gene
clusters into known chemical entities remains challenging because of the complex nature of
the PTMs and enzyme-substrate interactions within the cell. The lack of understanding
of RiPPs restricts our ability to predict the complexity of RiPP biosynthetic gene clusters
(BGCs), comprising multiple genes encoding peptides and proteins necessary for the biosyn-
thetic process, and the diversity of PTMs. Therefore, the structural analysis of RiPP requires
a multifaceted approach employing tandem mass spectrometry (MS) to identify PTMs and
Nuclear Magnetic Resonance (NMR) to elucidate structural details and dynamics upon
binding [30,31]. However, structural characterization is often hindered by low isolation
yields from natural sources. To address these challenges, recent strategies have included
the activation of silent biosynthetic gene clusters [23,32-35], the refactoring of biosynthetic
gene clusters [22,36-38], and in vitro reconstruction of biosynthetic pathways [39-41].

In this work, we provide a comprehensive analysis of RiPPs, highlighting recent
developments of synthetic biological systems and their applications in the production and
engineering of RiPPs (Table 1).

Table 1. A summary of the recently discovered or engineered RiPPs described in this review.

RiPP Product Class Biological Activity Ref.
Thiovarsolin Thioamitides Unidentified [23]
Daptide Daptide Hemolytic activity [22]
Imiditide Imiditide Unidentified [38]
Mycetolassin Lasso peptide Unidentified [42]

7 RiPPs Lanthipeptide, lasso peptide, LAP Unidentified [32]

30 RiPPs Lanthipeptide, lasso peptide, graspetide, glycocin, LAP, thioamitide Antimicrobial activity against ESKAPE pathogens [37]

24 RiPPs Lanthipeptide, lasso peptide Antimicrobial activity against human pathogens [36]
Octreotide analogs Ranthipeptide Unidentified [43]
Hybrid RiPPs Lanthipeptide Antimicrobial activity against antibiotic-resistant MRSA strain [44]
Hybrid RiPPs Lanthipeptide Antimicrobial activity against antibiotic-resistant MRSA strain [45]
Hybrid RiPPs Cyanobactin, microviridin Unidentified [46]
Prenylated lanthipeptides Lanthipeptide Unidentified [47]
Cycle peptides Cyanobactin Unidentified [48]
Cycle peptides Cyanobactin Unidentified [40]
Pantocin A analogs Pantocin Unidentified [49]
Lactazole analogs Thiopeptide Unidentified [50]
Freyrasin analogs Ranthipeptide Binding to the SARS-CoV-2 Spike receptor [51]
Ubonodin analogs Lasso peptide Antimicrobial activity against opportunistic human pathogens [52]
Cycle peptides Lasso peptide Anticancer activity [39]
XY3-3 Lanthipeptide Inhibition to HIV infection [53]
Hybrid RiPPs Lanthipeptide Antimicrobial activity against pathogenic bacteria [54]
Halx analogs Lanthipeptide Antimicrobial activity [21]

Our discussion begins with the synthesis of precursor peptides on cellular ribosomes,
detailing the specific and highly controlled PTMs such as cyclization, methylation, hydrox-
ylation, acylation, and proteolysis, which are critical for maturing these precursors into
bioactive compounds. We further explore the role of these modifications in enhancing
RiPP stability and bioactivity, illustrating the cellular machinery’s precision in generating
these molecules. The advances in synthetic biology for RiPP production are also examined,
including strategies for heterologous expression and genetic refactoring to produce novel
RiPP analogs. We highlight the substrate tolerance of tailoring enzymes as a key factor in
generating diverse RiPP analogs and discuss the importance of leader peptides in directing
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PTMs. Finally, we introduce the latest screening methods for identifying functional RiPPs,
preparing readers to appreciate the depth of research and technological innovation in the
field of RiPP biosynthesis and function.

2. Biosynthetic Pathways of RiPPs

The biosynthesis of RiPPs commences in the cellular ribosomes, where precursor
peptides are synthesized based on genetic information. These precursors typically consist
of the following two distinct regions: the leader peptide and the core peptide (Figure 2). The
leader peptide, positioned at the N-terminus (or occasionally at the C-terminus as a follower
peptide), plays a critical role within the cell by guiding the subsequent PTMs of the core
peptide. This leader peptide—core peptide architecture is essential for the controlled and
specific modifications that the core peptide undergoes. The cellular machinery recognizes
these leader peptides as targets for a series of enzymatic transformations that eventually
result in the mature RiPP.

Within the cell, the core peptide undergoes various PTMs, a critical process for the
functional diversity of RiPPs. Common modifications include the addition or alteration
of functional groups, cyclization, and the formation of unique bond structures, such as
thioether linkages. These modifications are not only diverse but also highly specific, often
occurring at precise locations within the core peptide. The cellular environment thus plays
a critical role in ensuring the correct folding and processing of these peptides, which is
essential for the biological activity of the final RiPP product.

Major PTMs of RiPPs include cyclization, methylation, hydroxylation, acylation, and
proteolysis. During cyclization, amino acid side chains can bridge across the chain, creating
rings within the peptide backbone and forming circular structures, as exemplified by
lanthipeptides [55]. Radical S-adenosylmethionine (SAM) enzymes, for instance, establish
covalent bonds between side chains within the backbone (e.g., lanthipeptides) or head-
to-tail connections (e.g., lasso peptides), generating complex cyclic scaffolds. These rings
not only enhance stability but also influence interactions with target molecules, affecting
biological activity. On the other hand, methyltransferases append methyl groups (-CHs) to
specific nitrogen or oxygen atoms, subtly altering the RiPP’s structure. Methylation affects
properties such as pK,, membrane interactions, and stability, thereby tuning the RiPP’s
interaction with its biological targets. N-methylation, for example, increases stability against
protease [56], while O-methylation in lanthipeptides and lasso peptides can adjust binding
affinity [57,58]. Also, P450 enzymes incorporate hydroxyl groups (-OH) onto specific carbon
atoms within the RiPP scaffold. This precise modification can activate RiPPs by modifying
solubility and stability, with hydroxylation playing a vital role in antimicrobial activity in
families like lassomycin [59]. Lastly, acyltransferases attach various acyl groups, such as acetyl
or propionyl, to specific side chains. In surfactin A, acetylation affects surface properties,
enhancing interactions with membranes and contributing to potent surfactant activity [60].

The precursor peptide contains the sequences for proteases beside the core peptides.
Proteases cleave at specific peptide bonds, releasing the core peptide region from the
precursor peptide that acts as a protective form of the RiPP. This proteolysis event not
only activates the RiPP but also influences its final structure, such as revealing the active
site. For more detailed information about proteolytic events, we refer to a comprehensive
review published recently [11]. On the other hand, research efforts focusing on the tailoring
enzymes for PTMs have provided a biochemical understanding of RiPP biosynthesis and
strategies for engineering RiPPs. For example, previous studies have demonstrated the
flexibility of tailoring enzymes for substrates (i.e., core peptides) [38,61,62]. The significant
substrate tolerance of tailoring enzymes has not only highlighted the natural diversification
of RiPPs but also facilitated the engineering of novel RiPP analogs. By exploiting this
substrate tolerance and using synthetic biology techniques to manipulate genes encoding
RiPP precursors, RiPP analogs have been synthesized with desired biological functions,
such as enhanced antibiotic potency [44] and increased stability [45,63].
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Figure 2. Schematic representation of the RiPP biosynthetic pathway. The biosynthetic gene cluster,
which includes various genes responsible for RiPP synthesis, is translated into a precursor peptide
and tailoring enzymes. After translation, tailoring enzymes, recruited by the leader (and/or follower)
peptide, modify the core peptide. Subsequently, a protease cleaves the leader (and/or follower)
peptide, resulting in the production of the mature peptide. Red stars represent the occurrence of PTM.

3. Advances in Synthetic Biology for RiPP Expression and Production

Synthetic biology provides innovative solutions to overcome the challenges associated
with expression, engineering, and screening. A key advancement is the development
of strategies targeting multiple synthetic biology levels, including individual proteins,
pathways, metabolic flux, and host optimization. This approach significantly enhances the
feasibility and effectiveness of RiPP preparation by tailoring the host’s metabolic machinery
to support RiPP biosynthesis. Moreover, synthetic biology enables the engineering of RiPPs
by reconstituting precursor peptides, wherein different functional groups are added to the
core peptides. This interchangeability of substrate elements is crucial to tailoring RiPPs
both in vivo and in vitro, thereby expanding the chemical and functional space of RiPPs.

RiPPs are produced via two distinct approaches including (1) natural biosynthesis and
(2) heterologous expression. Natural biosynthesis utilizes the organism’s inherent metabolic
pathways to produce RiPPs. Producing RiPPs in their native environment ensures correct
folding and PTMs essential for their biological activity, as well as the natural diversity of RiPP
structures and bioactivities. However, natural biosynthesis is limited by scalability, variability
in yield, purity, and gene silencing [64]. To address these issues, considerable research efforts
have focused on heterologous expression in surrogate hosts like E. coli or Streptomyces sp.
Heterologous expression allows researchers to circumvent the complexity and the limitations
of native genetic systems, typically using model organisms whose genetic manipulation and
scale-up are easier than source organisms. This approach, however, presents challenges such
as the complexity of reconstituting native biosynthetic machinery in a heterologous host and
stability issues with precursor peptides [18-20]. Additionally, PTMs may occur differently
between the host and the native producer, potentially affecting the final RiPP structure and
activity. Despite these challenges, heterologous expression (Figure 3) has offered opportunities
for discovery and innovation beyond the capabilities of natural biosynthesis.
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Figure 3. Genetic engineering for heterologous RiPP expression. (A) In DNA assembly methods
such as Gibson assembly, multiple PCR products are ligated into an expression vector through a
single isothermal reaction. (B) RecET facilitates homologous recombination between a lengthy linear
fragment of a BGC and a vector (circular or linear) containing homologous regions. (C) ExoCET
employs an exonuclease in addition to promoting recombination with longer fragments of BGC
that carry non-homologous overhangs. (D) Upon transformation into yeast with fragments of BGC
and a vector with homologous regions, the DNA fragments are assembled via the yeast’s native
recombination system. (E) In the CAPTURE technique, the BGC fragment, isolated from genomic DNA
by Cas12a, is ligated into synthetic receivers with loxP sites using DNA assembly methods, followed
by circularization with the Cre enzyme. (F) Replacing native regulatory elements with uncharacterized
mechanisms into well-understood systems facilitates the heterologous expression of selected BGC
components, crucial for the biosynthesis of mature RiPP. (G) The expression of RiPP with bioactive
properties triggers cell death in the host strain. However, by transporting a protease and a lytic protein
to the periplasmic region and delaying the expression of the lytic protein, maturation of RiPP occurs,
allowing the host cell to survive. (H) The addition of a fusion tag to a precursor peptide increases its
stability and expression level, leading to an accumulation of mature RiPP in a heterologous cell.

3.1. Genetic Manipulation for Heterologous Expression

To address the complexities inherent in the genetic systems of RiPPs, two innova-
tive strategies stand out including heterologous expression and genetic refactoring. Het-
erologous expression is a promising approach for activating silent BGCs identified by
bioinformatic tools but not expressed under laboratory conditions. This method involves
transferring BGCs to more manageable host organisms, such as E. coli, enabling the activa-
tion of these silent BGCs often under a foreign promoter. However, the cloning method
based on PCR amplification is impractical for large BGCs, especially because of the intro-
duction of mutations during PCR amplification [65].

To minimize PCR errors, methods that join multiple DNA fragments, occasionally
coupled with de novo DNA synthesis, have emerged as reliable alternatives (Figure 3A). For
instance, Gibson assembly facilitates the simultaneous assembly of multiple overlapping
DNA fragments in a single reaction by combining exonuclease, polymerase, and ligase
activities [66]. Using assembly-based methods, Wuisan et al. cloned darobactin A BGCs
from various Photorhabdus khanii substrains [35]. However, assembly methods face severe
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limitations due to length [67] and GC content [68]. Direct cloning can simplify the cloning
process and reduce the effort required to obtain desired BGCs. This approach bypasses the
construction of genomic libraries and captures BGCs directly from genomic DNA without
PCR amplification, proceeding through homologous recombination.

RecET recombination, originally identified in the Rac prophage of E. coli, comprises
two proteins including RecE exonuclease and RecT annealing protein [69]. These proteins
facilitate homologous recombination, integrating linear DNA fragments into the chromo-
some or plasmids of E. coli (Figure 3B). Fu et al. developed cloning tools mediated by RecET,
termed linear plus linear homologous recombination (LLHR) and linear plus circular ho-
mologous recombination (LCHR), which are mechanistically distinct from conventional
recombineering mediated by A Redaf3 [70]. Exonuclease can enhance the performance of
RecET recombination especially in cloning large genomic regions (>50 kb) [34]. Wang et al.
described the exonuclease combined with RecET recombination (ExoCET), which entails
associating two DNA molecules outside the cell through a combination of in vitro exonuclease
treatment and annealing facilitated by RecET homologous recombination (Figure 3C). How-
ever, the direct application of RecET-based recombination is primarily in E. coli, as the system
relies on specific interactions with its cellular machinery [69]. For application in other organ-
isms, analogous systems or engineered versions of RecET adapted to the cellular environment
of the host organism are necessary. For example, Saccharomyces cerevisiae possesses a natural
homologous recombination system, leading to the development of transformation-associated
recombination (TAR) [71]. In TAR, a vector containing two homology arms is linearized and
co-transformed with genomic DNA harboring the BGCs of interest into S. cerevisiae (Figure 3D).
The yeast’s recombination machinery facilitates the integration of DNA fragments into the
vector. For instance, Santos-Aberturas et al. successfully captured 31.7 kb of the thiovarsolin
BGC, comprising 25 genes from Streptomyces varsoviensis, utilizing TAR [23].

In contrast, the Cre-lox recombination system, originating from bacteriophage P1,
offers a genetic engineering platform applicable across a broad spectrum of organisms
beyond its origins [72]. This system consists of the Cre recombinase enzyme and loxP
recognition sites, enabling the seamless integration of DNA based on the orientation and
placement of loxP sites. Unlike organism-specific methods such as TAR [71] and RecET [69],
which are tailored to yeast and E. coli, respectively, the simplicity and universality of the
Cre/loxP mechanism allow for its application in a diverse range of microbial systems [33].
Recently, Enghiad et al. described CAPTURE (Cas12a-assisted precise targeted cloning
using in vivo Cre-lox recombination), which combines the precision of CRISPR-Cas12a
genome editing with the flexibility of the Cre-lox recombination system (Figure 3E) [32].
CAPTURE employs the Cas12a enzyme for DNA digestion, T4 DNA polymerase for DNA
assembly, and Cre-lox recombination for in vivo circularization of DNA, addressing the
challenges of conventional cloning such as high GC content and sequence repeats. The
researchers successfully cloned 43 uncharacterized BGCs, including probable lanthipeptide
and lasso peptide BGCs, within 34 days, with sizes up to 113 kb. In another study,
CAPTURE was applied to clone BGCs for daptide, a novel class of RiPPs characterized by
an unusual (5)-N,,Np-dimethyl-1,2-propanediamine-modified C-terminus. Ren et al. [22]
cloned daptide BGCs from Microbacterium paraoxydans DSM 15019 and expressed them
in Streptomyces albus J1074, a versatile host for natural product pathway expression. This
approach enabled the production, isolation, and detailed characterization of these unique
peptides. Through heterologous expression, the team identified and analyzed daptides,
revealing their distinctive bioactivities, including hemolytic activity.

3.2. Refactoring

Approaches to cloning entire BGCs may face challenges because of complex regula-
tory mechanisms inherent within BGCs and compatibility issues with heterologous hosts.
Refactoring BGCs could overcome this challenge by circumventing the natural regulatory
network [29]. This process simplifies and optimizes BGCs by selecting and reorganizing
essential genes into operons and introducing synthetic regulatory elements, thereby foster-
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ing modularity and simplification (Figure 3F). Codon randomization is often employed to
eliminate unidentified regulatory elements and promote efficient translation [29]. Cao et al.
utilized refactoring to enhance the heterologous production of a novel RiPP, imiditides,
whose BGC comprises a precursor peptide of NmaA and a tailoring enzyme of NmaM [38].
The refactoring involved the co-expression of genes by placing Hisg-SUMO-NmaA and un-
tagged NmaM on separate expression plasmids. This approach enabled the successful het-
erologous expression and the PTM of imiditides. For more complex BGCs, researchers have
implemented a plug-and-play refactoring strategy, where each gene module is constructed,
assembled into a single plasmid, and interchangeably used within clusters. Ren et al.
applied plug-and-play refactoring to identify essential genes for daptide biosynthesis using
the mpa BGC [22]. Each codon-optimized mpa gene (mpaABCDM) was subcloned onto
helper plasmids and combined via Golden Gate assembly to construct different versions of
biosynthetic pathways, demonstrating the essential function of mpaABCDM in dipeptide
production. Although refactoring offers numerous advantages, it requires significant time
to prepare modular fragments. Leveraging robotics can provide one promising solution.
Ayikpoe et al. developed a high-throughput pathway refactoring platform based on DNA
synthesis and robotic assembly using Type IIS restriction enzymes [37]. With the refac-
toring of 96 bacterial RiPP BGCs identified by the RODEO tool [26], they successfully
isolated 30 peptides spanning six RiPP classes [lanthipeptide, lasso peptide, graspetide,
glycocin, linear azol(in)e-containing peptide (LAP), and thioamitide], with three peptides
exhibiting antibiotic activity against multidrug-resistant bacterial pathogens known as
ESKAPE. This platform facilitated the rapid evaluation of uncharacterized BGCs through
automated pathway refactoring and heterologous expression. BGCs can be reconstituted
by substituting existing genes and elements with synthetic counterparts. In 2023, King
et al. demonstrated the systematic mining of lanthipeptide and lasso peptide BGCs from
2229 human microbiome genomes to identify antimicrobial peptides [36]. To address
the challenges presented by the diverse origins of BGCs, they engineered synthetic gene
clusters by incorporating codon optimization, synthetic regulatory elements including
ribosome binding sites and terminators, a SUMO tag for precursor peptide stabilization,
and a His tag for peptide purification. The synthetic gene clusters also featured a TEV pro-
tease site, replacing natural leader cleavage sites for simplified cleavage. Among seventy
BGCs identified by the antiSMASH tool [24], twenty-three peptides (19 lanthipeptides and
four lasso peptides) were functionally characterized, leading to the discovery of several
RiPPs exhibiting activity against multidrug-resistant pathogens, including three RiPPs
effective against vancomycin-resistant Enterococci. These findings underscore the potential
of refactoring and heterologous expression as a potent strategy for the discovery of novel
bioactive compounds, making a significant contribution to antimicrobial research.

3.3. Compartmentation

One major challenge in the production of RiPPs is the potential cytotoxicity of mature
RiPPs to heterologous hosts, which hinders the discovery of novel RiPPs and the develop-
ment of high-yield production systems. To mitigate this cytotoxicity, research efforts have
focused on exploiting natural resistance mechanisms, such as efflux systems including
peptide translocation [73,74] and transporters [75-77]. A notable study employed a com-
partmentation strategy for the expression of RiPPs, particularly focusing on lanthipeptides,
through a synthetic biology approach in E. coli (Figure 3G) [12]. This strategy is crucial
for overcoming the challenge of leader peptide removal—a bottleneck in heterologous
RiPP production—by temporally programming leader peptide cleavage through protease
compartmentalization and inducible cell autolysis. Specifically, it involves expressing the
precursor peptide and biosynthetic enzymes in the cytosol, while compartmentalizing the
protease to the periplasmic space to avoid premature interaction and potential cytotoxicity.
Autolysis is induced using a temperature-controlled lysis gene cassette from bacteriophage
A, enabling the release of bioactive peptides after PTMs have been completed in the cytosol.
Remarkably, this method simplifies the RiPP production process by facilitating in vivo
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leader peptide removal, significantly improving the throughput for discovering, character-
izing, and engineering RiPPs. It also demonstrates the system’s effectiveness in producing
bioactive lanthipeptides, such as haloduracin and lacticin 481, highlighting the method’s
potential scalability and applicability to other RiPP classes, thereby revolutionizing RiPP
engineering and discovery efforts.

3.4. Fusion Tags

The diversity of maturation mechanisms across different RiPPs presents a challenge
in developing a universally applicable production system. For instance, transporters
are indispensable for the maturation of certain RiPPs [78], but not essential for lasso
peptide maturation [79]. A strategy that is applicable to a wide range of RiPPs involves the
stabilization of RiPPs through the attachment of an additional tag to the N- or C-terminus of
the precursor peptide (Figure 3H). One widely utilized tag is a small ubiquitin-like modifier
(SUMO), which, when fused to proteins, beneficially influences their expression, folding,
and solubility [16,17]. In 2022, Glassey et al. described the broad applicability of the SUMO
fusion to 11 RiPP classes originating from diverse species [18]. They aimed to overcome the
inherent challenges of peptide instability and functional expression in heterologous hosts
such as E. coli. By fusing a SUMO tag to either the N- or C-terminus of the precursor peptides,
this strategy stabilizes the expression of a broad spectrum of RiPPs, with the SUMO tag being
proteolytically removed after PTMs. Remarkably, they successfully expressed 24 functional
peptides out of 50 tested in E. coli, facilitating high-throughput screening and discovery of
diverse RiPPs predicted by bioinformatic tools. Indeed, recent studies have exploited the
SUMO fusion strategy for genome mining of RiPPs [36,38].

Fusion with fluorescent proteins, which are attractive partners for enhancing the sol-
ubility of recombinant proteins [80], is also applicable to RiPP expression. In a study by
Vermeulen et al., plantaricin 423 and mundticin ST4SA, when fused with GFP at their N-
terminus, were expressed in soluble forms in the host E. coli [19]. Additionally, Van Zyl et al.
utilized mCherry for the heterologous expression of lanthipeptides such as nisin and clausin
with N-terminal fusion [20]. Compared with other strategies, fluorescent tags enable the
evaluation of RiPP expression levels through real-time fluorescence monitoring. For in-
stance, the fluorescent intensity of GFP-MunX was compared under various conditions (e.g.,
IPTG concentration, expression time, and temperature) to optimize expression conditions,
resulting in a yield of 12.4 mg of mundticin per liter of culture in E. coli [19].

3.5. Plasmid Copy Number

Very recently, Fernandez et al. highlighted the importance of selecting the appropriate
plasmid vector and replicon, which can influence host cell viability and plasmid stability,
for achieving high RiPP production yields [81]. Using capistruin—a lasso peptide—as a
model system, the BGC was incorporated into different plasmids with varying replicons
and then heterologously expressed in Burkholderia sp. FERM BP-3421. By increasing the
plasmid copy number, they achieved a production yield of 240 mg/L, representing a
1.6-fold improvement over the previously optimized overproducer clone [42]. Interestingly,
an increased plasmid copy number was associated with a prolonged lag phase during
cell culture, indicating potential growth defects likely due to the antibiotic effect of the
produced capistruin. This strategy was applied to the production of mycetolassin-15 and
mycetolassin-18, novel lasso peptides originating from Mycetohabitans sp. B13. Contrary to
capistruin, a higher plasmid copy number resulted in approximately a 2-fold reduction in
production yield and a shorter lag phase, indicating that the effectiveness of the production
system depends on the type of RiPP. This approach provided insights into the role of
plasmid copy number in balancing peptide production with host cell viability and growth.

4. Strategies and Innovations in RiPP Engineering

Protein engineering for RiPPs (Figure 4) holds significant promise for both fundamen-
tal research and practical applications, ranging from discovering new bioactive compounds
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with therapeutic potentials to understanding biological mechanisms. This process aids in
elucidating cellular processes and disease mechanisms through the modification of RiPPs
and plays a crucial role in combating antibiotic resistance by providing new antimicrobial
agents. Engineering RiPPs enhances their specificity, activity, stability, and bioavailability,
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making them more effective as therapeutic agents with fewer side effects.
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Figure 4. Strategies of RiPP engineering with respect to core peptides (A-C), leader peptides (D,E),
and tailoring enzymes (F,G). (A-C) Addressing core peptides, substrate flexibilities of tailoring
enzymes enable site-directed mutations (A), incorporation of foreign core peptides (B), and creation
of hybrid core peptides with multiple domains (C), leading to a variety of RiPPs. (D,E) Utilizing
leader peptides’ properties in guiding PTMs, diverse combinations of PTMs can be introduced on a
single core peptide through chimeric leader peptides with multiple domains to guide PTMs (D) and
leader peptide exchange using sortase A (E). (F) Protein engineering can enhance the substrate range
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of tailoring enzymes, broadening their application in generating RiPP variants. (G) The regulatory
mechanism in tailoring enzyme activation can be simplified by introducing a free leader peptide
and by fusing a tailoring enzyme with both a leader and a precursor peptide, simplifying the RiPP
biosynthesis process.

4.1. Core Peptides

One interesting feature of the RiPP biosynthetic system is the substrate tolerance
of tailoring enzymes, which implies the versatility of these enzymes with various core
peptides. Previous studies have reported that only several residues of core peptides are
critical for tailoring enzymes to catalyze PTMs, independent of the types and numbers of
other residues [40,43,82]. This feature suggests an engineering strategy of introducing mu-
tations into tolerant sites to generate myriad RiPP analogs (Figure 4A) [21,43]. For instance,
a radical SAM enzyme encoded by PapB from Paenibacillus polymyxa, which catalyzes
thioether cross-links between Cys and acidic residues (i.e., Asp and Glu) across diverse
sequences, can accept various core peptides containing a Cys-Xn-Asp motif (n = 0~6), even
with D-amino acids at cross-linking sites [43,83]. Such capability extends the enzyme’s
utility beyond conventional substrate specificities, enabling peptide engineering by intro-
ducing diverse amino acids at tolerant sites and incorporating D-amino acids at either of
the intolerant sites to alter their biological activities. The enzyme’s flexibility facilitates
the incorporation of unconventional amino acids and the crafting of complex peptide
architectures, which are typically challenging via standard synthetic routes. Leveraging
this unique substrate tolerance, researchers prepared an analog of the FDA-approved thera-
peutic agent octreotide, whose disulfide bond is replaced with a Cys-Glu thioether linkage.
Although the analog’s biological function has not yet been profiled, this strategy presents a
prospect for developing new peptide-based therapeutics, potentially improving biological
effectiveness, stability, or pharmacological attributes.

The substrate tolerance of tailoring enzymes facilitates extensive engineering through
the mix-and-match of diverse tailoring enzymes and core peptides, which is unprecedented
in nature (Figure 4B). A recent study by Nguyen et al. exemplified this combinatorial
strategy for macrocyclization using diverse core peptide backbones [82]. The researchers
combined the tailoring enzymes MprC (cyclodehydratase), MprD (flavin-dependent oxi-
dase), and PatG (subtilisin-like protease) with the core peptides MprE2, MprE5, MprE10,
and PatE from Methylovulum psychrotolerans, aiming to create novel macrocyclized proteusin
analogs with unique structural features. MprC facilitates the cyclodehydration of serine
and threonine residues, MprD oxidizes azoline-containing peptides to azole-containing
peptides, and PatG guides head-to-tail macrocyclization by recognizing an AYD sequence
at the C-terminus of peptides. This approach leveraged the enzymes’ substrate tolerance
to engineer RiPPs, demonstrating their potential as versatile biotechnological tools for
generating diverse natural product libraries.

Zhao and Kuipers produced novel macrocyclic lanthipeptides, named thanacin and
ripcin, by substituting the core peptide region in nisin BGCs with those of the antimicrobial
peptides thanatin and rip-thanatin, respectively [44]. The capability of tailoring enzymes to
catalyze foreign core peptides raised questions about whether PTMs occur simultaneously
when core peptides are concatenated. They prepared a hybrid precursor peptide including
the core peptide regions for both nisin and ripcin, generating a series of novel peptides
named ripcin B-G depending on the length of the ripcin core peptide (13-18 residues)
(Figure 4C). These hybrid lanthipeptides exhibited enhanced antimicrobial activity against
Staphylococcus aureus and tested Gram-negative pathogens compared with either nisin or
ripcin alone. Ripcin B-G were notable for their resistance to the nisin resistance protein,
making them particularly attractive for selective antimicrobial applications in complex
microbial environments.

Guo et al. combined two strategies—mutagenesis and hybrid construction—to en-
hance antimicrobial efficacy and stability [45]. They first created hybrid peptides by
fusing domains from various nisin variants—nisin A, cesin, and rombocin—to produce
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novel entities like nirocin A and cerocin A. These hybrids exhibited improved action
against methicillin-resistant Staphylococcus aureus. Subsequently, mutagenesis was em-
ployed to increase the peptides” proteolytic stability, resulting in the discovery of cerocin
V, which showed minimal degradation by trypsin. Their study highlighted the poten-
tial of combining domain modifications and targeted mutations to manipulate biological
and physicochemical properties, generating novel bioactive molecules with promising
therapeutic potential.

4.2. Leader Peptides

The leader peptide plays a crucial role in directing PTMs, guiding tailoring enzymes,
and controlling the maturation of RiPPs, suggesting another strategy to modify RiPP prop-
erties. By altering leader peptides, researchers can influence the efficiency and type of PTMs,
thereby creating RiPP variants with unique structures and activities. Burkhart et al. hypoth-
esized that by fusing two leader peptides to construct a single chimeric leader peptide, two
tailoring enzymes would bind to their respective regions on the chimeric leader peptide,
facilitating the combination of PTMs originating from different RiPPs (Figure 4D) [84].
Specifically, the researchers combined an azoline-forming cyclodehydratase (HcaD/F) with
a lanthipeptide synthetase (NisB/C) as a feasibility test. This approach demonstrated
the potential to create hybrid RiPP products with diverse structural features, laying the
groundwork for a broadly applicable platform for combinatorial RiPP biosynthesis. One
potential issue with the chimeric leader peptide strategy is the maximum combination
of leader peptides. The fusion of leader peptides could reduce the PTM efficiency, even
with the repetition of identical leader peptides [85]. Additionally, some tailoring enzymes
could work with a leader peptide comprising only one amino acid [86], indicating the
possible production of a mixture of RiPPs, including molecules undergoing undesired
PTMs. Thus, the sophisticated preparation of RiPP analogs through the fusion of multiple
leader peptides requires an extensive understanding of enzyme—substrate recognition.

The leader peptide exchange strategy described by Franz and Koehnke offers a “plug-and-
play” solution that can circumvent the complexity of the biosynthetic system (Figure 4E) [46].
They leveraged sortase A, which catalyzes transpeptidation, to exchange a pre-existing
leader peptide with another, allowing a precursor peptide to carry only one leader peptide
at a time. Specifically, sortase A cleaves a peptide bond within a specific recognition
sequence (LPXTG) in the leader peptide and then forms a new peptide bond between the
core peptide and the N-terminus of another leader peptide carrying the sortase recognition
sequence. They modified the MdnA core peptide sequentially with cyclodehydration
and macrocyclization by LynD and MdnC, leading to the preparation of a heterocycle-
containing graspetide. This proof-of-concept demonstrates the leader peptide exchange
as a potent tool that can facilitate the synthesis of innovative compounds with broad
biological activities.

4.3. Tailoring Enzymes

Engineering tailoring enzymes, which directly contribute to the structural and func-
tional diversity of RiPPs through PTMs, is pivotal for advancing RiPP engineering and
providing synthetic biology tools (Figure 4F). For instance, prenyltransferases, which cat-
alyze the attachment of prenyl groups to acceptor molecules, could enhance the biological
activities of RiPPs by altering molecule lipophilicity and facilitating interaction with cellu-
lar targets. However, the broader application of prenyltransferases in producing diverse
compounds has been limited by their strict specificity for prenyl donors. To overcome
these limitations, Estrada et al. focused on PirF, a Tyr prenyltransferase with C10 iso-
prene donor (geranyl pyrophosphate, GPP) specificity [47]. Intriguingly, PirF shares over
70% sequence identity with prenyltransferases (e.g., PagF) that are only active toward
dimethylallyl pyrophosphate (C5 isoprene donor, DMAPP) and not GPP. Through structure
determination, the researchers identified that Gly221 in PirF corresponds to Phe222 in PagF
in three-dimensional structures, likely influencing the size and hydrophobicity of the active
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site. Indeed, substituting Phe222 with alanine or glycine in PagF shifted the substrate
preference from a C5 to a C10 isoprene donor, allowing for the use of alternative prenyl
donors and expanding the applications of the tailoring enzyme.

The regulatory mechanism of tailoring enzymes, often requiring cognate leader pep-
tides to exhibit activity, could obstruct the applications of engineered enzymes. Interestingly,
a previous study by Levengood et al. revealed that supplying a leader peptide apart from a
cognate core peptide (in trans) activated the tailoring enzyme for PTMs (Figure 4G) [87],
suggesting a feasible strategy to mitigate the regulatory system. However, the requirement
for large amounts of synthetic peptide made in trans activation economically unattractive.
An alternative strategy is the fusion of a tailoring enzyme with a leader peptide, where
they are covalently bound by additional linker sequences, to constitutively activate the
enzyme. Following Oman et al.’s demonstration of the feasibility of this in cis activa-
tion with lantibiotic synthetase (Figure 4G) [88], subsequent studies demonstrated the
generality of in cis activation for various enzymes, such as ATP-grasp ligases [89,90] and
ATP-dependent cyclodehydratases [91]. Very recently, Lacerna et al. proposed an approach
where both the leader and the core peptide were covalently attached to the tailoring en-
zyme (Figure 4G) [48]. By integrating the leader and core peptides into the enzyme, this
method increases reaction efficiency because of the substrate’s proximity to the catalytic site,
thereby enhancing the specificity and fidelity of complex cyclization reactions. Moreover,
this method simplifies the production and purification processes of cyclic peptides, offering
a streamlined approach to their isolation.

4.4. Combinatorial Approach

The engineering strategies involving leader peptides, core peptides, and tailoring
enzymes can be synergistically combined. A recent study by Sarkar et al. employed multi-
faceted approaches to produce a broad range of N-methylated peptides [40]. Initially, they
designed an in vivo expression system wherein OphMA (omphalotin methyltransferase)
was fused to the N-terminal of an artificial peptide comprising various core peptides and
two recognition sequences for PatA (protease) and PCY1/PsnB (macrocyclase). During
heterologous expression, N-methylation occurred on the core peptide autocatalytically
by in cis-activated OphMA. Subsequently, further PTMs involving peptide cleavage and
macrocyclization were introduced in vitro by sequentially adding purified PatA and PCY1
(or PsnB), resulting in diverse N-methylated peptides. One challenge identified in their
study is the limited substrate tolerance of OphMA, in contrast to PatA and PCY1, which
have broad substrate specificity. This underscores the importance of promiscuous tailoring
enzymes in RiPP engineering.

5. High-Throughput Screening Methods

Recent research efforts have focused on genome mining and peptide engineering to
discover novel functional RiPPs as pharmaceutical candidates, through various screen-
ing assays as follows: (1) protein binding assays for affinity and binding inhibition tests,
(2) growth inhibition assays for antimicrobial activity tests, and (3) cellular assays for
cytotoxicity tests. To expedite the process, researchers rely on primary screening conducted
in a high-throughput manner. High-throughput screening methods not only enable the
identification of RiPPs with desired properties from a vast pool of candidates but also facili-
tate the characterization of their maturation mechanisms. Key strategies in these efforts
include surface display [92-95], two-hybrid systems [53], and mRNA display [39,49,50,96],
allowing researchers to rapidly screen peptide libraries. These screening methods rely on
protein—-RiPP interactions as well as the zone of inhibition assay [21,54] to assess physiolog-
ical functions (Figure 5).
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Figure 5. High-throughput screening methods utilized in RiPP research. (A) Phage display and
(B) mRNA display techniques facilitate the straightforward detection of interactions between RiPPs
and proteins or molecules. (C) The two-hybrid system can identify RiPPs that inhibit protein—protein
interactions associated with diseases and infections. (D) Another in vivo screening method employs
a genetic circuit based on intein, wherein the interaction between a RiPP and a target protein triggers
the transcription of a reporter gene, allowing for the detection of RiPP—protein interactions. The
antimicrobial activity of RiPPs can be assessed by their ability to inhibit the growth of (E) host cells
and (F) neighboring cells. (E) Inhibition of host cell growth correlates with the concentration of
RiPPs, as determined by NGS; a lower RiPP concentration signifies higher antimicrobial activity.
(F) Inhibition of neighboring cell growth is evaluated using sensor cells that express a fluorescent
protein; decreased fluorescence intensity indicates higher antimicrobial activity.

5.1. Surface Display

Surface display presents peptides or proteins on the surface of host cells, such as
bacteria, yeast, or phages, directly linking the phenotype with its genotype. By genetically
fusing the protein of interest to a cell wall or an anchor protein, this technique facilitates
easy screening and selection of RiPPs with high affinity and specificity toward particular
targets. This is crucial in drug development and enables the detailed study of RiPP-target
interactions to understand their mechanisms of action. Despite challenges such as the
need for proper peptide folding, display, and host-specific PTMs, surface display remains
a powerful method for the high-throughput screening and engineering of RiPPs. It of-
fers versatile platforms like bacterial [92], yeast [95], and phage display [93-95] for RiPP
screening. For instance, phage display fuses the peptide of interest to either the N-terminus
or C-terminus of a coat protein, such as plll or pVIII of the M13 bacteriophage, enabling
the rapid screening of libraries for targets by exposing the peptide on the surface of bac-
teriophages (Figure 5A) [97]. Urban et al. implemented the Sec pathway-based phage
display to select lanthipeptide libraries specific to urokinase plasminogen activator and
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streptavidin [94]. Interestingly, PTMs only occurred with fusion to the C-terminus of coat
protein pllI, not with N-terminal fusion. This is likely because N-terminal fusion directed
the lanthipeptides toward the periplasm on the inner membrane during phage display,
making them inaccessible to tailoring enzymes because the Sec pathway translocated the
peptide in an unfolded state [94]. Conversely, the lanthipeptide with C-terminal fusion to
plII faced toward the cytoplasm during the assembly of coat proteins, ensuring sufficient
time for PTMs. However, peptide fusion to the C-terminus of coat proteins may display
inactive RiPPs because maturation typically accompanies the cleavage of a leader peptide
by proteases [11]. Hetrick et al. addressed this issue by exploiting the Tat pathway, where
translocation is accomplished in the folded state, by fusing NisA, the nisin-encoding gene,
to the N-terminus of plII [95]. They succeeded in displaying mature nisin on bacteriophages
with the treatment of NisP protease to detach the leader peptide from the displayed nisin.

5.2. mRNA Display

Surface display technologies, while powerful, are subject to several limitations as
follows: restricted library sizes (~10”) [96], the avidity effect arising from displaying mul-
tiple copies of peptides [98], and in vivo biases during processes such as transformation
and translocation [99]. In contrast, mRNA display, wherein the phenotype (i.e., peptide)
is covalently connected to the genotype (i.e., mRNA) via a puromycin link, offers sig-
nificant advantages by accommodating larger library sizes (~10'%), facilitating display
in a monomeric context, and employing a simple display scaffold (Figure 5B) [96]. For
instance, Bowler et al. utilized mRNA display to screen peptide libraries (~5 x 10'!)
against two cancer targets including the calcium and integrin-binding protein CIB1 and
the immune checkpoint protein B7-H3 [39]. In constructing the library, they utilized mi-
crobial transglutaminase, a versatile enzyme for lysine-glutamine cyclization, to generate
diverse macrocyclic peptides, followed by trypsin treatment to distinguish between cy-
clized and non-cyclized substrates. Subsequently, they selected potent peptides through
affinity selection against CIB1 and B7-H3, leading to the high-throughput discovery of
specific inhibitors.

mRNA display is also instrumental in the field of post-translational enzymology.
Fleming et al. applied mRNA display to study the interaction between the tailoring enzyme
PaaA and approximately 34 million PaaP variants, wherein six specific sites from T6 to
I11 were randomly mutated, during the biosynthesis of the antibiotic Pantocin A [49].
This technique enabled them to explore the tailoring enzyme’s substrate tolerance and
the impact of various mutations on enzyme activity, enhancing their understanding of
peptide—protein interactions and the synthesis of novel RiPPs. Recent advances in computer
science have opened a new era to predict biological interaction. Recently, Vinogradov et al.
combined mRNA display with deep learning to investigate the substrate fitness landscapes
of Ser dehydratase and YcaO cyclodehydratase involved in lactazole A biosynthesis [50].
This innovative approach generates extensive datasets from mRNA display, which are
then analyzed using deep learning algorithms to predict enzymatic substrate preferences.
By integrating deep learning, this platform offers a more precise mapping of catalytic
preferences of tailoring enzymes, elucidating the molecular basis of cellular processes.

5.3. Two-Hybrid System

The ribosomal synthesis of RiPPs makes the two-hybrid system amenable to high-
throughput screening for target proteins. This system is instrumental in detecting
peptide—protein interactions in vivo by fusing the peptide/protein of interest to separate
domains of a transcription factor (Figure 5C) [100]. The interaction between the peptide
and the protein reconstitutes a functional transcription factor that activates a reporter
gene, leading to color development or growth on selective media. Applied to RiPPs, the
two-hybrid system facilitates the identification of novel tailoring enzymes essential for
PTMs and RiPP candidates for drug development. Yang et al. employed a lanthipeptide
library screening in an E. coli host cell through a bacterial reverse two-hybrid system based
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on the chimeric operator and the repressor of a bacteriophage regulatory system [53]. To
identify a lanthipeptide inhibiting the critical protein—protein interaction necessary for
HIV budding, they designed two fusion proteins including 434-human TSG101 UEV and
P22-HIV p6. The bacteriophage proteins 434 and P22 create a functional repressor complex
that inhibits the expression of reporter genes HIS3 and Kan®, which is essential for cell
survival on specific media. The repression depends on the p6 and UEV protein—protein
interaction, where the binding of a lanthipeptide disrupts the p6-UEV interaction, confer-
ring a growth advantage. Screening approximately 10° libraries led to the identification of
a potent inhibitor, XY3-3, heralding a new era in the discovery and development of novel
therapeutic agents.

5.4. Intein-Based Genetic Circuit

On the other hand, King et al. leveraged a split intein system for in vivo detection of
protein—protein interactions, addressing the challenge of identifying peptides that bind to
“undruggable” targets without predefined binding sites [51]. Inteins are protein segments
capable of excising themselves and ligating the remaining proteins into a new protein
through protein splicing. By constructing two chimeric proteins comprising the o factorN
(N-terminal domain)-NpuN-bait and RiPP-NpuC (C-terminal domain)-o factorC, they
converted peptide—protein binding events into the transcription of reporter genes such
as GFP and luciferase through a genetic circuit (Figure 5D). Utilizing E. coli as the host,
this system tested 10® RiPP variants simultaneously, significantly surpassing traditional
methods in throughput and specificity. By using the SARS-CoV Spike receptor-binding
domain as bait, this approach identified AMK-1057, a probable therapeutic against the
SARS-CoV-2 virus, underscoring its potential as a powerful tool for drug discovery based
on synthetic biology and offering a promising outlook for targeting proteins previously
considered undruggable.

5.5. Next-Generation Sequencing

For the high-throughput screening of novel antibiotics to inhibit RNA polymerase,
Thokkadam et al. utilized next-generation sequencing (NGS) to analyze lasso peptide
ubonodin variants (Figure 5E) [52]. The screening process involved a library of cells, each
producing a distinct ubonodin variant. Upon induction, cells harboring ubonodin variants
that inhibited RNA polymerase (RNAP) would perish, while those with either inactive
or immature variants would survive. The variants retaining RNAP inhibition activity
were identified by sequencing the plasmids from the surviving cell library. To ensure
accuracy, five stages of sequencing were performed as follows: the naive library, cloning
transformation, screen transformation, pre-IPTG, and post-IPTG. PCR amplification with
barcoded primers was used to achieve an over-representation of library samples, ensuring
adequate coverage during sequencing on an Illumina MiSeq platform. The analysis focused
on the relative frequencies of amino acid substitutions, with increases indicating a loss
in RNAP inhibition activity. This method not only facilitated the discovery of potential
antibiotics for treating infections caused by Burkholderia cepacia complex pathogens but also
enabled a comprehensive structure-activity analysis of ubonodin variants.

5.6. Zone of Inhibition Assay

The antimicrobial feature of RiPPs can be screened using the zone of inhibition assay,
where microbes grow only in regions devoid of antibiotics. A limitation of this method is its
labor-intensive nature and low throughput. Schmitt et al. developed an innovative strategy
called nanoFleming to screen antibiotic candidates through the growth inhibition of target
bacteria (Figure 5F) [54]. This method miniaturizes and parallelizes Fleming’s inhibition
zone assay into a high-throughput format to screen large libraries of lanthipeptide variants
that inhibit the growth of pathogenic bacteria. For the assay, two types of cells were pre-
pared including mCherry-producing candidate cells that also secreted pre-lanthipeptide
variants and GFP-producing sensor cells. These were immobilized in a 500 um/65 nL algi-
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References

nate hydrogel compartment with a soluble protease. When a secreted lanthipeptide variant
exhibited antimicrobial activity, the growth of the sensor cell was inhibited, leading to a de-
crease in green fluorescence intensity. Using this assay, they identified 11 peptides effective
against bacteria showing immunity or resistance to nisin. Focusing on growth inhibition
as a measure of antimicrobial activity, the nanoFleming platform emerges as particularly
valuable in the development of new therapies to combat antibiotic-resistant bacteria.

The zone of growth inhibition is also an attractive method for robotic screening. In 2022,
Guo et al. developed a semi-automated workflow in which lanthipeptide variant libraries
were robotically constructed, expressed, and screened [21]. This workflow included an
antimicrobial screening step by the zone of growth inhibition using microtiter plates to
ensure compatibility with robotic automation. Using this workflow, they constructed a
library of 380 single-site and 1373 triple-site mutants of HalAl, resulting in one variant
with enhanced antimicrobial activity. Despite a few limitations, such as the poor correlation
between the zone of growth inhibition assay using cell lysates and the specific activity using
purified peptides, this automated workflow exemplifies the integration of synthetic biology
and automation for the rapid and high-throughput characterization of natural products.

6. Conclusions

In this comprehensive analysis, we explore the vibrant and multifaceted landscape
of biotechnological innovation and potential therapeutic discovery presented by RiPPs.
The intricate biosynthetic pathways highlight the biological significance and complexity
of RiPPs. The various PTMs that RiPPs undergo not only exemplify the diversity and
specificity inherent in biological systems but also underscore the delicate balance between
structure and function, crucial for the peptides’ bioactivity.

Advancements in synthetic biology and genetic engineering techniques have signifi-
cantly broadened the scope of RiPP production and modification, overcoming previous
limitations and opening new avenues for exploration. By engineering precursor pep-
tides, tailoring enzymes, and host organisms, scientists can produce RiPPs with enhanced
properties or entirely novel functions.

The evolution of screening methods, from traditional assays to cutting-edge technolo-
gies like mRNA display and next-generation sequencing, enables researchers to efficiently
screen through vast libraries of variants. These techniques expedite the discovery of promis-
ing candidates and facilitate a deeper understanding of the intricate relationships between
peptide structure, function, and biosynthetic machinery. Leveraging high-throughput and
precise methodologies, the field is poised to uncover RiPPs with unique and potent biologi-
cal activities, marking a significant stride toward addressing the need for new antimicrobial
agents and therapeutic peptides.

In conclusion, the study of RiPP biosynthesis, engineering, and screening exemplifies
the power of synthetic biology in unlocking nature’s mysteries and highlights the potential
of RiPPs as a rich source of innovative therapeutic agents. As research progresses, the inte-
gration of advanced genetic engineering strategies and high-throughput screening methods
will undoubtedly continue to push the boundaries of what is possible, leading to the
development of novel RiPP-based applications in medicine, agriculture, and biotechnology.
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Abstract: Antimicrobial peptides (AMPs), as well as host defense peptides (HDPs), constitute the first
line of defense as part of the innate immune system. Humans are known to express antimicrobial
precursor proteins, which are further processed to generate AMPs, including several types of «/f3
defensins, histatins, and cathelicidin-derived AMPs like LL37. The broad-spectrum activity of AMPs
is crucial to defend against infections caused by pathogenic bacteria, viruses, fungi, and parasites.
The emergence of multi-drug resistant pathogenic bacteria is of global concern for public health. The
prospects of targeting antibiotic-resistant strains of bacteria with AMPs are of high significance for
developing new generations of antimicrobial agents. The 37-residue long LL37, the only cathelicidin
family of AMP in humans, has been the major focus for the past few decades of research. The host
defense activity of LL37 is likely underscored by its expression throughout the body, spanning from
the epithelial cells of various organs—testis, skin, respiratory tract, and gastrointestinal tract—to
immune cells. Remarkably, apart from canonical direct killing of pathogenic organisms, LL37 exerts
several other host defense activities, including inflammatory response modulation, chemo-attraction,
and wound healing and closure at the infected sites. In addition, LL37 and its derived peptides
are bestowed with anti-cancer and anti-amyloidogenic properties. In this review article, we aim to
develop integrative, mechanistic insight into LL37 and its derived peptides, based on the known
biophysical, structural, and functional studies in recent years. We believe that this review will pave
the way for future research on the structures, biochemical and biophysical properties, and design of
novel LL37-based molecules.

Keywords: antimicrobial peptides; host defense peptides; LL37; structure; biophysical; human
antimicrobial peptides

1. Introduction

Since the discovery of penicillin, antibiotics have saved millions of lives from infectious
diseases. Antibiotics are still considered “magic bullets” and continue to serve as eminent
drugs to reduce mortality from bacterial infections. However, as we note from the current
affairs of antibiotics, these magic bullets are becoming less effective or sometimes even
ineffective in curing patients in hospitals and in intensive care facilities [1-3]. At present,
antibiotic resistance, or antimicrobial resistance (AMR), is increasing at a rapid rate across
the globe, revealing serious consequences to human and animal health [4-6]. Notably,
drug-resistant bacteria are responsible for most of the infections and deaths caused by
AMR (vide infra). The Centers for Disease Control and Prevention (CDC), USA, published
their first AMR threat report in 2013 that estimated that over 2 million people were infected
by antibiotic-resistant bacteria, causing 23,000 deaths in the USA alone. In a more recent
report, the CDC indicated that there are over 2.8 million antimicrobial-resistant infections
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and 35,000 human deaths every year [7]. In the year 2014, the government of the UK
and the Welcome Trust jointly commissioned a review exercise to analyze the global
economic impacts arising from AMR [8]. The landmark report of O’Neill made several vital
recommendations to the international governments to tackle global AMR challenges [8].
The report also suggested that AMR could cause over 10 million deaths each year by
2050. A recent comprehensive report from the Antimicrobial Resistance Collaborators
analyzed the worldwide occurrence of bacterial AMR for the year 2019 [9]. The study
estimated a staggering number of deaths, 4.95 million, associated with bacterial AMR in
that year. Notably, approximately 3.75 million mortalities associated with bacterial AMR
were caused by the six bacterial pathogens, Escherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa. It
is noteworthy that these bacteria are also included in the WHO-listed drug-resistant group
of pathogens, ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) [10].

To distinguish their pattern of susceptibility, antibiotic-resistant bacteria are catego-
rized into three classes: multi-drug resistant (MDR), extremely drug resistant (XDR), and
pan-drug resistant (PDR). MDR bacteria demonstrate resistance to at least one drug in three
or more antimicrobial groups. The XDR group includes pathogens that are susceptible
to only one or two categories of antibiotics. PDR bacteria have acquired resistance to
all classes of antibiotics [11]. The AMR data analyses delineated that most of the deaths
were caused by methicillin-resistant S. aureus and several MDR strains of Gram-negative
bacteria, such as third-generation cephalosporin-resistant isolates of E. coli and K. pneu-
moniae, fluoroquinolone-resistant E. coli, and carbapenem-resistant strains of A. baumannii
and K. pneumoniae [10]. In addition to these MDR strains of bacteria, the CDC of the
USA has also indicated that drug-resistant strains of Clostridioides difficile, Neisseria gonor-
rhoeae, vancomycin-resistant Enterococcus (VRE), Pseudomonas aeruginosa, Mycobacterium
tuberculosis, and Salmonella sp. are either urgent or serious threats.

Despite the rise of resistant strains of bacteria, the launch of new antibiotics that can be
effective against multi-drug resistant pathogens from the major pharmaceutical industries
has been extremely limited [12-14]. As a matter of fact, the introduction of any antibiotic is
likely to be challenged by the development of resistance by the targeted bacteria. Therefore,
new antimicrobial agents must be constantly developed to mitigate the acquisition of
resistance among pathogenic bacteria [12-14]. For around four decades, the 1940s to the
1970s, pharmaceutical industries maintained a stable discovery pipeline in supplying
new antibiotics. In that golden era, antibiotics were developed that could overcome the
complications caused by bacterial resistance to earlier drugs. After that and in recent years,
fewer antibiotics (quinupristin-dalfopristin, linezolid, and daptomycin) became available
for the treatment of infections caused by MDR Gram-positive bacteria [15,16]. By contrast,
there are now limited treatment options available to treat infections of MDR Gram-negative
pathogens. In particular, infections caused by carbapenem-resistant Gram-negative bacteria
are hard to treat with any another antibiotic [17,18]. To tackle these infections, an apparently
nephrotoxic peptide antibiotic polymyxin B, or colistin, has been brought back for clinical
usage [19,20].

2. Antimicrobial Peptides (AMPs) as Potential Alternatives to Antibiotic Resistance

Antimicrobial peptides (AMPs) are promising molecules of high translational po-
tential against multi-drug resistant bacterial pathogens [21-24]. A PubMed search on
“antimicrobial peptide” showed 52,404 results (Figure 1).
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Figure 1. Bar diagram summarizing publications vs. years with “antimicrobial peptide” as the search
option from the PubMed database.

The increasing number of scientific publications over the years asserts that AMPs can
be valuable templates for the potential development of antibiotics. Ubiquitously found in
all life forms, AMPs serve as an integral component of host innate immunity in multicellu-
lar organisms, including humans [25-27]. Many AMPs exert a broad spectrum of activity,
killing bacteria, parasites, fungi, viruses, and cancer [28-31]. As a mode of action, amphi-
pathic AMPs lyse bacterial cells by disrupting membranes following distinct mechanisms,
e.g., barrel stave, toroidal pore, or carpet [32-34]; the non-membrane targeting mechanisms
include the inhibition of cell division, protease activity, and biosynthesis of proteins and
nucleic acids. Cationic AMPs preferentially interact with negatively charged bacterial
cell membranes over zwitterionic or neutral membranes of host cell membranes [25-27].
Gram-negative bacteria are intrinsically more resistant to several frontline antibiotics that
are extremely effective in killing Gram-positive bacteria [34,35]. The lipopolysaccharide
(LPS) outer membrane (or LPS-OM) of Gram-negative bacteria serves as a permeability
barrier that limits intra-cellular access of several antibiotics [35-38]. Interactions of cationic
AMPs with anionic phosphates of LPS or lipid A can cause an efficient permeabilization of
the LPS-OM barrier [39-42]. AMP-mediated disruption of the LPS-OM is pivotal in killing
Gram-negative bacteria [39-42]. The ability of AMPs in killing drug-resistant bacteria, both
Gram-positive and Gram-negative, has generated a strong interest in the development of
antibiotics with novel modes of action [43-46]. More recent studies have demonstrated
efficacy of several AMPs against MDR-resistant strains of Gram-negative bacteria in in-
fected animal models with low host toxicity [47-50]. Notably, large-scale genomic data
analyses have revealed that bacteria are less likely to develop resistance against AMPs
compared to the conventional antibiotics [51,52]. These attributes of AMPs need to be ex-
ploited for the development of anti-infective agents to treat infections of the drug-resistant
bacterial pathogens. Many studies have reported the antimicrobial activities of AMPs
derived from amphibians, insects, mammals, microorganisms such as fungi and bacteria,
and de novo design.

In humans, tissue-specific expressions of antimicrobial proteins and peptides constitute
the innate immunity to eliminate invading pathogens [53-55]. Based on the Antimicrobial
Peptide Database (APD), there are 153 host defense peptides in humans [56]. The well-
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characterized human AMPs include the defensins families, & and (3, cathelicidin LL37,
histatins, and dermcidin. In addition, a number of human proteins, e.g., multiple types of
RNases, lysozyme, chemokines, and psoriasin, exhibit antimicrobial activities. Finally, pro-
teolytic fragments of certain native proteins are bestowed with host defense activity [57-59].

Table 1 shows a selected list of AMPs identified in humans.

Table 1. A representative list of human antimicrobial peptides (AMPs) with antibacterial activity.

Name Sequence Net Change  Activity® Ref.
LL37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES +6 (p1 10.6) G+/G— [60-62]
oa-Defensin HNP-1 ACYCRIPACIAGERRYGTCIYQGRLWAEFECC +3 (pI 8.68) G+/G— [63]
o-Defensin HNP-2 CYCRIPACIAGERRYGTCIYQGRLWAFCC +3 (pI 8.67) G+/G— [63]
o-Defensin HNP-3 DCYCRIPACIAGERRYGTCIYQGRLWAFCC +2 (pI 8.33) G+/G— [63]
oa-Defensin HNP-4 VCSCRLVFCRRTELRVGNCLIGGVSFTYCCTRV +4 (pI 8.98) G+/G— [64]
o-Defensin HD-5 ATCYCRTGRCATRESLSGVCEISGRLYRLCCR +4 (pI 8.96) G+/G— [65]
Histatin 3 DSHAKRHHGYKRKFHEKHHSHRGYRSNYLYDN +5 (p19.9) G+/G— [66]
B-Defensin HBD-1 DHYNCVSSGGQCLYSACPIF TKIQGTCYRGKAKCCK +4 (pI 8.87) G+/G— [67]
-Defensin HBD-2 GIGDPVTCLKSGAICHPVFCP RRYKQIGTCGLPGTKCCKKP  +6 (pI9.3) G+/G— [68]
. GIINTLQKYYCRVRGGRCAVLSCLPKEEQ
B-Defensin HBD-3 IGKCSTRGRKCCRRKK +11 (pI 10) G+/G— [69]
. FELDRICGYGTARCRKKCRSQEYRIGRCPNTYACCLRKW
-Defensin HBD-4 DESLLNRTKP +7 (p1 9.45) G+/G— [70]
. SSLLEKGLDGAKKAVGGLGKLGKDAVEDLESVGKGAVHD
Dermcidin VKDVLDSV —2 (pI 5.07) G+/G— [71]
. GRDYRTCLTIVQKLKKMVDKPTQRSVSNAATRVCRTGRSR
Granulysin WRDVCRNFMRRYQSRVTQGLVAGETAQQICEDLR 11 (p11083)  G+/G— [72]
.. KVHGSLARAGKVRGQTPKVAKQEKKKKKTGRAKRRMQY
Ubiquicidin NRRFVNVVPTEFGKKKGPNANS +19 (pI12.15) G+/G— [73]
.. AELRCMCIKTTSGIHPKNIQSLEVIGKGTHCNQVEVIATLKD
Thrombocidin-1 GRKICLDPDAPRIKKIVOKKLAGDES +4 (p1 9.05) G+/G— [74]
Hepcidin 25 (LEAP-1) DTHFPICIFCCGCCHRSKCGMCCKT +2 (pl 8.22) G+/G— [75]
Neuropeptide «-MSH SYSMEHFRWGKPV +1 (pI 8.33) G+ [76]
PACAP Neuropeptide HSDGIFTDSYSRYRKOMAVKKYLAAVLGKRYKQRVKNK +9 (p1 10.41) G+/G— [77]
KDAMP RAIGGGLSSVGGGSSTIKY +2 (p19.99) G— [78]
DEFB114 DRCTKRYGRCKRDCLESEKQIDICSLPRKICCTEKLYEEDDMF 0 (pl 6.37) G+/G— [79]

@G+ and G- represent Gram-positive and Gram-negative bacteria, respectively.

3. Cathelicidin-Derived AMPs

Mainly found in higher organisms, including vertebrates and mammals, cathelicidin
AMPs exert a broad spectrum of activity within the innate and adaptive host defense
systems [80,81]. The cathelicidin family of AMPs are typically recognized by the presence
of a conserved “cathelin” domain, ~14 KDa, in their precursor proteins [80,81]. The cathelin
domain was first identified from analyses of proteolytic digestion of peptide fragments
from pig leukocytes and was determined to be an inhibitor of the cysteine proteinase
cathepsin L [82]. Structurally, the cathelin domain belongs to the cystatin superfamily
of protease inhibitors, including cystatin (cysteine proteinase inhibitor), kininogen, and
stefin proteins [82-85]. The cathelicidin protein is expressed as a precursor protein or a
pre-protein that contains an N-terminal signal sequence followed by the cathelin domain
and the C-terminus antimicrobial region [82-85]. The pre-protein undergoes multiple steps
of proteolytic processing before cathelicidin AMP can be functionally activated [80,81]. The
signal peptide is cleaved off, giving rise to the “holo-protein” during the translocation to
an extra-cellular space or in zymogen granules. Further processing of the holo-protein to a
pro-protein entails stabilization of the cathelin domain by the formation of two disulfide
bonds. At the final stage of processing, the holo-protein is proteolytically cleaved, releasing
the active forms of the antimicrobial region and the cathelin domain [80,81]. Although the
cathelin domain is well conserved, the AMPs derived from cathelicidin proteins demon-
strate great diversity in their amino acid sequence structure and activity [82-85]. The
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secondary structures of cathelicidin AMPs encompass amphipathic x-helix stabilized in
the lipid membrane, disulfide bonded (3-sheets, and AMPs rich in specific amino acid
types [86-90]. In general, cathelicidin AMPs exhibit a broad spectrum of antimicrobial
activity, although toxicity to cells and tissues in animal models has been observed [86-90].
Chicken cathelicidin AMPs or fowlicidins are extremely hemolytic although highly potent
in killing wide-ranging pathogenic bacteria, including drug-resistant strains [91,92]. Table 2
summarizes a list of representative cathelicidin AMPs and their amino acid sequences,
secondary structures, and activity profiles [86,87,89,93-107].

Table 2. A representative list of cathelicidin-derived AMPs across several species and structural classes.

Net

Antibacterial

Source Name Sequence Charge Sec. Structure Activity® Toxicity References
1
Human LL37 LL&%%}%%%FJ&@%@“ +6 Helix (NMR) G+/G- Hemolytic (861
Rhesus IRLGNFFRKVKEKIGGGLKKV . .
Monkey RL37 GOKIKDFLGNLVPRTASY +8 Helix (CD) G+/G— Hemolytic [93]
) IGLRKRLRKFRNKIKEKLKKIG . Non-
Rabbit CAPI18 R RTET N ol +12 Helix (CD) G+/G— Hemolytic [87]
1
Mice CRAMP GLLIEES%I?ESES;;(&(SIEQKI +6 Helix (NMR) G+/G— Hemolytic [94]
1 GLRKKFRKTRKRIQKLGRKI
Guinea Pig CAP11 GKTGRKVWKAWREYGQIPYPCRI*3-dimer +16 ND G+/G— Hemolytic [95]
-disulfide-linked
Pig Tritrpticin 1VRRFPWWWPFLRR!? +4 b-strand (NMR) G+/G— Hemolytic [96]
Pig Protegrin-1 'RGGRLCYCRRRFCVCVGR™ +7 b-sheet (NMR) G+/G— %i’,ﬂi’gﬁ‘f [97]
1
Pig PMAP37 %é%%&%%gf%%‘;&%‘i +4 Helix (CD) G+/G— Hemolytic [98]
: 1RRRPRPPYLPRPRPPPFFP
Pig PR39 PRLPPRIPPGFPPRFPPREP +1 ND G+/G~ ND [99]
. . Non-
1 12 2 _
Bovine Bactenecin RLCRIVVIRVCR +4 b-turn’ G+/G Hemolytic [100]
L Non-
1 13 - —
Cattle Indolicidin ILPWKWPWWPWRR +4 b-strand (NMR) G+/G Hemolytic [89]
1
Sheep SMAP29 RG%}%%%%KS}QKKY +10 Helix (NMR) G+/G Hemolytic [101]
1
Bovine BMAP27 GRF@%@EEEEEQKKL +10 Helix (NMR) G+/G— Heg{g?yﬁc [102]
1
Bovine BMAP28 R eV Y +7 Helix (NMR) G+/G— Hemolytic [102]
1
Bovine BMAP34 gﬁiﬁ%g‘g%i%?&%%} +8 Helix (CD) G+/G— Heg{g{‘yﬁc [103]
1
Pig PMAP23 RHDLL%;‘\’/?};EPKPKFV +6 Helix (NMR) G+/G— Heﬁg{‘ytic 98]
' 1VGRFRRLRKKTRKRLKK )
Pig PMAP36 IGKVLKWIPPIVGSIPLGCGY +13 ND G+/G— Hemolytic [98]
1
Sheep SMAP34 Géigg;ﬁgi%?&%%f“ +5 ND G+/G— Hemolytic [104]
1
Equine e-CATH1 KRFGE%%E%&&%’[RILLP +9 Helix (CD) G+/G— Heg{gf‘yﬁc [105]
1
Chicken Fowlicidin-1 RVKE‘L’%%‘QIEIT(%IAGY +8 Helix (NMR) G+/G— Hemolytic [91]
1
Chicken Fowlicidin-2 RFG%%E&%E%?KVTI +9 Helix (NMR) G+/G— Hemolytic [91]
1
Chicken Fowlicidin-3 RVKg&“{%‘g‘@gﬁ} VAA +7 Helix (NMR) G+/G— Hemolytic [91]
' I GFFKKAWRKVKHAGRRV
Hagfish HFIAP-1 DT A R R R YR +10 ND G+/G— ND [106]
1
Hagfish HFIAP-3 GV\{%&%}’S&’%]/}%RRV +8 ND G+/G— ND [106]
Crocodile As-CATH7 IKRVNWRKVGRNTALGASYVLSFLG2 +6 Helix (CD) G+/G— ND [107]
Crocodile As-CATHS 1KRVNWAKVGRTALKLLPYIFG?! +6 Helix (CD) G+/G— ND [107]
Crocodile Gg-CATH5 ITRRKWWKKVLNGAIKIAPYILD? +6 Helix (CD) G+/G— ND [107]
Crocodile Gg-CATH7 TKRVNWRKVGLGASYVMSWLG20 +5 Helix (CD) G+/G— ND [107]

@G+ and G- represent Gram-positive and Gram-negative bacteria, respectively.
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LL37 is the only cathelicidin-derived AMP in humans [86,108]. The 37-residue LL37
is linear in its amino acid sequence, without any disulfide bond, and helical in its struc-
ture [109-111]. These characteristics are widely different from disulfide-bonded [3-sheet
human defensin AMPs [112-114]. Towards the discovery of LL37, two independent studies
were aimed to identify the cathelicidin gene(s) in humans using cDNA probes obtained
from the homologous genes of pigs and rabbits [60,61]. Analyses of cDNA probes of pigs
reported the existence of a human gene that may code for a putative 39-residue long peptide
(or FALL39) as a part of a cathelin-like precursor protein [60]. The chemically synthesized
FALL39 peptide demonstrated helical conformations and inhibited growth of bacterial
strains of E. coli D21 and B. megaterium [60]. On the other hand, a cDNA probe based
on the rabbit CAP18 gene has led to the characterization of the human CAP18 gene [61].
Western blot experiments have demonstrated the expression of CAP18 or 18 KDa precursor
protein in granulocytes [61]. The 37-residue synthetic peptide of the C-terminus of CAP18
demonstrated high-affinity LPS binding and protected mice from LPS-induced endotoxic
shock [62]. Another study isolated the LL37 precursor protein from human neutrophils
and obtained its c-DNA clone from human myeloid cells [115]. Furthermore, analyses of
total genomic DNA revealed the existence of only one cathelicidin gene in humans [115].
The 37-residue mature form of AMP of hCAP18 was isolated from granulocytes and was
termed LL37, based on its first two Leu residues [115].

4. Importance of Structures of AMPs

AMPs are pivotal sources of natural arsenals that can be utilized to combat MDR
infections [43-46]. Thus, the rational development of potent and selective antimicrobials
from AMPs would require in-depth structure—activity relationship (SAR) studies. Tradi-
tionally, based on amphipathicity, AMPs are categorized as o-helix, 3-sheet/3-hairpin, and
non-random (no typical secondary structures). However, atomic-resolution structures of
AMPs in a complex with bacterial targets are essential to generate SAR for novel antibiotics.
Notably, three-dimensional structures of several AMPs are known to vary significantly
when determined in cell membranes or membrane-mimicking environments [32,41,42]. In
this regard, the atomic-resolution structures of several potent AMPs as a complex with an
LPS outer membrane could be correlated with Gram-negative specific activity [116-123].
Cathelicidin-derived AMPs are found to be structurally diverse (Table 2). Atomic-resolution
structures of several members of AMPs in the cathelicidin family have been determined
in membranes or in membrane mimics (Table 2). NMR-derived structures of «-helical
cathelicidin AMPs include LL37 [109-111], mice [124], pig [125], sheep [126], bovine [127],
and fowlicidins [128-130]. The helical AMPs appear to be unstructured in a free solution
and assume largely monomeric helical conformations in the solutions of membrane envi-
ronments, e.g., detergent micelles, bicelles, nanodiscs, vesicles, or helix-promoting organic
solvents. Interestingly, an oligomeric structure of fowlicidin-1, chicken cathelicidin, was
determined in a solution of zwitterionic DPC detergent micelles [130]. Although the in-vivo
concentrations for all AMPs are very low, the local population density is very high, enough
to cause damage to the cell membrane. The lipids of the membrane have been shown
to assist the self-assembly of the peptides to form an aggregate/oligomer, which is more
potent in lysing bacterial cells. The oligomeric structure of fowlicidin-1 indicates membrane
pore formation and cytotoxicity. The oligomerization and structures of protegrin-1, 3-sheet
cathelicidin from porcine, in membranes demonstrated mechanistic insights, cell selective
activity, and SAR-based designs of analogs [131].

5. Biological Properties of LL37

LL-37, the only human cathelicidin-derived antimicrobial peptide, has long been a
popular research subject because of its special abilities and vast applications. In the past
15 years, hundreds of papers have been published with LL-37 being their primary focus.
Although minimal progress has been made on certain areas related to LL-37, such as the
correlation between its high-resolution structure and activity, many multidisciplinary stud-
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ies have shown LL-37 to be one of the most promising AMPs with a variety of applications.
LL37’s functional properties are summarized below.

5.1. Antimicrobial and Antiviral Activities of LL-37

LL-37, though it has been proven to be useful in many ways, is, in essence, an antimi-
crobial peptide that is primarily used by the body to fight microorganisms like bacteria
and fungi. On top of that, the antiviral ability of LL-37 has also long been a popular
topic. In the past 15 years, LL-37 has been considered as a promising candidate for the
treatment of a number of diseases, with the majority of them being bacterial and some
being viral. Table 3 summarizes some of the diseases that have been studied with LL-37. In
the majority of the cases, treatments using LL-37 were found to have a positive effect, while
in others, resistance to LL-37 was reported. Apart from the specific diseases, LL-37 has
also been studied extensively with certain bacteria, especially the ones under the genera
Burkholderia, Neisseria, Pseudomonas, Staphylococcus, and Streptococcus. The potential
possibilities to treat diseases caused by microorganisms without leading to resistance make
LL-37 a promising replacement for conventional antibiotics, which has been demonstrated
in some cases. However, the resistance to LL37 noticed in some diseases points to the need
for further studies before progressing to the next step towards drug development.

Table 3. Bacterial and viral diseases that have been studied with LL-37 in the past 15 years.

Disease Studied General Conclusion Ref.
Bacterial pneumonia Possible candidate for treatment [132-139]
COPD Candidate for treatment, thoggh it may also [140-144]
play a role in the pathogenesis process
Infected segmental bone Possible candidate for treatment [145]
defects
Influenza A Possible candidate for treatment [146-151]
Gonorrhea Possible candidate for treatment [152,153]
Keratitis Possible candidate for treatment [154,155]
Leptospirosis Bacteria inhibits LL-37 [156]
Lupus Possible candidate for treatment [157-160]
Meningitis Candidate for treatment, though resistance to [161-163]

LL-37 has been reported
Periodontitis Possible candidate for treatment [164-168]

LL-37 plays a role in the pathogenesis process

but may still be used for therapeutic purposes. [158,160,169-189]
LL-37 plays a role in the pathogenesis process
but may still be used for therapeutic purposes.
Candidate for treatment, though significant

Psoriasis

Rheumatoid arthritis [158,172-175]

Sepsis possible side effects have been noted [176-179]
Tuberculosis Possible candidate for treatment [134,180-183]
Ulcerative colitis Possible candidate for treatment [184]

Starting in 2008, a particular aspect of the antimicrobial activity of LL-37 has been
investigated, which is its ability to inhibit the formation of bacterial biofilms [185]. A
biofilm is an aggregate of bacterial cells that is covered by an extracellular polymeric
substance (EPS) matrix. By forming biofilms, bacterial cells are able to protect themselves
from harmful substances, such as attacks from the immune system and antibiotics. Like
other antimicrobial agents, LL-37 is also prevented by bacterial biofilm from attacking
the bacterial cells, which is why some bacteria exhibit resistance against LL-37. However,
Overhage et al. noted that LL-37 is able to prevent the formation of biofilms through a
series of mechanisms that have not yet been well understood [186]. Such mechanisms
include biofilm gene suppression, bacteria adhesion inhibition, biofilm matrix degradation,
bacteria cells elimination, and several other major or minor functions [185]. On the other
hand, bacterial biofilms also have a variety of mechanisms that mediate the interference
from LL-37, explaining why LL-37 has not yet been the solution to overcome biofilm-related
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challenges. That being said, certain ways to improve the antibiofilm ability of LL-37 have
been proposed, such as using its synergy with other antimicrobial agents, indicating a
possible therapeutic application in the future. Studies have also reported LL-37 degradation
by the metalloprotease aureolysin, produced by S. aureus strains, suggesting the resistance
of this pathogen correlating with the loss of LL-37’s antibacterial activity. On the other
hand, the fragment LL-17-37 produced due to the glutamyl endopeptidase V8 protease,
exhibited antibacterial activity against S. aureus [187,188]. There are other studies that
reported the inactivation of LL-37 [156,189-191].

5.2. Anticancer Activity of LL-37

Antimicrobial peptides have also been shown to exhibit anticancer activities [28,30,31,192-195].
Since cancer cells are anionic, the cationic AMPs exhibit selectivity in targeting cancer cells
in a similar manner to their selective targeting of bacterial cells. While there is significant
interest in designing anticancer peptides using AMPs, the LL-37 peptide has received
special attention, as it is the only cathelicidin-derived human peptide. Although the
chemotactic potential of LL-37 was noticed almost immediately upon its discovery, it was
only beginning around 2005 that the anticancer potential became a noteworthy aspect of
this AMP [196]. In recent years, more and more research has become oriented towards
the influence of LL-37 on cancer, along with the rise of research interest in cancer in the
biology field in general [197-199]. LL-37 has been found to have contrasting effects on
different types of cancers: for certain cancers, such as breast, lung and ovary cancer, LL-37
is tumorigenic and facilitates the cancer formation process, while in other cancers, like
colon and gastric cancer, LL-37 has been proven to be anticancer. Verjans et al. suggest
that this result may be explained by the difference in receptors that respond to LL-37 in
different cells [200]. Even though LL-37 is tumorigenic in some cases, it can still be used to
help treat such cancer by acting as a biomarker [197]. In ovarian cancer, LL-37 has been
found to be over-expressed, and it is able to facilitate cancer spread in many ways, like
inducing cell proliferation and cell invasion. Similar results were found for lung, breast,
and pancreas cancer and malignant melanoma, while the tumorigenic effect of LL-37 can
also be extrapolated for prostate cancer and skin squamous cell carcinoma. In all these
types of cancers, treatment of recombinant LL-37 has shown a positive correlation with
tumor development. On the other hand, the over-expression of LL-37 is also observed in
colon cancer, but it was also found in this case that LL-37 can lead to a decrease in cancer
tissues. For gastric cancer, hematologic malignancy, and oral squamous cell carcinoma, a
lower expression of LL-37 was found, and it has also been proven to down-regulate cancer
development, showing an anticancer effect. More studies are needed to fully understand
the mechanism behind LL-37’s involvement in cancer growth, but current results do suggest
some possible therapeutic applications of LL-37 in cancer treatments.

5.3. Other Functional Properties of LL-37

Another noteworthy aspect of LL-37 is its role in the human immune system [201-203].
LL-37 has been shown to be able to attract immune cells to fight microbial infection. The
first group of cells attracted is the neutrophils, which form the first line of defense against
infection. These cells can also produce more LL-37, leading to a positive feedback loop.
Recent research has also noted that in the case of serum amyloid A inflammation and sepsis,
LL-37 performs immunoregulatory functions by inhibiting neutrophil migration, which is
another novel aspect of the immune activity of LL-37. In addition to neutrophils, LL-37 is
also able to modulate monocytes, macrophages, and dendritic cells. Monocytes, sometimes
referred to as adult stem cells, are able to differentiate into macrophages and dendritic
cells, which are important components of the immune system that fights off infection. A
crucial role of LL-37 in modulating the differentiation process, as well as regulating the
immunological functions of macrophages and dendritic cells, has also been proven. Further
immunoregulatory functions of LL-37 on lymphocytes, mast cells, and MSCs have also
been noted, though minimal discoveries have been made. Another important function of
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LL-37 in the immune system is its ability to neutralize lipopolysaccharides (LPSs), which
can be crucial in bacterial infections.

The wound healing and angiogenesis ability of LL-37 has also been recognized for a
long time [204]. This aspect of LL-37 may also act as a contributing factor in the curing of
microbial diseases and cancer. Recently, Chinipardaz et al. also discovered a potentially
important role of LL-37 in bone and periodontal regeneration [165]. This, combined with
the wound healing ability of LL-37, may point to a potential application in treating oral
cavity diseases. Furthermore, connections of LL-37 with amyloid proteins have also been
reported in recent studies. Certain connections between LL-37 and beta-amyloid, which
is a possible cause of Alzheimer’s disease, have been proven, and the hypothesis that
LL-37 may be involved in the pathogenesis of Alzheimer’s disease has been proposed, with
a need for further examination [205,206]. Similar connections between LL-37 and IAPP,
which is linked with type 2 diabetes, have also been found, and follow-up studies in this
area are also needed [207]. Overall, the vast function of LL-37 opens it up to a variety of
therapeutic applications in many different fields, while an increasing number of studies
are forthcoming.

6. Structures of LL-37

Ever since its discovery, LL-37 has been studied not only in its original monomeric form
but also in more complex structures obtained under different conditions. Studies have found
that when treated with detergents under certain conditions, LL-37 can form monomers as
well as oligomerize into dimers and tetramers [111,208,209]. Furthermore, derivatives of
LL-37, such as the core peptide (LL-3717-29) and KR-12 (LL-3717-29), have also been studied
extensively [210,211]. These structures, each with unique features, can become useful for
research purposes to better understand the different functional properties of LL-37 and its
derivatives and also for further development towards pharmaceutical applications.

6.1. Monomeric Structures of LL-37

LL-37 has been shown to undergo a structural transition from an unstructured monomer
in solution to a helical structure in any of the following conditions: (i) at high peptide con-
centrations, (ii) in the presence of salt, and (iii) in the presence of detergents or lipids [212].
Atomic-resolution three-dimensional structures of the LL-37 monomer have been reported
under different environments with different detergents. A solution NMR study reported a
helix-break-helix conformation for LL-37 reconstituted into dodecylphosphocholine (DPC)
micelles [109]. This study also found that the unstructured N- and C-termini are solvent
exposed, while the structured C-terminal helix is protected from the solvent, and the N-
terminal helical domain is more dynamic. The peptide is bound to the surface of DPC
micelles with the hydrophobic I13, F17, and 120 residues and a salt bridge between E16 and
K12 stabilizing the break between the two helices.

Wang et al. reported a standard LL-37 monomer structure (PDB number 2K60),
obtained using a three-dimensional triple-resonance NMR technique [111]. The conditions
used were 303 K and pH 5.4, and deuterated SDS (sodium dodecyl sulfate) detergent
micelles were used. The structure that they determined, as shown below, is a curved alpha
helix with a well-defined helical region covering residues 2-31, while the residues at the
C-terminus appear to be disordered (Figure 2A). The structure also contains a notable bent
located between residues 14-16, which is consistent with the helix-break-helix structure
predicted in other publications. In addition, the LL-37 helix appears to be amphipathic,
with about half of the residues, namely residues L2, F5, F6, 113, F17, 120, V21, 124, F27, 128,
and L31, being hydrophobic and located on the concave side (Figure 2B). The hydrophilic
residues are located on the other side, with the exception of residue S9, which is on the
hydrophobic side and divides that region into two parts. The author also proposed that the
helix-break-helix structure may be a result of the hydrophobic packing between residues
113 and F17, which are located next to each other with a bend in between.
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Figure 2. Structures of LL-37 monomers. (A) Structure of LL-37 monomer determined in deuterated
SDS micelles (2K60). (B) Electrostatic potential of LL-37 monomer in deuterated SDS micelles; blue
represents positively charged residues, red represents negatively charged residues, and white repre-
sents hydrophobic residues. (C) Structure of LL-37 monomer determined in DPC micelles (SNMN).

In another study, an LL-37 structure determined from a different detergent, dioc-
tanoylphosphatidylglycerol (D8PG) micelles, was reported, using the same technique and
experimental conditions as described above. The obtained structure appears to be simi-
lar, if not identical, to the above-mentioned LL-37 structure determined for SDS micelles.
However, because DSPG has the same head structure as many anionic phosphatidylglyc-
erols, the author also used it to investigate the interaction between LL-37 and anionic PGs.
Direct evidence for interactions between the aromatic rings of the phenylalanine residues
as well as the arginine residues of LL-37 and the PGs was found. Sancho-Vaello et al.
reported a monomeric LL-37 structure (SNMN), obtained with DPC micelles using X-ray
crystallography, which also has similar features to the other structures determined from
detergent micelles (Figure 2C) [208]. This structure is less bent compared to the structure
determined in SDS micelles, with residues 35-37 missing on the model, possibly because
they are disordered and cannot be detected by the X-ray diffraction technique.

6.2. Oligomeric Structures of LL-37

In addition to the structure of the LL-37 monomer, the structures of the oligomers of
LL-37 are important to better understand the stability of the peptide against enzymatic
degradation. LL-37 has been shown to form aggregates at high peptide concentrations
in solution [212-215]. Sancho-Vaello et al. also explored the structure of LL-37 dimers
in a detergent-free environment (SNNM), as well as in DPC (SNNT) and LDAO (5NNK)
micelles [208]. When there is no detergent present, the dimeric LL-37 appears to be an
antiparallel dimer made from two alpha helices without supercoiling (Figure 3A). The
two monomers are similar to the monomer obtained in DPC (5SNMN), especially since there
is very little bending compared to the SDS and D8PG ones. Each helix in this dimer extends
to around 5 nm, with approximately two turns shifted at each terminus, leading to a 3.5 nm
interface. The hydrophilic interactions that link the two dimers are formed by the residues
59, K12, and E16 of the two monomers, whereas intermolecular stabilization is mainly
provided by the H-bond and four salt bridges. In addition, the hydrophobic residues at
the interface form a hydrophobic core in the dimer that extends to the C-terminus, which
also contributes to the high stability of the dimer. The authors also noted a discontinuity in
the hydrophobic region, which is the positively charged residue K10. The opposite side
of the dimer is dominated by the hydrophilic residues, with 20 of those being positively
charged and eight being negatively charged, leading to a +12 overall charge. Another point
worth noting is that like the DPC monomer described above, eight of the 74 residues are
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not present in the structure, indicating a disordered region at the C-terminus. The same
applies for the two other dimers made in detergents.

A B
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Figure 3. Structures of LL-37 dimers. (A) LL-37 dimer structure in detergent-free environment
(5NNM). (B) LL-37 dimer structure in DPC micelles (5SNNT). (C) LL-37 dimer structure in LDAO
micelles (5NNK).

The dimer structures obtained in DPC and LDAQO micelles are highly similar antipar-
allel dimers, but they differ strongly from the one obtained in a detergent-free environment
(Figure 3B,C). The authors found that only the core region of the two dimers can align
with the detergent-free dimer as a result of the structural remodeling caused by detergents.
Specifically, the remodeling at the N-terminus shortens each monomer to about 4 nm and
the interface to 2.5 nm. The residues L1 to R7 at the N-terminus, unlike in the dimer ob-
tained without detergents, appear to be randomly coiling. This remodeling allows residues
F5 and Fé to be exposed so that they can form hydrophobic contacts with the alkyl chains
of the detergents, which is assisted by residues 124 and F27 of the second monomer. This
conformation is further stabilized by the H bond between residue K10 and residues G3 and
F5. Further conformational changes at residues L1, I13, and I17 can also be attributed to
the influence of the detergent. The residues at the C-terminus also experience a shift in
conformation, though not as significant as the remodeling at the N-terminus. Because of
the change in structure, the bond that connects the two monomers in this case is formed by
residue 59 on one monomer and residue E16 on the other. The authors also found that these
dimer structures can also form tetramers and other fiber-like oligomers with a head-to-tail
arrangement. The oligomers are primarily stabilized by residues F5, F6, and F27, which
form hydrophobic scaffolds to embed detergent molecules. The exact structure of the
tetramer (7PDC) is documented in another paper written by the same group of authors.

The LL-37 tetramer structure was also obtained with DPC micelles and modeled
using a crystallization technique (7PDC) [209]. The tetramer is made by two asymmetric
dimers, each containing two antiparallel monomers (Figure 4A). This structure is a narrow
tetrameric channel with a 4 nm length, and its monomers are similar to those in the DPC
dimers (5NNT) and the DPC monomer (5NMN). Disordered residues are observed at both
termini, leaving a well-defined helical region between residues 6 and 30. However, the
dimer structure seen in this tetramer is very different from the dimers described above,
and the new structure seems to provide a better structural fit. The tetramer appears to
be asymmetrical, but the structure does form a continuous and positively charged inner
cavity. As a result of this asymmetric structure, there exist three interfaces, with one
being hydrophobic and the others being charged and polar (Figure 4B). These interfaces
are stabilized by salt bridges and hydrophilic contacts. The authors also suggested that
the influence of the three interfaces might be the cause of this unique conformation, as
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opposed to being caused by detergents like the dimers described above. In the center of
the tetramer, there is a chlorine ion trapped by two R23 residues and coordinated by two
water molecules. The core itself is stabilized by many hydrogen bond interactions as well
as 15 water molecules that are also found within the channel, while no water molecules are
present in the surrounding of the tetramer. The authors also noted two aromatic grindles on
the tetramer, each formed by two F17 and two F27 residues, which indicate the membrane
integration potential of this structure. With follow-up tests, the presence of this tetramer in
membrane-like environments is confirmed in the paper, as well as the conductivity of the
channel to pass molecules into cells.

Figure 4. The structures of LL-37 tetramer. (A) LL-37 tetramer structure in DPC micelles (7PDC).
(B) The three interfaces of the tetramer, with the first one being hydrophobic and the other
two being polar.

7. LL-37 Derivatives
7.1. Core Peptide and Related Fragments

Because LL-37 has been studied extensively in the past two decades, its original
structure and the structures of its many derivatives have been explored in great detail.
One of the first derivatives that draws a lot of attention is its core peptide, LL-3717-29.
The core peptide is 13 residues long, and it is referred to in such a way because it was
thought at the time to be the smallest fragment that exhibits AMP properties [210]. Li
et al. studied the structure of the LL-37 core peptide with solution NMR under a 298 K
temperature 5.4 pH and using both D8PG and deuterated SDS as detergents (2FBS). The
structure obtained is an amphipathic alpha helix, which appears to be the same under the
two detergent environments (Figure 5A). The authors found that about half of the residues
are located on the hydrophobic surface, while the other half are on the hydrophilic one.
For the hydrophilic surface, it is evident that the positively charged residues dominate the
region, just like in many other LL-37 structures, and this suggests that the peptide is more
ideal for targeting negatively charged membranes. The authors also noted an analogical
structure to the core peptide, aurein 1.2, which also has antimicrobial and anticancer
properties. By studying these two peptides along with a bacterial membrane anchor, the
authors proposed that hydrophobic clusters that involve aromatic rings might be crucial
for membrane binding. Apart from the core peptide, the article also reported two other
derivatives of LL-37, which are the N-terminal fragment (LL-37;_17) and the C-terminal
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fragment (LL-3713_37). The N-terminal fragment (2FBU) obtained appears to be disordered
for the most part, with only a one-turn helix covering residues 3-7 present (Figure 5B). For
this peptide, only 62% of the backbone angles are located in the most favored region, in
contrast to the result of 100% for the core peptide. The backbone angles in the less favored
region are located in the disordered region, namely residues 8-12. The authors also focused
on the hydrophobic clusters that involve aromatic-aromatic interaction, just like that noted
in the core peptide. It was found that a single hydrophobic cluster created by the aromatic
rings on P5 and P6 as well as the side chain of L2 leads to the poor hydrophobicity of the
peptide, which could be the reason for this fragment’s poor AMP and anticancer ability.
In addition to that, this cluster may also play a role in the oligomerization of LL-37, as
described in the last section. The C-terminal fragment (2FCG) contains a well-defined
alpha-helical structure between residues 17-29, corresponding perfectly to the core peptide
(). The rest of the fragment, residues 13-16 and 30-37, appears to be disordered, and their
backbone angles are also located in less favored regions similar to that of the N-terminal
fragment. A weaker AMP ability of this fragment compared to the core peptide and the
whole peptide was also noted, which may as well be a result of the interference of this
poorly defined region with membrane binding.

Figure 5. The structures of LL-37 core peptide and other fragments. (A) LL-37 core peptide structure
in D8PG and deuterated SDS (2FBS). (B) LL-37 N-terminal fragment structure in DSPG and deuterated
SDS (2FBU). (C) LL-37 C-terminal fragment structure in D8PG and deuterated SDS (2FCG).

Li et al. also reported the structure of the retro core peptide of LL-37 (2E3A) [216],
which was investigated as an analog of aurein 1.2. Obtained in the presence of SDS
and D8PG, the structure appears to be alpha-helical with a well-defined helix covering
residues 2-12 (Figure 6A). Similar to all LL-37 related peptides, the retro core peptide is
also amphipathic with hydrophobic residues on one side and hydrophilic residues on the
other. One interesting feature of this peptide is that the aromatic rings on residues F3
and F13 are located in the same chemical environment in SDS and D8PG. Because F13
penetrates the micelles deeper than F3 and the NOE pattern of F3 is similar to what is found
in bacterial membrane anchors, it was concluded that F3 might also be serving the same
purpose in this case. Engelberg and Landau further explored the structure of fibrils formed
by LL-37 core peptides (656M) using crystallization techniques [7,217]. In a detergent-free
environment with sodium acetate used as salt, the core peptides assemble into a densely
packed hexameric fibrous structure with a central pore, composed of numerous four-helix
bundles as the building unit (Figure 6B,C). These bundles, each containing a hydrophobic
core that provides stabilization for the structure, are highly positively charged. The polar
interactions between the bundles, especially the salt bridge formed by adjacent helices,
allow the formation of the hexameric fibrils. The resulting fibrils are found to be highly
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stable and are capable of interacting with bacterial membranes. In another article, Engelberg
et al. also reported a mutant of the core peptide, 124C (7NPQ) (Figure 6D) [8,218]. This
mutant is found initially as dimers connected by a disulfide bond at the C24 residue, but
they can further assemble to form fibrils using a network of interaction, particularly salt
bridges, as a stabilizing factor. The fibrils contain a hydrophobic core, which extends
through the structure.

A

Figure 6. The structures of LL-37 core peptide variations. (A) LL-37 retro core peptide structure in
D8PG and SDS (2F3A). (B) LL-37 core peptide fiber structure, viewed from the top (656M). (C) LL-37
core peptide fiber structure, viewed from the side (6S6M). (D) LL-37 core peptide 124C mutant
structure in sodium acetate (7NPQ).

7.2. KR-12 Based Peptides

KR-12 (LL-3718.29) is one of the most important derivatives of LL-37 because of its
outstanding AMP properties and low toxicity to human cells. Gunasekera et al. studied the
structure of KR-12 (2NA3) and retro KR-12 (2NAL) using solution NMR with lysophos-
phatidylglycerol and SDS as the detergents [211]. KR-12 is in the form of an alpha helix,
with a clear helical structure between residues 3-11 (Figure 7A). Like the other peptides,
KR-12 has the charged and hydrophilic residues on one side and the hydrophobic ones on
the other, while having a net positive charge. The overall structure is not much different
from the core peptide, which is only one residue more than KR-12. However, it was noticed
that KR-12 can form cyclic dimers that possess enhanced AMP ability, although the dimer
structure was not reported on the PDB. The retro KR-12, being simply the reverse of KR-12,
shows a very similar structure to the KR-12 structure (Figure 7B). The only noticeable
difference between the two is the marginally decreased AMP ability seen in retro KR-12
compared to KR-12. Yun et al. also found an analog of KR-12 (6M0QY) in another article,
which may have the potential to become a cosmetic product [219].
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Figure 7. The structures of LL-37 derivative KR-12. (A) LL-37 KR-12 structure in lysophosphatidyl-
glycerol and SDS (2NA3). (B) LL-37 retro KR-12 structure in lysophosphatidylglycerol and SDS
(2NAL).

8. Solid-State NMR Studies on the Mechanism of Membrane Disruption by LL-37

A complete understanding of the function of an antimicrobial peptide can only be
accomplished by determining the atomic-resolution three-dimensional structure, dynamics,
and membrane folding/topology of the peptide in a lipid membrane environment. A
detergent micelle is not a suitable membrane mimetic to study antimicrobial peptides
because of the following reasons: (i) it does not have an appropriate hydrophobic membrane
core to enable native folding of the hydrophobic domains (like the transmembrane domain)
of the peptide, and (ii) its curvature can distort the overall shape of the amphipathic
structural regions, such as by bending the helix. In addition, the absence of native-like lipid—
peptide interactions both with the head groups and hydrophobic acyl chains is unlikely
to allow the self-assembly of peptides and oligomer formation to occur. Therefore, it is
essential to use a better membrane mimetic. A lipid bilayer is considered to be a better
mimetic, and the feasibility to alter the lipid /membrane composition to mimic bacterial
versus mammalian cell membrane is an added advantage. Since lipid bilayers are fluid
and dynamic but an isotropic phase, they pose challenges for atomic-resolution structural
studies. On the other hand, solid-state NMR techniques are well-suited to studying such
dynamic systems [220-225].

Solid-state NMR is a technique used to determine the structure and dynamics of a
variety of solids and semi-solids (examples include liquid crystalline systems), and it is
an ideal approach to investigate biological membranes that are difficult to study with
other biophysical techniques like solution NMR or crystallization techniques [226-230].
In the case of LL-37, solid-state NMR experiments were used to determine the backbone
conformation, dynamics, and membrane orientation in order to determine the mechanism
of lipid membrane disruption by LL-37. The cell membrane disruption process by a peptide
or protein has been broadly defined using three possible mechanisms: the barrel-stave,
detergent-like, and toroidal-pore mechanisms. Henzler-Wildman et al. used synthetic LL-37
peptides selectively labeled with >N and /or 13C isotopes and model membranes composed
of a combination of synthetic lipids [212]. The backbone conformation of LL-37 associated
with a lipid bilayer was found to be helical using '3C CP-MAS (cross-polarization magic
angle spinning) solid-state NMR experiments, which was found to be in excellent agreement
with CD experiments. Then, using static cross-polarization solid-state NMR experiments
performed on mechanically aligned lipid bilayers containing site-specifically 1*N-labeled
LL-37, the helix was found to be oriented nearly parallel to the bilayer surface (or nearly
perpendicular to the bilayer normal) (Figure 8). This observation ruled out the barrel-stave
mechanism of membrane disruption for which the peptide should be assembled to form
channel-like structures with the helical axis oriented parallel to the bilayer normal (or
transmembrane topology). Then, to measure the LL-37-induced perturbation of the lipid
bilayer structure, static 3'P NMR experiments were carried out on mechanically aligned
lipid bilayers and also on multilamellar vesicles. The observed 3!P NMR spectra revealed
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the absence of isotropic peaks that would arise from the peptide-induced fragmentation and
formation of any small “micellar-like” lipid aggregates, which ruled out a detergent-like
membrane of membrane disruption. The observed aligned, anisotropic 3'P NMR spectral
line shapes were consistent with a carpet/toroidal-type mechanism in which the bilayer
surface association of LL-37 disrupted the head group region of lipids. Differential scanning
calorimetry (DSC) experiments revealed LL-37’s ability to induce positive curvature on
the lipid bilayer, which is indicative of a toroidal pore-type mechanism. Taken together,
these NMR and DSC experimental results indicated that a toroidal pore-type membrane
disruption is the likely possibility. Mechanisms of membrane interaction and disruption by
LL-37 have also been investigated by other approaches [86,110,214,231-236].

K15 D26

F17 124

Figure 8. Cartoon showing the orientation of helical LL-37 peptide with respect to the lipid bilayer.
As mentioned in the text, magic angle spinning (MAS) solid-state NMR of LL-37 reconstituted in a
lipid bilayer, solution NMR of LL-37 in detergent micelles, and circular dichroism (CD) experiments
on micelles or lipid vesicles containing LL-37 revealed the amphipathic helical structure of LL-
37 [109,207] The use of static solid-state NMR experiments on mechanically aligned lipid bilayers
containing 15N-labeled LL-37 rendered the in-plane orientation of the peptide [212]. The figure is
reprinted with copyright permission from Ref. [212].

To investigate the mechanism by which LL-37 perturbs the hydrophobic core of the
lipid bilayer, a series of static 2H solid-state NMR and DSC experiments were carried out
on lipid vesicles [237]. The 2H quadrupole couplings measured from 2H-labeled lipids
were used to determine an LL-37-induced disorder of the acyl chains of lipids. The peptide-
induced disorder of the hydrophobic core of the lipid bilayer was found to be maximal
for the lower-order carbons of the lipid acyl chains. These results along with the above-
mentioned NMR findings confirmed that amphipathic helices of LL-37 associate with the
lipid bilayer surface through electrostatic interactions and inserts into the hydrophobic
region of the membrane stabilized via hydrophobic interactions with lipid acyl chains.
These interactions act together to cause membrane disruption (Figure 9). Further evidence
showed that LL-37 insertion also alters the material properties of the membrane and that
the order of the bilayer influences the depth of the insertion, as well as the effectiveness of
the disruption.
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Figure 9. Cartoon showing the insertion of LL-37 helices into the lipid membrane bilayer with
the hydrophobic region of the helix shown as shaded [237]. In addition to the solid-state NMR
experiments used to determine the membrane orientation of LL-37 (see Figure 8), 2H solid-state
NMR experiments on vesicles containing deuterated lipids and LL-37 were used to determine the
peptide-induced disorder of the acyl chains of lipids, as shown [237]. The figure is reprinted with
copyright permission from Ref. [237].

9. Influence of LL-37 on Amyloid Aggregation

With many properties of LL-37 being uncovered over the past decades, its interactions
with amyloid 3 (Af) have also been investigated. Studies have reported the misfolding,
aggregation, oligomer formation, and fibril formation of an intrinsically disordered peptide
A [238]. These properties of A3 have been shown to be associated with the pathogenesis
of Alzheimer’s disease (AD). Studies have reported the aggregation-induced oligomer
formation and membrane-disrupting properties of A3 peptides [239-250]. Studies have
also reported the interaction between beta-amyloid and LL-37 peptides [205]. In addition,
recent studies have also reported neuroinflammation and a variety of in vivo properties of
LL-37 [251,252]. De Lorenzi et al. explored the possible influence of LL-37 on the amyloid
aggregation of the A342 isomer [205]. Through surface plasmon resonance imaging (SPRi)
in vitro experiments, De Lorenzi et al. found evidence showing that LL-37 binds specifically
to AP. Transmission electron microscopy (TEM) analysis of the aggregates showed that
LL-37 inhibits A342’s ability to form amyloid fibril structures, which is associated with the
pathogenesis of AD. Circular dichroism (CD) spectroscopy also showed that LL-37 directly
interacts with AP42 to prevent the formation of a 3-sheet secondary structure and therefore
the fibril formation. It was also found that when allowed to interact with each other, the
toxicities of LL-37 and A 42 to neurons were both significantly reduced. Based on these
findings, it is proposed that the AD pathogenesis may be associated with the expression of
LL-37 and its balance with A(342. As De Lorenzi et al. pointed out, this finding only marks
the starting point of research regarding the interaction between LL-37 and A[342. More
investigations and evidence are needed to fully understand this relationship between the
two peptides (Figure 10).
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LL-37 cathelicidin peptide:
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES

AB42 pro-amyloid peptide:
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Blue: positively charged; Red: negatively charged; Purple:
aromatic hydrophobic; Green: aliphatic hydrophobic

Figure 10. Amino acid sequences of LL-37 and A4, with charges and aromatic and aliphatic amino
acids identified.

A 37-residue human hormone amylin (also called IAPDP, islet amyloid polypeptide)
aggregates to form amyloid fibrils in the pancreatic islet cells [253-256]. The self-assembly
of IAPP results in the formation of oligomeric intermediates that are shown to exhibit
major cell toxicity. Therefore, there is significant interest in the development of inhibitors of
IAPP’s aggregation [257-261]. Remarkably, nanomolar affinity of LL-37 binding with [APP
(islet amyloid polypeptide) has been shown to effectively suppress the amyloid aggregation
of IAPP and its cell toxicity [207].

10. Summary and Future Directions

There is considerable interest and an urgent need for the development of novel com-
pounds to overcome the increasing bacterial resistance. While antimicrobial peptides
have been thought to be promising candidates, and significant research progress has been
reported towards understanding their mechanisms of action, there are very few peptide-
based compounds that have successfully become pharmaceutical compounds. On the other
hand, studies have explored other types of biological activities for AMPs. For example, the
only type of cathelicidin-derived AMP in humans, LL-37, has drawn much attention due
to its numerous biological activities, including antimicrobial activities, LPS-neutralizing
activities, and modulation of immune and inflammatory pathways [262-266]. While LL-
37’s mechanisms of antibacterial activity have been reasonably well investigated through
biophysical studies, further studies to better understand its other biological roles, such as
its effects on immune system function, are essential to fully exploit its potential therapeutic
applications and side effects. In addition, LL-37’s interference with other biological pro-
cesses such as protein misfolding and aggregation and biocondensation is an exciting area
for future research. In particular, further studies to fully understand the effects of LL-37 on
the molecular processes underlying amyloid aggregation, membrane disruption, oligomer
formation, and neuronal cell toxicity associated with the pathology of Alzheimer’s disease
would be useful.
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Abstract: Rattusin, an x-defensin-related antimicrobial peptide isolated from the small intestine of
rats, has been previously characterized through NMR spectroscopy to elucidate its three-dimensional
structure, revealing a C2 homodimeric scaffold stabilized by five disulfide bonds. This study aimed
to identify the functional region of rattusin by designing and synthesizing various short analogs,
subsequently leading to the development of novel peptide-based antibiotics. The analogs, designated
as F1, F2, F3, and F4, were constructed based on the three-dimensional configuration of rattusin,
among which F2 is the shortest peptide and exhibited superior antimicrobial efficacy compared to the
wild-type peptide. The central cysteine residue of F2 prompted an investigation into its potential to
form a dimer at neutral pH, which is critical for its antimicrobial function. This activity was abolished
upon the substitution of the cysteine residue with serine, indicating the necessity of dimerization for
antimicrobial action. Further, we synthesized 3-hairpin-like analogs, both parallel and antiparallel,
based on the dimeric structure of F2, which maintained comparable antimicrobial potency. In contrast
to rattusin, which acts by disrupting bacterial membranes, the F2 dimer binds directly to DNA,
as evidenced by fluorescence assays and DNA retardation experiments. Importantly, F2 exhibited
negligible cytotoxicity up to 515 ug/mL, assessed via hemolysis and MTT assays, underscoring its
potential as a lead compound for novel peptide-based antibiotic development.

Keywords: antimicrobial peptide; rattusin; antibiotics; DNA binding; cytotoxicity

1. Introduction

The discovery of antibiotics marked a revolution in medical treatment, offering a
means to effectively combat bacterial infections through various mechanisms, such as the
inhibition of cell wall synthesis by penicillin and vancomycin [1,2], DNA synthesis by
rifampicin, and protein synthesis by streptomycin [3-5]. These antimicrobial agents have
saved countless lives and are critical to modern medicine. However, the widespread and
often indiscriminate use of antibiotics has led to an unintended consequence: the emergence
and proliferation of antibiotic-resistant bacteria. These bacteria have evolved through mech-
anisms such as the modification of target molecules, the enzymatic degradation or alteration
of antibiotics, and changes in membrane permeability to evade the effects of antibiotics.
The rise of antibiotic-resistant strains, such as vancomycin-resistant Enterococcus (VRE) [6,7],
methicillin-resistant Staphylococcus aureus (MRSA) [8,9], and multidrug-resistant Acineto-
bacter baumannii (MRAB) [10,11], represents a growing public health crisis, with infections
from resistant strains leading to increased morbidity and mortality rates worldwide.

The escalating challenge of antibiotic resistance has spurred a global effort to discover
new antimicrobial strategies that can circumvent these resistance mechanisms. In this
context, antimicrobial peptides (AMPs) have emerged as a particularly promising avenue
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of research [12,13]. AMPs, a diverse class of molecules integral to the innate immune
systems of all life forms, exhibit broad-spectrum activity against bacteria, viruses, fungi,
and even cancer cells [14-16]. Their mode of action, typically involving the disruption of
microbial membranes through electrostatic interactions, differs fundamentally from that
of traditional antibiotics, thus offering a potential solution to the problem of resistance.
Moreover, AMPs are less likely to induce resistance due to their mechanism of action and
the high cost to the organism of altering membrane composition [17-19].

Recent advances in genomics, proteomics, and computational biology have enabled
the identification and characterization of AMPs from a wide range of organisms, from
humans to plants and insects [20-22]. This has led to the development of novel AMPs
through bioengineering and synthetic chemistry, aimed at enhancing their stability, efficacy,
and specificity while reducing toxicity toward human cells [23,24]. The design of shorter
peptides by identifying and optimizing the active regions of naturally occurring AMPs has
become a focal point of this research. Shorter peptides not only offer practical advantages
in terms of synthesis and cost but also often exhibit improved antimicrobial activity and
reduced immunogenicity [25-27].

Rattusin, an x-defensin-related antimicrobial peptide isolated from the rat small in-
testine, stands at the forefront of this research [28]. The defensins, to which rattusin is
related, represent a well-studied class of AMPs noted for their potent antimicrobial activity
and role in mammalian innate immunity. The unique structure of rattusin, a C2 homod-
imeric scaffold formed by five disulfide bonds, contributes to its antimicrobial properties,
which include activity against a broad spectrum of pathogens, such as Gram-negative and
Gram-positive bacteria, and notably, strains resistant to conventional antibiotics. Previous
studies have elucidated the three-dimensional structure of rattusin via NMR spectroscopy,
providing a blueprint for the design of analogs with potentially enhanced antimicrobial
properties [29,30].

Building on these foundations, the current study seeks to explore the functional
regions of rattusin by employing a strategy of sequence dissection and analog design. By
focusing on the hairpin loop region, we have identified a peptide fragment that not only
demonstrates enhanced antimicrobial efficacy compared to the wild-type peptide but also
exhibits significantly lower cytotoxicity toward mammalian cells. These findings highlight
the potential of rattusin derivatives as a new class of peptide-based antibiotics, offering
hope in the fight against antibiotic-resistant bacterial infections.

2. Materials and Methods
2.1. Materials and Reagents

The materials used included Rink amide 4-methylbenzhydrylamine (MBHA) resin,
9-Fluorenylmethoxycarbonyl (Fmoc) amino acids and amide resin (GL Biochem, Shang-
hai, China), 1-hydroxybenzotriazole (HOBt), Diisopropylcarbodiimide (DIC), Trifluo-
roacetic acid (TFA, Sigma Aldrich, St. Louis, MO, USA), HPLC grade Acetonitrile (ACN,
Merck, Darmstadt, Germany), 1,2-Ethanedithiol (EDT), Thioanisole, Dichloromethane
(DCM, DAEJUNG, Siheung-si, Republic of Korea), N,N-dimethylformamide (DMF, DAE-
JUNG, Siheung-si, Republic of Korea), Sodium phosphate (NaH,;POy4, Nay;HPOy), Pep-
tone, NaCl (JUNSEI, 4-4-16 Nihonbashi-honcho, Chuo-ku, Tokyo, Japan), Phosphate
buffer saline (PBS), N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES),
o-nitrophenyl-p-galactoside (ONPG), Dimethyl sulfoxide (DMSO), 3-(4,5-dimethlythiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT Sigma Aldrich, St. Louis, MO, USA), Dulbecco’s
modified eagle medium (DMEM, Gibco, Waltham, MA, USA), Fetal bovine serum (FBS,
Capricorn, Shanghai, China), 2,2,2-trifluoroethanol (TFE), 3,3 -Dipropylthiadicarbocyanine
iodide (DiSC3-(5)), and Fluorescein isothiocyanate (FITC, Sigma Aldrich, St. Louis, MO, USA).

2.2. Peptide Synthesis

Rattusin analogs were synthesized using the solid-phase peptide synthesis (SPPS)
method. The Fmoc-Rink Amide resin capacity was approximately 0.6-0.7 mmol/g, and
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the synthesis was conducted on a 0.1 mmol scale. A 20% solution of piperidine in N,N-
dimethylformamide (DMF) served as the deprotecting agent to remove the Fmoc protecting
group, while dichloromethane (DCM) and DMF were employed for resin washing steps.
The amino acid coupling reaction was facilitated by 1-hydroxybenzotriazole (HOBt) and
diisopropylcarbodiimide (DIC), each used at two equivalents (eq), and the reaction was
allowed to proceed for 2 to 3 h. Following peptide synthesis, cleavage of the peptide from
the resin and deprotection of sidechain protecting groups were achieved using a cleavage
cocktail of trifluoroacetic acid (TFA), water, thioanisole, and 1,2-ethanedithiol (EDT) in a
volume/volume ratio of 87.5:5:5:2.5 at room temperature. The crude synthetic peptide was
subsequently lyophilized and stored at —20 °C until purification.

2.3. HPLC and LC-MS Analysis

The synthesized peptides were purified by reversed-phase high-performance liquid
chromatography (RP-HPLC, Shimadzu, Kyoto, Japan) using a Shim-pack C18 column
(20 mm x 250 mm, 5 pm particle size) with detection at 230 nm using a UV detector. The
mobile phases consisted of 100% H,O with 0.05% trifluoroacetic acid (TFA) as solvent A
and 100% acetonitrile (ACN) with 0.05% TFA as solvent B. The molecular weight and purity
of the purified peptides were determined using liquid chromatography—mass spectrometry
(LC-MS, API2000, AB SCIEX, Framingham, MA, USA).

2.4. Disulfide Bond Formation

The rattusin fragments F2, F4, F2-AH, and F2-PH contain one or two cysteine residues
that can form a disulfide bond. The F2 peptide was incubated in 50 mM sodium phosphate
buffer (pH 7) for 24 h at 4 °C. Similarly, the F2-AH and F2-PH peptides were refolded by air
oxidation to form intramolecular disulfide bonds under the same conditions. The reaction
progress was monitored using liquid chromatography-mass spectrometry (LC-MS) and
quenched by the addition of trifluoroacetic acid (TFA).

2.5. Antimicrobial Activity

The minimal inhibitory concentrations (MICs) of the peptides were determined fol-
lowing the broth microdilution method recommended by the Clinical and Laboratory
Standards Institute (CLSI). Briefly, bacteria in their mid-logarithmic growth phase were
diluted in Mueller-Hinton broth (MHB) (Difco, Franklin Lakes, NJ, USA) and aliquoted
into a 96-well microtiter plate at a density of 4 x 10° CFU/well. The assay included both
Gram-negative bacteria (Escherichia coli, Salmonella typhimurium, and Pseudomonas aerugi-
nosa) and Gram-positive bacteria (Bacillus subtilis, Staphylococcus aureus, and Staphylococcus
epidermidis), as well as methicillin-resistant Staphylococcus aureus strains (MRSA: CCARM
3089, CCARM 3090, CCARM 3095). The samples were subjected to a two-fold serial di-
lution before being added to the wells, and the plate was incubated at 37 °C for 24 h.
The MIC was defined as the lowest peptide concentration that prevented visible bacterial
growth. All experiments were conducted in triplicate and included appropriate growth
and sterility controls.

2.6. Membrane Depolarization Assay

The cytoplasmic membrane depolarization activity of the peptides was assessed using
the membrane-potential-sensitive dye DiSC3-(5), following methodologies previously
described in the literature. Staphylococcus aureus was cultured in Luria—Bertani (LB) broth
at 37 °C until reaching an optical density (O.D.) at 600 nm of 0.3-0.4, indicative of mid-
logarithmic phase growth. The cells were then washed with a buffer containing 20 mM
glucose and 5 mM HEPES, and the cell suspension was diluted to an O.D. 600 of 0.05 in
the same buffer. Potassium chloride (KCI) was added to achieve a final concentration of
100 mM to equilibrate potassium ion levels. The concentrations used for each peptide in
our membrane depolarization assays were based on their respective MICs: 32 uM for F2,
4 uM for Melittin, and 16 uM for Buferin-2.
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Fluorescence was monitored using an F-4500 FL fluorescence spectrophotometer
(Shimadzu, Kyoto, Japan) with excitation and emission wavelengths set at 622 nm and
670 nm, respectively. Melittin, known for its membrane-disrupting properties, served as a
positive control, while buforin-2, which translocates across membranes without causing
depolarization, acted as a negative control. Both melittin and buforin-2 were tested at
concentrations twice their minimal inhibitory concentration (MIC) levels.

2.7. SYTOX Green Uptake Assay

The membrane permeabilization activity of the peptides was determined using the
SYTOX Green uptake assay, as described previously. S. aureus was cultured in LB broth
at 37 °C until it reached an optical density (O.D.) at 600 nm of 0.4, indicative of the mid-
logarithmic phase. The cells were then washed and diluted to an O.D. 600 of 0.05 using
1x PBS buffer. The dye (SYTOX Green nucleic acid stain) was added to the bacterial
suspension at a concentration of 1 mM, and the mixture was incubated at 4 °C for 18 h
with agitation in the dark. The SYTOX Green-treated bacteria were placed in a quartz cell,
where they were simultaneously exposed to the positive control melittin (2x MIC), the
negative control buforin-2 (2x MIC), and the F2 dimer (2 x MIC). An F-4500 FL fluorescence
spectrophotometer (Shimadzu, Kyoto, Japan) was used to monitor fluorescence (excitation
485 nm, emission 520 nm).

2.8. ONPG Hydrolysis Assay

The internal membrane permeability was assessed using the ONPG hydrolysis assay,
as described previously. E. coli ML-35p, which constitutively expresses cytoplasmic (3-
galactosidase and periplasmic (3-lactamase, is resistant to ampicillin and deficient in lactose
permease. E. coli ML-35 was incubated in LB broth containing ampicillin at 37 °C until
the optical density (O.D.) at 600 nm reached 1.0. The cells were then washed with a buffer
consisting of 97% 1x PBS and 3% LB and diluted to an O.D. 600 of 0.4 in the same buffer. A
mixture of 50 uL of serially diluted peptide and 20 uL of dye (ONPG, final concentration
3 mM) was added to 100 pL of the bacterial suspension in a sterilized 96-well plate. Melittin
served as a positive control, while buforin-2 was used as a negative control. The hydrolysis
of ONPG was measured using a PHOMO Elisa reader (Autobio, Zhengzhou, China) at
405 nm for each time period.

2.9. DNA-Binding Assay

We evaluated the DNA-binding ability of F2 and F2 (C4S) monomeric peptides using
gel retardation experiments. The concentration of plasmid DNA (pHIS2) was fixed at
145 pg/mL. The peptide was serially diluted in a binding buffer consisting of 10 mM
Tris-HCI (pH 8.0), 5% glucose, 50 pg/mL BSA, 1 mM EDTA, and 20 mM KCI. This solution
was then mixed with the DNA and incubated at 37 °C for 1 h. After incubation, the DNA-
peptide mixture was stained with DNA gel loading dye. The samples were analyzed using
1% agarose gel electrophoresis in 0.5 x TAE buffer. Plasmid bands were detected with a UV
illuminator (Bio-Rad, Hercules, CA, USA).

2.10. Hemolysis Assay

Sheep red blood cells (RBCs) were used to assess the hemolytic activity of F2. Fresh
blood was gently washed with 1x PBS and centrifuged for 5 min at 3000 rpm to obtain
purified RBCs, which were then resuspended in 1x PBS to achieve a 4% RBC solution.
Each well of a sterilized 96-well plate received 100 uL of the serially diluted peptide and
4% RBCs, and the mixture was incubated at 37 °C for 1 h at 60 rpm. Subsequently, the
plates were centrifuged at 1200 rpm for 5 min, and the supernatant was transferred to a
new 96-well plate. The absorbance of the transferred supernatant was measured at 405 nm
using a PHOMO Elisa reader (Autobio, China). The hemolytic activity was calculated as the
percentage of hemolysis, determined by subtracting the absorbance of the negative control
(containing only PBS buffer) from the absorbance of the peptide-treated samples. This
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F3

(residues 22-31)

value was then divided by the result obtained by subtracting the absorbance of the negative
control from the absorbance of a 1% Triton X-100 solution, which served as a positive
control indicating 100% hemolysis. The final value was multiplied by 100 to express the
hemolytic activity as a percentage.

2.11. MTT Assay

An MTT assay was performed to evaluate cytotoxicity. Normal cells (Hs68) and cancer
cells (HeLa) were each seeded in sterile 96-well plates using a 150 pL mixture of DMEM
and 10% FBS and cultured for 24 h at 37 °C in a 5% CO, atmosphere. Serial dilutions
of the F2 dimer were administered to the cultured cells, which were then incubated for
an additional 24 h. Subsequently, 20 pL of MTT solution (5 mg/mL in PBS buffer) was
added to each well, and the plates were incubated for 4 h at 37 °C before the media were
removed. The precipitated MTT formazan crystals were dissolved in 100 uL. of DMSO
for 5 min. Absorbance at 550 nm was measured using a PHOMO Elisa reader (Autobio,
China). Cell viability was calculated by dividing the absorbance value (A550) of cells treated
with the peptide by that of cells treated with buffer only, and the result was expressed as
a percentage.

3. Results
3.1. Design of Rattusin Fragments

Rattusin is characterized by its homodimeric structure, which is stabilized by five
disulfide bonds, yet it exhibits relatively low antimicrobial activity considering the com-
plexity of its structure. To pinpoint the functional region and identify the minimal peptide
fragment derived from rattusin, we segmented the rattusin sequence into four distinct
fragments: F1, F2, F3, and F4, as illustrated in Figure 1.

F2 (residues 12-18)
Peptides Primary sequences Schematic diagram
F4 1 = El}
S S
" Rattusin 2CSC CIRL $s S $s
(residues 7-23) N ,
F1 LRVRRTLQ 1 s
2 18
F2 RRVCRNT _i_
12 18
F3 IRLSRSTYAS 2 31
7 23
F4 LOCSCRRVCRNTCSCIR S§ E § 55 55
23 7
F2 (C15S) RRVSRNT g, 18
2 18
F2-AH RRVCRNTRRVCRNT b
18 12
F1 12 18
F2-PH RRVCRNTTNRCVRR 3

(residues 1-8)

Figure 1. The design and sequences of rattusin fragments based on its three-dimensional structure.
(a) The identification of fragment regions in the rattusin structure, with F1 (residues 1-8), F2 (residues
12-18), F3 (residues 22-31), and F4 (residues 7-23) highlighted in the full rattusin tertiary structure.
The N-terminus (N) and C-terminus (C) are indicated for each fragment. (b) The primary sequences
of the rattusin fragments alongside schematic diagrams representing the amino acid sequences and
positions. Each fragment is depicted with its corresponding segment of the rattusin molecule, with
disulfide bonds illustrated by lines connecting the cysteine residues.

F1 corresponds to the N-terminal segment, spanning residues 1 to 8 (8-mer). F2
encompasses the dimeric hairpin loop region, which includes residues 12 to 18 and features
a cysteine at position 15 (7-mer). F3 comprises the C-terminal segment, covering residues
22 to 31 (10-mer). F4 represents the dimeric core region, which is refolded by five disulfide
bonds and comprises residues 7 to 23 (17-mer). Additionally, we synthesized the F2
(C15S) peptide, which was designed to prevent dimerization by substituting the cysteine
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at position 15. Furthermore, to elucidate the impact of F2 dimerization on its activity, we
designed analogs of the F2 dimer: the antiparallel hairpin-like F2 (F2-AH) and the parallel
hairpin-like F2 (F2-PH).

3.2. Preparation of Rattusin Fragments

Peptide fragments derived from the dimeric structure of rattusin were synthesized
using solid-phase peptide synthesis (SPPS). Following synthesis, they were purified by RP-
HPLC and characterized by LC-MS. Fragments F2, F4, F2-AH, and F2-PH, which contain
either intra- or inter-disulfide bonds, underwent air oxidative refolding processes to achieve
their oxidized forms. The purity of these peptides was confirmed to be greater than 95%, as
evidenced by HPLC and LC-MS analyses (Table S1 and Figure S1).

3.3. Antimicrobial Activity of Fragments

The antimicrobial activities of the four fragments (F1, F2, F3, and F4) were initially
evaluated against E. coli and S. aureus, with comparisons made to the activity of rattusin
(Table 1). The MIC values obtained were consistent across all replicates, showing no
deviations. The minimum inhibitory concentration (MIC) for rattusin was established
at 58 pug/mL. Notably, F3 exhibited no antimicrobial activity at concentrations up to
590 pug/mL.

Table 1. Comparative minimal inhibitory concentrations (MICs) of rattusin and derived fragments
against E. coli and S. aureus (ug/mL).

Bacteria Rattusin F1 F2 F3 F4
Escherichia coli 58 67 15 >590 32
Staphylococcus aureus 117 >500 58 >590 64

In contrast, F1 and F4 demonstrated MIC values that were either comparable to
or slightly lower than that of rattusin. Remarkably, F2 displayed an MIC of 15 ug/mL,
indicating antimicrobial activity fourfold greater than that of rattusin.

To elucidate the detailed structure-activity relationships of F2, we designed, synthe-
sized, and tested various F2 analogs for their antimicrobial activity against nine different
bacterial strains, including MRSA (Table 2). Among these, the F2 (C15S) variant, unable to
form a dimer due to the absence of a cysteine residue, showed no antibacterial activity up to
an MIC of 227 ug/mL. This observation underscores the critical role of dimer formation in
the antimicrobial efficacy of F2. Furthermore, we developed the F2-AH and F2-PH analogs,
characterized by continuously connected F2 sequences. Both analogs exhibited MIC values
of 15 ug/mlL, equivalent to that of the F2.

Table 2. MICs of F2 derivative peptides against Gram-negative and Gram-positive bacteria, including
methicillin-resistant S. aureus (MRSA) (ug/mL).

Bacteria F2 F2 (C15S) F2-AH F2-PH
Gram-negative
Escherichia coli 15 >227 15 15
Salmonella typhimurium 15 >227 15 15
Pseudomonas aeruginosa 15 >227 15 15
Gram-positive
Staphylococcus aureus 58 >227 29 29
Bacillus subtilis 29 >227 29 29
Staphylococcus epidermidis 15 >227 15 15
MRSA
CCARM 3089 58 >114 29 29
CCARM 3090 116 >114 29 58
CCARM 3095 58 >114 58 29
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3.4. Membrane Depolarization

The examination of peptide-induced membrane permeabilization in intact S. aureus
cells utilized the membrane-potential-sensitive dye DiSC(3)-5. This dye accumulates
in the cytoplasmic membrane under normal membrane potential conditions, leading to
fluorescence self-quenching. Membrane potential disruption causes the dye to disperse into
the surrounding buffer, resulting in an elevated fluorescence intensity. The antimicrobial
peptide melittin, known for membrane disruption, served as a positive control, whereas
buforin-2, which does not interact with the membrane, functioned as a negative control.

The initial strong quenching of DiSC(3)-5 fluorescence indicated the dye’s accumu-
lation within the membrane. Following a stabilization period of 300 s, peptides were
introduced (as indicated by an arrow in Figure 2), introducing a variable to the experiment.
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s .
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] —_— F2
] — Melittin
™ - Buforin-2
iy - : i '
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0 200 . 400 600 800
DiSC(3)-5 Peptide
Time (sec)

Figure 2. The time course of membrane depolarization in S. aureus induced by the antimicrobial
peptide rattusin, its derivative fragment F2, and the control peptides melittin and buforin-2. Depolar-
ization was monitored using the fluorescent DiSC(3)-5 dye. The arrows indicate the points of dye
and peptide addition.

Rattusin triggered a time-dependent depolarization of the bacterial cytoplasmic mem-
brane, evidenced by a progressive increase in fluorescence intensity, attributable to the
collapse of ion gradients that maintain the membrane potential. Melittin rapidly achieved
the complete depolarization of S. aureus within seconds at a concentration of 4 pM. Con-
versely, buforin-2 failed to induce any change in membrane potential. Likewise, F2 did not
cause any membrane depolarization, implying a distinctive mode of action on the bacterial
membrane when compared to the rattusin peptide.

3.5. SYTOX Green Uptake

In the SYTOX Green uptake assay, which serves as an indicator of plasma membrane
integrity, melittin demonstrated a significant increase in fluorescence intensity, indicative
of its potent membrane-disruptive properties. This effect was rapid and pronounced, with
melittin reaching peak fluorescence shortly after treatment application, as seen in Figure 3.
Such a response is consistent with melittin’s established role in compromising membrane
integrity, thereby allowing SYTOX Green to bind to nucleic acids and fluoresce. In stark
contrast, the F2 fragment and buforin-2 did not show a similar increase in fluorescence
intensity over the course of the assay. The absence of fluorescence enhancement with these
peptides suggests that, unlike melittin, they do not cause membrane permeabilization
under the conditions tested. Consequently, the data illustrate a clear distinction in the
ability of melittin to disrupt cell membranes when compared to F2 and buforin-2.
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Figure 3. SYTOX Green uptake assay monitoring the permeabilization of S. aureus cell membranes by
peptides. The concentrations of the peptides used in the experiment were 32 uM for F2, 4 uM for
melittin, and 16 uM for buforin-2.

3.6. ONPG Hydrolysis

F2 appears not to interact with the membrane, as evidenced by depolarization and
SYTOX experiments. We further investigated whether F2 could affect the inner membrane
using an ONPG hydrolysis assay (Figure 4). For this purpose, E. coli ML-35 bacteria, from
which the outer membrane had been removed, were utilized. Both ONPG and peptides
were administered, and the absorbance was monitored at 405 nm. Melittin, known for its
membrane-disrupting capabilities, served as the positive control, whereas buforin-2, which
can traverse the membrane without causing destruction, acted as the negative control.
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Figure 4. Assay of ONPG hydrolysis by peptides using E. coli ML-35. The concentrations of the
peptides used in the experiment were 32 uM for F2, 4 uM for melittin, and 16 uM for buforin-2.

Despite the change in absorbance demonstrated by the positive control melittin, F2 did
not alter the absorbance, similar to the negative control, buforin-2. This outcome, alongside
the results from depolarization and SYTOX experiments, suggests that F2 does not target
the inner membrane.

3.7. DNA-Binding Activity

The gel retardation assay elucidated the DNA-binding affinities of peptide variants.
As hypothesized, F2 does not target the bacterial membrane, yet it manifests an augmented
antimicrobial effect when contrasted with the wild-type rattusin, indicating an alternative
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mechanism of action. This is likely oriented toward the intracellular milieu, such as
interactions with nucleic acids or proteins. To ascertain this, the assay was performed by
mixing varying concentrations of the peptide with plasmid DNA.

Buforin-2, with established DNA-binding properties, was employed as a benchmark.
At a concentration of 2 uM, buforin-2 successfully demonstrated DNA binding, evidenced
by the retardation of the DNA band (Figure 5, left panel). This contrasts with F2, which
required a doubled concentration of 4 pM to exhibit similar DNA retardation (Figure 5,
middle panel). It is noteworthy that the monomeric variant of F2, specifically the C15S
mutant, did not present any DNA retardation up to a concentration of 16 uM (Figure 5,
right panel). We analyzed the DNA-binding images using Image]J (1.54i) to quantify the
DNA-binding activity of the peptides (Table S2). This lack of interaction suggests a pivotal
role of dimerization in the DNA-binding process of F2.

Buforin-2 F2 (C15S)

Figure 5. The DNA-binding activity of peptides assessed by the gel retardation assay. Gel elec-
trophoresis illustrating the DNA-binding capability of peptides. The retarded bands signify success-
ful DNA binding, observable for buforin-2 at 2 uM and F2 at 4 pM. No retardation was evident for
the monomeric F2 (C15S) up to 16 uM.

3.8. Cytotoxicity

Cytotoxicity assays were conducted using hemolysis and MTT assays for F2, as de-
picted in Figure 6. In the hemolysis assay, sheep red blood cells (RBCs) were utilized,
and F2 was serially diluted from 1 to 512 pg/mL. F2 did not induce hemolysis, even at
concentrations up to 512 pg/mL, whereas melittin demonstrated 100% hemolytic activity
at concentrations below 10 pg/mL. For the MTT assay, Hs68 cells and HeLa cells were
employed. F2 exhibited no cytotoxicity at concentrations up to 512 ug/mL. These results
indicate that F2 is highly specific to bacterial cells without affecting mammalian cells.
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Figure 6. Cytotoxicity analysis of peptide F2. (a) Hemolysis assay results displaying the percentage
of hemolysis of sheep RBCs after treatment with increasing concentrations of peptide F2 and melittin.
(b) MTT assay results showing cell viability percentages for Hs68 and HeLa cells upon treatment
with varying concentrations of peptide F2.
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Further, the MTT assay was implemented to determine the effect of F2 on the viability
of mammalian cells. Two cell lines, Hs68 (human fibroblasts) and HelLa (human cervical
cancer cells), were treated with F2. The peptide maintained cell viability without notable
toxicity up to 512 ug/mL for both cell types (Figure 6b). These findings delineate the
specificity of F2’s antimicrobial action, highlighting its negligible cytotoxicity to mammalian
cells and supporting its potential as a selective antimicrobial agent.

4. Discussion

Finding and improving the functional domains of current antimicrobial peptides
(AMPs) is a potential strategy for creating new antibiotics. AMPs like rattusin, known for
their antibacterial activities, often have complex structures and high molecular weights,
which complicate their synthesis and clinical applications. This study focuses on rattusin, a
C2 homodimeric peptide (2 x 33 amino acids) characterized by a robust range of antibac-
terial activities and significant salt resistance. However, the large size and complexity of
rattusin make its synthesis challenging, hence the drive to design shorter, more manageable
fragments that retain biological functionality.

We successfully designed and synthesized several short rattusin fragments (F1, F2,
F3, and F4), targeting the functional site of the peptide based on its tertiary structure
determined through NMR spectroscopy. These fragments were synthesized to explore
the peptide’s active sequences and investigate the impacts of length and complexity on
synthesis yield and antimicrobial activity.

Among the synthesized fragments, F2 exhibited superior antimicrobial properties,
significantly outperforming the wild-type peptide. This fragment includes a central cysteine
crucial for forming a disulfide-bonded dimer, key to its biological activity. The antimicrobial
efficacy of F2 was notably abolished when the cysteine was replaced with serine (F2 (C155)),
highlighting the importance of the dimeric structure facilitated by disulfide bonding.

Interestingly, the monomeric form of F2 (prior to disulfide bonding) showed antimi-
crobial activity similar to that of the dimeric form. This observation suggests that the
monomeric F2 can spontaneously form dimers under physiological conditions, which we
confirmed using HPLC analysis after incubation in MIC buffer (Figure 7). This ability to
dimerize in situ emphasizes F2’s therapeutic potential, allowing for simpler administration
and potentially lower manufacturing costs.
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Figure 7. The dimerization of the F2 fragment. The formation of dimers of the F2 peptide monitored
by RP-HPLC.

A distinctive feature of F2, compared to the parent rattusin peptide, is its mechanism
of action. Unlike rattusin, which disrupts bacterial membranes, F2 targets bacterial DNA
directly. This mechanism was elucidated through fluorescence assays and DNA retardation
experiments, which demonstrated that the F2 dimer binds to DNA effectively, inhibiting
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bacterial function at a fundamental level. This mode of action is particularly advantageous,
as it reduces the likelihood of bacteria developing resistance, a common drawback of
traditional antibiotics, which typically target membrane integrity or protein synthesis.

Moreover, the F2 dimer exhibited remarkably low cytotoxicity toward mammalian
cells, as evidenced by hemolysis and MTT assays. It showed negligible hemolytic activity
and did not affect cell viability at concentrations significantly higher than its MIC against
bacteria. This selective toxicity, combined with its potent antimicrobial activity, positions
the F2 dimer as an excellent candidate for further development into a new class of peptide-
based antibiotics.

5. Conclusions

The findings from this study underscore the potential of designing shorter AMPs that
not only retain but enhance the desirable properties of naturally occurring peptides. The
F2 fragment, in particular, emerges as a compelling lead compound for new antibiotic
development due to its effective DNA-binding capability and low mammalian cytotoxicity.
These characteristics suggest that F2 and peptides like it could serve as foundational
structures for the synthesis of new drugs aimed at combating antibiotic-resistant bacteria
through mechanisms that differ fundamentally from those of current antibiotics. Future
work will focus on optimizing the synthesis of F2 and similar peptides, expanding the range
of bacteria against which these peptides are effective, and further delineating their safety
profiles in clinical settings. The goal is to develop a new class of AMP-based antibiotics that
leverage the unique properties of peptides like F2—targeting bacterial DNA and exhibiting
minimal side effects—to provide a potent, safe, and economically viable alternative to
traditional antibiotics.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/biom14060659/s1: Figure S1: Analysis of synthesized peptides.
The purities and molecular masses of fragment peptides were confirmed using LC-MS. (a) F1, (b) F2,
(c) F3, (d) F4, (e) F2 (C15S), (f) F2-AH, and (g) F2-PH. Table S1: Molecular masses of rattusin fragments
and its analogs (theoretical and experimental data); Table S2: Quantitative analysis of DNA-binding
activity of peptides. Mean values of DNA gel band intensities from the gel retardation assay (Figure 5),
assessed using Image] (1.54i) software.
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Abstract: Glucocorticoids, commonly used to manage inflammatory diseases, can induce muscle
atrophy by accelerating the breakdown of muscle proteins. This research delves into the influence
of Prolyl-hydroxyproline (Pro-Hyp), a collagen-derived peptide, on muscle atrophy induced with
dexamethasone (DEX), a synthetic glucocorticoid, in mouse C2C12 skeletal myotubes. Exposure to
DEX (10 uM) for 6 days resulted in a decrease in myotube diameter, along with elevated mRNA
and protein levels of two muscle-atrophy-related ubiquitin ligases, muscle atrophy F-box (MAFbx,
also known as atrogin-1) and muscle ring finger 1 (MuRF-1). Remarkably, treatment with 0.1 mM
of Pro-Hyp mitigated the reduction in myotube thickness caused by DEX, while promoting the
phosphorylation of Akt, mammalian target of rapamycin (mTOR), and forkhead box O3a (Foxo3a).
This led to the inhibition of the upregulation of the ubiquitin ligases atrogin-1 and MuRF-1. These
findings indicate the potential significance of Pro-Hyp as a promising therapeutic target for countering
DEX-induced muscle atrophy.

Keywords: collagen-derived peptide; Prolyl-hydroxyproline; muscle atrophy; mouse C2C12 skeletal
myotubes; ubiquitin ligases

1. Introduction

Skeletal muscle atrophy is defined as a reduction in both the size and mass of muscle
tissue, which occurs when protein breakdown surpasses protein synthesis [1]. This process
leads to exercise intolerance, impeding daily activities due to muscle weakness and fatigue,
ultimately compromising the overall quality of life [2].

Synthetic glucocorticoids have demonstrated utility in managing a wide range of
inflammatory conditions. Dexamethasone (DEX), a synthetic glucocorticoid, has been used
as a therapeutic intervention for various conditions due to its potent anti-inflammatory
and protective properties against autoimmune diseases [3]. Nevertheless, despite these
benefits, administering high doses and prolonged usage of DEX can result in severe side
effects, including the development of muscle atrophy [4]. DEX acts as a catabolic regulator
of skeletal muscle by upregulating the transcription of two muscle-specific ubiquitin E3
ligases, muscle atrophy F-box (MAFbx, also known as atrogin-1) and muscle ring finger 1
(MuRF-1), thereby contributing to the increased proteolysis seen during muscle atrophy [5].
Previous studies have indicated the involvement of forkhead box O (Foxo) transcription
factors in the regulation of atrogin-1 and MuRF-1 expression during DEX-induced muscle
atrophy [6]. Moreover, DEX induces muscle atrophy in mouse myocytes by inhibiting the
phosphorylation of muscle protein synthesis factors, including Akt and the mammalian
target of rapamycin (mTOR) [7].

Collagen is a pivotal extracellular matrix protein predominantly found in dense con-
nective tissues such as skin, bone, tendons, or fascia [8-10]. Collagen turnover gives rise to
bioactive collagen peptides (CPs) through enzymatic degradation [11,12]. Collagen features
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at least one common Glycine (Gly)-X-Y repeat domain, where X and Y are predominantly
Proline (Pro) and hydroxyproline (Hyp), respectively. A multitude of bioactive peptides
derived from collagen include Hyp in their sequences [13,14]. Certain functional peptides
within CPs are absorbed into the bloodstream as oligopeptides [14,15], exerting diverse
bioactive effects. Numerous studies have documented the favorable impacts of orally
administered CPs on osteoporosis, osteoarthritis, and knee joint discomfort [16-18]. One
notable collagen-derived bioactive peptide, Prolyl-hydroxyproline (Pro-Hyp), has been
demonstrated to enhance the migration of fibroblasts from mouse skin and facilitate the
differentiation of osteoblasts, tendon cells, and chondrocytes [19-23]. Another significant
collagen-derived bioactive peptide, hydroxyprolylglycine (Hyp-Gly), has been found to
induce muscle hypertrophic effects in C2C12 cells [24].

In addition to its diverse bioactive effects, CP has been recently reported to affect mus-
cle mass positively. In a randomized controlled trial involving premenopausal women (ages
18-50 years), CP supplementation along with resistance training for 12 weeks significantly
increased fat-free mass and hand-grip strength [25]. Furthermore, CP supplements also led
to increased fat-free mass in middle-aged, untrained men (ages 30-60 years) undergoing
resistance training [26].

CP supplementation has also demonstrated an impact on muscle breakdown. Previous
research indicated that the intake of 15 g of specific collagen peptides notably increased
fat-free mass and leg muscle strength following resistance training in older men with
sarcopenia [27]. Recent animal experiments further indicated that CP administration along
with treadmill exercise effectively prevented DEX-induced muscle atrophy in mice [28],
and CP supplementation also improved age-related sarcopenia in middle-aged mice [29].

Hence, CP may have a significant role in mitigating muscle atrophy. Nonetheless, the
influence of specific sequence peptides within CP on suppressing muscle atrophy remains
unknown. In this study, we investigated the preventive effects of Pro-Hyp on DEX-induced
muscle atrophy in C2C12 myotubular cells.

2. Materials and Methods
2.1. Cell Culture and Treatment

The C2C12 myoblast cell line mouse was obtained from the RIKEN Cell Bank (Tsukuba,
Japan). C2C12 myoblast cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Cat. #11885-084, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10%
fetal bovine serum (FBS, Cat. #7524, Nichirei Biosciences, Tokyo, Japan) and 100 U/mL
of penicillin, and maintained in a humidified incubator at 37 °C under a 5% CO, atmo-
sphere until they reached 80-90% confluence. Subsequently, to induce differentiation into
myotubes, the medium was exchanged for DMEM containing 2% FBS for 6 days, with
medium changes every 2 days. For an immunofluorescence analysis, fully differentiated
C2C12 cells were treated with 10 uM of DEX (Cat. #D1756, Sigma-Aldrich, St. Louis,
MO, USA) for 6 days to induce muscle atrophy. Pro-Hyp (0.01, 0.1 mM, Cat. #4001630,
Bachem, Bubendorf, Switzerland) was diluted in the DMEM medium and co-treated with
DEX for 6 days. For qRT-PCR and Western blot analyses, fully differentiated C2C12 cells
were treated with DEX (10 uM) and Pro-Hyp (0.01, 0.1 mM) for 24 h. DEX was dissolved
in dimethyl sulfoxide (DMSO, Cat. #D8418, Sigma-Aldrich, St. Louis, MO, USA), and
DMSO (0.01%) was used as the vehicle for DEX. The dose of Pro-Hyp was selected based
on the fact that the concentrations used in previous reports of cellular experiments on the
physiological effects of Pro-Hyp have also involved 0.1 mM as the upper limit [30].

2.2. Immunofluorescence Analysis

C2C12 myotubes were fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS, Cat. #D163-20145, Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 10 min
at room temperature and washed twice with 0.1% Triton X-100 (Cat #160-24751, FUJI-
FILM Wako Pure Chemical, Osaka, Japan) in PBS. They were subsequently permeabilized
with 0.1% Triton X-100 in PBS for 20 min. At room temperature, the cells were blocked
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with 3% bovine serum albumin in PBS for 1 h. Then, the cells were incubated with the
myosin heavy chain (MHC) primary antibody (1:400, Sigma-Aldrich, St. Louis, MO, USA)
overnight at 4 °C. After washing three times with 0.1% Tween 20 (Cat #167-11515, FUJIFILM
Wako Pure Chemical, Osaka, Japan) in PBS (PBST), the cells were incubated with a sec-
ondary antibody conjugated to fluorescein isothiocyanate (FITC, 1:100, Cat. #sc2099, Santa
Cruz, TX, USA) for 1 h at room temperature. After washing three times with 0.1% PBST,
the nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Cat. #536964,
Thermo Fisher Scientific, MA, USA). Fluorescent images were analyzed using a BZ-810
fluorescence microscope (Keyence, Osaka, Japan). Fifty myotubes/group were measured
randomly from five different fields. The thickest portion of each myotube was chosen for
diameter measurement using BZ-H4M image analysis software (version 1.4.1.1, Keyence,
Osaka, Japan).

2.3. RNA Preparation and Quantitative RT-PCR (qPCR)

Total RNA was extracted from the cells using the RNeasy Mini Kit (Qiagen, Hilden,
Germany), and cDNA was synthesized from 5 mg of mRNA using the Prime Script Reagent
Kit (Takara Bio Japan, Otsu, Japan). qPCR was performed with TB Green® Fast gPCR Mix
(Takara Bio Japan, Otsu, Japan). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the internal control for normalizing the expression of target genes. The quanti-
tative PCR primers were as follows: 5-TGTCTGGAGGTCGTTTCCG-3' (forward) and 5'-
CTCGTCTTCGTGTTCCTTGC-3' (reverse) for MuRF-1; 5-GAGTGGCATCGCCCAAAAGA-3'
(forward) and 5'-TCTGGAGAAGTTCCCGTATAAGT-3’ (reverse) for atrogin-1; 5-AGTG
AATGAGGCCTTCGAGA-3' (forward) and 5'-GCA TCTGAGTCGCCACTGTA-3’ (reverse)
for MyoD; 5'-ACTCCCTTACGTCCATCGTG-3' (forward) and 5-CAGGACAGCCCCACTT
AAAA-3' (reverse) for Myogenin; 5-ACTGAGCAAGAGAGGCCCTA-3' (forward) and
5-TGTGGGTGCAGCGAACTTTA-3' (reverse) for GAPDH.

2.4. Western Blot Assay

Cells were washed twice with ice-cold PBS and then lysed with a radioimmunopre-
cipitation assay (RIPA) buffer consisting of 25 mM Tris-HCI (pH 7.6), 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS), and containing
a protease inhibitor cocktail (Cat. # 87786, Thermo Fisher Scientific, Waltham, MA, USA).
Cell lysates were centrifuged at 15,000 rpm for 20 min, and the supernatants were collected
as protein samples. The protein concentration of each sample was measured with the bicin-
choninic acid (BCA) Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA).
Proteins were separated with sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes using the
Trans-Blot Turbo transfer system (Bio-Rad, Hercules, CA, USA). After blocking with 5%
skim milk in TBS-T consisting of 10 mM Tris-HCl (pH 7.4), 1.37 M NaCl, and 0.1% Tween 20
for 30 min at room temperature, the membranes were incubated with rabbit anti-atrogin-1
(Cat. #ab168372, abcam, Cambridge, UK), rabbit anti-MuRF-1 (Cat. #ab172479, abcam,
Cambridge, UK), rabbit anti-ubiquitin (Cat. #3936; Cell Signaling Technology, Danvers,
MA, USA), rabbit anti-Akt (Cat. #2920; Cell Signaling Technology, Danvers, MA, USA),
rabbit anti-phospho-Akt (Cat. #4060; Cell Signaling Technology, Danvers, MA, USA),
rabbit anti-mTOR (Cat. #2983; Cell Signaling Technology, Danvers, MA, USA), rabbit
anti-phospho-mTOR (Cat. #2971; Cell Signaling Technology, Danvers, MA, USA), rabbit
anti-Foxo3a (Cat. #12829; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-
phospho-Foxo3a (Cat. #9496; Cell Signaling Technology, Danvers, MA, USA), or rabbit
anti-f-actin (Cat. #4970; Cell Signaling Technology, Danvers, MA, USA) 1/1000 diluted in a
blocking buffer for 1 h at room temperature. The membranes were washed with TBS-T and
then incubated for 45 min at room temperature with HRP-conjugated rabbit anti-mouse
IgG (Cat. #7074; Cell Signaling Technology, Danvers, MA, USA) 1/2000 diluted in TBS-T.
To reprobe with another antibody, blots were incubated in a stripping buffer consisting of
62.5 mM Tris-HCl (pH 6.7), 2% SDS, and 100 mM 2-mercaptoethanol at 50 °C for 30 min
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and analyzed as described above. Labeled proteins were detected with EZ West Lumi plus
(ATTO, Tokyo, Japan). Band intensities were determined using Image] software (version
1.54 g, National Institutes of Health, Bethesda, MD, USA).

2.5. Statistical Analysis

Data are expressed as means + standard deviation (SD). Statistical analyses were
performed using SPSS Statistics for Mac, Version 25.0 IBM Corp., Armonk, NY, USA).
Differences among multiple groups were compared using one-way analyses of variance
(ANOVA) with Tukey post hoc tests. Values with p < 0.05 were considered statistically
significant.

3. Results
3.1. Pro-Hyp Suppressed DEX-Induced C2C12 Myotube Atrophy

To evaluate the protective effect of Pro-Hyp on muscle atrophy, the myotube diameters
were analyzed with immunofluorescence staining. Figure 1A displays representative
photographs of the treated myotubes. Compared to the control group, myotube diameter
was reduced by 23.4% after 6 days of treatment with 10 pM of DEX, confirming that DEX
effectively induced muscle atrophy. However, in the DEX + 0.01 mM Pro-Hyp treated group,
the myotube diameter recovered to 96.3% of the control value. Furthermore, myotube
diameter in the DEX + 0.1 mM Pro-Hyp group showed a significant increase compared to
the DEX group and was similar to the control group (Figure 1B). These results indicate that
Pro-Hyp had protection activity against muscle atrophy in DEX-treated C2C12 myotubes.

A
DEX (10 uM) - + + +
Pro-Hyp (mM) - - 0.01

B 50.0 -
40.0 -
30.0 -

20.0 -

Myotube diameter (um)

10.0 -

o m
DEX (10 uM) - + + +
Pro-Hyp (mM) - - 0.01 0.1

Figure 1. Effects of Pro-Hyp on myotube diameter in DEX-stimulated C2C12 myotubes. (A) Repre-
sentative images of C2C12 myotubes treated with 10 uM of DEX and Pro-Hyp (0.01 mM and 0.1 mM).
Fixed cells were reacted with an anti-MHC antibody and a fluorescence-labeled secondary antibody
(green). The nuclei were stained with DAPI (blue). The scale bar represents 250 um. (B) Comparison
of myotube diameters among the four treatment groups. Data are expressed as means + SD. * p < 0.05
vs. non-treated controls, # p < 0.05 vs. DEX-treated groups. p < 0.05.
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3.2. Pro-Hyp Ameliorates Muscle-Atrophy-Associated Genes in DEX-Induced Myotube Atrophy

To investigate the effect of Pro-Hyp on muscle atrophy in DEX-treated C2C12 my-
otubes, the mRNA expression levels of atrogin-1 and MuRF-1, muscle-atrophy-related ubig-
uitin ligases, were assessed through qPCR. Upon exposure to a medium containing DEX,
mRNA levels of atrogin-1 and MuRF-1 were significantly higher compared to the control
group (Figure 2A,B). However, the DEX + 0.01 mM Pro-Hyp treated group resulted in a 20%
reduction in atrogin-1 mRNA expression compared to the DEX group. The DEX + 0.1 mM
Pro-Hyp treated group significantly reduced the mRNA expression of atrogin-1 compared
to the DEX-treated C2C12 myotubes. Furthermore, Pro-Hyp (0.01 and 0.1 mM) treatment
significantly reduced the expression of MuRF-1 compared to the DEX-treated C2C12
myotubes. These findings indicate that Pro-Hyp is associated with downregulating muscle-
atrophy-related ubiquitin ligases. We also assessed the mRNA expression levels of MyoD
and Myogenin, which are myogenic markers, and observed that exposure to a medium
containing DEX significantly decreased the mRNA levels of MyoD and Myogenin in com-
parison to the control group (Figure 2C,D). However, the simultaneous addition of DEX
and Pro-Hyp did not affect the DEX-induced decrease in mRNA expression of these genes.
These findings suggest that Pro-Hyp is linked to the downregulation of ubiquitin ligases
associated with muscle atrophy without impacting myogenesis in response to DEX-induced
muscle atrophy.
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Figure 2. Effects of Pro-Hyp on muscle-atrophy-associated genes and myotube-differentiation-related
genes in DEX-stimulated C2C12 myotubes. C2C12 myotubes were treated with 10 pM of DEX and
Pro-Hyp (0.01 mM and 0.1 mM) for 24 h. (A) Atrogin-1, (B) MuRF-1, (C) MyoD, and (D) Myogenin
mRNA levels were examined with qPCR. GAPDH was used as an internal control. Data are expressed
as means & SD. * p < 0.05 vs. non-treated controls, # p < 0.05 vs. DEX-treated groups. p < 0.05.

3.3. Pro-Hyp Attenuates Protein Levels of Muscle-Atrophy-Associated Ubiquitin Ligases and
Ubiquitinated Proteins in DEX-Induced Myotube Atrophy

To determine whether Pro-Hyp exerts an inhibitory effect on atrophy in glucocorticoid-
induced atrophic conditions, the protein levels of atroginl and MuRF-1 were analyzed
with a Western blot. DEX treatment increased the protein levels of atrogin-1 and MuRF-1,
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and they were significantly higher than the control group. In contrast, the DEX + 0.01
mM Pro-Hyp treated group resulted in a 42% reduction in atrogin-1 protein expression
compared to the DEX group. The DEX + 0.1 mM Pro-Hyp treated group significantly
reduced the protein expression of atrogin-1 compared to the DEX-treated C2C12 myotubes
(Figure 3A,B). In addition, the DEX + 0.01 mM Pro-Hyp treated group resulted in a 24%
reduction in MuRF-1 protein expression compared to the DEX group. The DEX + 0.1 mM
Pro-Hyp treated group significantly reduced the protein expression of MuRF-1 compared
to the DEX-treated C2C12 myotubes (Figure 3A,C). To further investigate the inhibition
of protein degradation with Pro-Hyp, ubiquitination was analyzed using a Western blot.
The results showed that DEX treatment significantly increased the levels of ubiquitinated
proteins, while co-treatment with Pro-Hyp and DEX significantly decreased ubiquitinated
proteins compared to DEX treatment alone (Figure 3A,D). These results indicate that Pro-
Hyp suppresses the expression of ubiquitin ligases atrogin-1 and MuRF-1, consequently
inhibiting protein degradation and mitigating DEX-induced muscle atrophy.
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Figure 3. Effects of Pro-Hyp on protein levels of muscle-atrophy-associated ubiquitin ligases and
ubiquitinated proteins in DEX-induced myotube atrophy. C2C12 myotubes were treated with 10 uM
of DEX and Pro-Hyp (0.01 mM and 0.1 mM) for 24 h. Western blot assay examined atrogin-1, MuRF-1,
and ubiquitinated protein level. 3-actin was used as an internal control. (A) Representative Western
blot of total forms of atrogin-1, MuRF-1, ubiquitinated proteins, and 3-actin. (B) The ratio of total
atrogin-1 and p-actin normalized to the control. (C) The ratio of total MuRF-1 and (3-actin normalized
to the control. (D) The ratio of ubiquitinated proteins and 3-actin normalized to the control. Data
are expressed as means + SD. * p < 0.05 vs. non-treated controls, # p < 0.05 vs. DEX-treated groups.
p <0.05.
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A

3.4. Pro-Hyp Prevented DEX-Induced Muscle Atrophy through Akt/mTOR/Foxo3a Signaling

To explore the mechanism of action of Pro-Hyp in preventing muscle atrophy, we
analyzed the Akt, mTOR, and Foxo3a proteins, which are signaling pathway factors as-
sociated with protein synthesis and degradation, using a Western blot analysis. DEX
treatment resulted in the inhibition of Akt and mTOR phosphorylation. Conversely, both
the DEX + 0.01 mM Pro-Hyp and DEX + 0.1 mM Pro-Hyp treatment groups exhibited a
significant increase in Akt and mTOR phosphorylation levels compared to C2C12 myotubes
treated with DEX alone (Figure 4A—C). Furthermore, DEX treatment led to a significant
reduction in the phosphorylation level of Foxo3a when compared to the control group. In
contrast, the DEX + 0.01 mM Pro-Hyp treated group showed a significant increase in the
phosphorylation level of Foxo3a compared to the DEX-treated group, although it remained
significantly lower than the control group. The DEX + 0.1 mM Pro-Hyp treated group
displayed a significant increase in the phosphorylation level of Foxo3a compared to the
DEX-treated group, with no significant difference when compared to the control group
(Figure 4A,D). These results suggest that Pro-Hyp diminishes DEX-induced muscle atrophy
by modulating the Akt/mTOR /Foxo3a signaling pathway triggered by DEX.
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Figure 4. Effects of Pro-Hyp on Akt-mTOR-Foxo3a signaling in DEX-induced myotube atrophy.
C2C12 myotubes were treated with 10 uM of DEX and Pro-Hyp (0.01 mM and 0.1 mM) for 24 h.
Western blot assay examined Akt, phosphorylated Akt, mTOR, phosphorylated mTOR, Foxo3a, and
phosphorylated Foxo3a protein levels. 3-actin was used as an internal control. (A) Representative
Western blot of phosphorylated and total forms of Akt, phosphorylated and total forms of Foxo3a,
phosphorylated and total forms of mTOR, and (3-actin. (B) The ratio of phosphorylated and total Akt
normalized to the control. (C) The ratio of phosphorylated and total mMTOR normalized to the control.
(D) The ratio of phosphorylated and total Foxo3a normalized to the control. Data are expressed as
means =+ SD. * p < 0.05 vs. non-treated controls, # p < 0.05 vs. DEX-treated groups. p < 0.05.

4. Discussion

Muscle atrophy not only occurs in various physiological and pathological conditions,
such as inactivity, muscle wasting, fasting, sepsis, cachexia, cancer, diabetes, and many
chronic diseases, but it also causes increased morbidity and mortality. Therefore, main-
taining healthy muscle mass is necessary for a healthy life. Recently, the possible effects of
collagen peptide intake on muscle hypertrophy and prevention of muscle atrophy have
been reported [25,27]. Still, there are no reports on the impact of specific peptides contained
in collagen peptides on muscle atrophy or their molecular mechanisms. In this study, we
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report the protective activity of Pro-Hyp, a collagen-derived peptide, against DEX-induced
C2C12 myotubular atrophy and its mechanism of action.

Many previous studies have shown that DEX reduces the diameter and MHC expres-
sion of C2C12 myotubes, which are known to be representative phenotypic modifiers of
muscle atrophy [31,32]. In this study, we analyzed the effect of Pro-Hyp on DEX-induced
C2C12 myotube atrophy by immunostaining with MHC, a representative marker of my-
otube differentiation [33]. As shown in Figure 1, the diameter of C2C12 myotubes decreased
after DEX treatment but was restored with Pro-Hyp addition (0.01 and 0.1 mM). Thus,
Pro-Hyp can prevent muscle atrophy by effectively restoring DEX-induced inhibition of
C2C12 myotube differentiation.

Atrogin-1 and MuRF-1 stand out as the two most recognized muscle-specific E3
ubiquitin ligases and serve as crucial markers for muscle atrophy [5,34]. Atrogin-1 becomes
evident early in the process, even before the onset of muscle weakness, and plays a role in
the degradation of eukaryotic translation initiation factor 3 (elF3), a key factor in protein
translation initiation [35]. On the other hand, MuRF-1 is responsible for degrading MHC
protein in DEX-treated skeletal muscle [36]. Several studies have demonstrated that DEX
induces muscle atrophy in C2C12 myotubes by increasing the expression of atrogin-1 and
MuRF-1 [7,37]. Conversely, myogenic factors like MyoD and Myogenin play a role in
activating skeletal muscle formation and differentiation [38]. It has been reported that
myoD and Myogenin expression is upregulated during myotube formation [39]. Moreover,
DEX administration has been shown to decrease the expression of myoD and Myogenin
and hinder myotube formation [7]. In the present study, the mRNA expression of atrogin-1
and MuRF-1 was significantly higher than in the control group. However, when Pro-
Hyp and DEX were combined, the mRNA expression of atrogin-1 and MuRF-1 was also
reduced (Figure 2A,B). This suppression of the DEX-induced upregulation of atrogin-
1 and MuRF-1 mRNA expression with Pro-Hyp was further confirmed at the protein
expression level for each respective gene (Figure 3A-C). Pro-Hyp mitigates the DEX-
induced upregulation of ubiquitin ligase expression, in line with the observation that the
ubiquitinated proteins, previously heightened with DEX administration, were decreased
with the addition of Pro-Hyp (Figure 3A,D). Conversely, the mRNA expression levels
of MyoD and Myogenin were diminished with DEX treatment compared to the control.
However, the addition of Pro-Hyp did not affect the mRNA expression levels of MyoD and
Myogenin, which were elevated with DEX treatment. These results suggest that Pro-Hyp
effectively suppresses the expression of ubiquitin ligases atrogin-1 and MuRF-1, thereby
inhibiting protein degradation with the ubiquitin—proteasome pathway and mitigating
DEX-induced muscle atrophy:.

Previous reports have indicated that Akt activation elevates mTOR phosphorylation,
leading to an upregulation of protein synthesis in muscle tissue [40]. It has also been
reported that the inhibition of the Akt/mTOR signaling pathway with DEX results in
muscle atrophy [7]. Furthermore, several studies reported that collagen-derived peptides
can promote muscle protein synthesis mainly through the Akt/mTOR pathway [24,29]. In
the present study, DEX treatment substantially reduced the phosphorylation of Akt and
mTOR compared to the control group. However, Pro-Hyp treatment significantly improved
the relative phosphorylation levels of Akt and mTOR compared to the DEX-treated group
(Figure 4A—C). Consequently, these results indicate that Pro-Hyp promotes the anabolic
processes of muscle-specific proteins.

Prior research has indicated the involvement of the Foxo transcription factor in the
regulation of atrogin-1 and MuRF-1 expression [41]. In the context of DEX-induced my-
otube atrophy, there is a reduction in the phosphorylation of Foxol and Foxo3a, leading to
their translocation to the nucleus, where an upregulation occurs, subsequently increasing
the expression of atrogin-1 and MuRF-1. Another relevant factor is the kinase Akt, which
has been shown to phosphorylate Foxo during myotube atrophy. This phosphorylation
hinders the translocation of Foxo to the nucleus, thereby preventing the upregulation of
atrogin-1 and MuRF-1 [42]. Our previous research has identified a mechanism through
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which Pro-Hyp facilitates the interaction between Foxol and Runx2, a master regulator
of osteoblast differentiation. This interaction leads to the stimulation of Runx2 promoter
activity, ultimately renewing osteoblast differentiation [43]. Notably, Kitakaze et al. demon-
strated that Hyp-Gly, a dipeptide derived from collagen, triggers myogenic differentiation
by activating the Akt signaling pathway [24]. These reports suggest a potential involvement
of collagen-derived dipeptides in intracellular Akt/Foxo signaling. In the present study,
the administration of Pro-Hyp prevented the DEX-induced decreases in Akt phosphory-
lation and Foxo3a phosphorylation (Figure 4A—C). These findings indicate that Pro-Hyp
administration inhibits DEX-induced muscle atrophy in C2C12 cells by impeding ubiquitin
E3 ligases through the Akt-Foxo3a signaling pathway.

Furthermore, a recent study documented the suppression of DEX-induced muscle
atrophy in mice through CP supplementation [28]. In the study, CP effectively curbed
muscle atrophy while not impacting the expression of ubiquitin ligases involved in muscle
degradation. While these findings contrast with our present study, some investigations
employing CP and collagen tripeptide (CTP), which contains elevated collagen tripeptide
levels, have indicated that the administration of CP and CTP was regulated in different
ways to ameliorate muscle loss caused by aging [29]. These outcomes propose that collagen
hydrolysates, comprising peptides of diverse molecular sizes and specific sequences, might
offer various mechanisms to counteract muscle atrophy. Subsequent research should also
investigate the effects of different molecular sizes and other collagen-derived oligopeptides
in inhibiting muscle atrophy. Moreover, several human studies have consistently demon-
strated that CP, combined with resistance exercise, leads to amplified muscle strength
and diminished muscle weakness [25,27]. It would be beneficial for future research to
investigate whether the administration of Pro-Hyp, in combination with resistance exercise,
proves effective in mitigating muscle atrophy.

While the current findings support the use of DEX-treated C2C12 myotubes as an
in vitro model of muscle atrophy;, it is important to acknowledge several potential limita-
tions in this study. First, this study solely investigated and exclusively focused on C2C12
myotubes. We suggest that conducting additional research involving other cell lines, such
as L6 myotubes (a rat cell line), or using experimental animals would provide a more com-
prehensive evaluation of the impact of Pro-Hyp on glucocorticoid-induced muscle wasting
and the regulation of myoprotein degradation. Another limitation of the study is its exclu-
sive focus on the ubiquitin-proteasome system as the mechanism of proteolysis. We did not
have the opportunity to investigate the impact of Pro-Hyp on muscle proteolysis mediated
with catabolic pathways such as the autophagy-lysosome system [44]. Furthermore, our
examination was limited to the Akt/mTOR/Foxo3a signaling pathway as the mechanism
through which glucocorticoids induce atrophy. It is worth noting that glucocorticoids have
been implicated in contributing to muscle atrophy by activating inflammatory signaling
pathways [45], although the effects of Pro-Hyp on these pathways has not been explored.

5. Conclusions

In conclusion, the present study provides molecular evidence that Pro-Hyp improves
DEX-induced atrophy in C2C12 myotubes through the regulation of the Akt/mTOR /Foxo3a
signaling pathway, resulting in the inhibition of the upregulation of the ubiquitin ligases
atrogin-1 and MuRF-1. However, further studies are required to investigate other pos-
sible anti-atrophy-related mechanisms and in vivo efficacies for Pro-Hyp. Overall, this
study highlights the potential importance of Pro-Hyp as an effective therapeutic target for
DEX-induced muscle atrophy by decreasing muscle-specific ubiquitin ligase expression.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biom13111617/s1.
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Abstract: In recent years, fungal infections have emerged as a significant health concern
across veterinary species, especially in livestock such as cattle, where fungal diseases can
result in considerable economic losses, as well as in humans. In particular, Aspergillus
species, notably Aspergillus flavus and Aspergillus versicolor, are opportunistic pathogens
that pose a threat to both animals and humans. This study focuses on the synthesis and
antifungal evaluation of novel 9-fluorenylmethoxycarbonyl (Fmoc)-protected 1,2,4-triazolyl-
a-amino acids and their dipeptides, designed to combat fungal pathogens. More in detail,
we evaluated their antifungal activity against various species, including Aspergillus versicolor
(ATCC 12134) and Aspergillus flavus (ATCC 10567). The results indicated that dipeptide
7a exhibited promising antifungal activity against Aspergillus versicolor with an ICs value
of 169.94 uM, demonstrating greater potency than fluconazole, a standard treatment for
fungal infections, which showed an ICsy of 254.01 uM. Notably, dipeptide 7a showed
slightly enhanced antifungal efficacy compared to fluconazole also in Aspergillus flavus (ICs
176.69 uM vs. 184.64 uM), suggesting that this dipeptide might be more potent even against
this strain. Remarkably, 3a and 7a are also more potent than fluconazole against A. candidus
10711. On the other hand, the protected amino acid 3a demonstrated consistent inhibition
across all tested Aspergillus strains, but with an ICsg value of 267.86 uM for Aspergillus
flavus, it was less potent than fluconazole (ICsy 184.64 uM), still showing some potential
as a good antifungal molecule. Overall, our findings indicate that the synthesized 1,2,4-
triazolyl derivatives 3a and 7a hold significant promise as potential antifungal agents in
treating Aspergillus-induced diseases in cattle, as well as for broader applications in human
health. Our mechanistic studies based on molecular docking revealed that compounds 3a
and 7a bind to the same region of the sterol 14-o demethylase as fluconazole. Given the
rising concerns about antifungal resistance, these amino acid derivatives, with their unique
bioactive structures, could serve as a novel class of therapeutic agents. Further research
into their in vivo efficacy and safety profiles is warranted to fully realize their potential as
antifungal drugs in clinical and agricultural settings.
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1. Introduction

In recent years, fungi have been recognized as integral components of commensal
microbiota in various parts of the body, including the intestines, oral cavity, skin, lungs,
and vagina [1,2]. They have served as a food source and played a significant role in
food processing for thousands of years. Additionally, fungi may be utilized in numerous
industrial processes, contributing to the production of peptides, enzymes, vitamins, organic
acids, and antibiotics [3,4]. However, alongside their beneficial properties [5], fungi can act
as pathogens for plants, humans, and animals. Zoonotic infections have been acknowledged
for centuries and represent a significant portion of emerging and reemerging infectious
diseases globally. Notably, there has been an increasing number of recalcitrant fungal
diseases in animals over the last two decades, primarily stemming from opportunistic and
pathogenic fungi [6,7], which can also be transmitted to humans. Opportunistic fungi have
a preferred habitat independent from the living host and cause infection after accidental
penetration of intact skin barriers or in the case of immunologic defects or other debilitating
conditions that exist in the host [8]. In contrast, several other pathogens are characterized
by their dependence on vertebrate hosts; obligate pathogens, in particular, require a host
to complete their life cycle and essential functions such as nutrient acquisition, growth,
habitat establishment, and reproduction [9,10].

1.1. Fungal Strains Affecting Animal Species

Some of the more relevant fungal strains include Aspergillus, Alternaria alternata,
Cladobotryum botrytis, and Aureobasidium pullulans. Aspergillosis is an airborne fungal
infection caused by molds in the genus Aspergillus. It primarily spreads through the inhala-
tion of conidia, although infection can also occur via ingestion or contaminated wounds [11].
The clinical spectrum of Aspergillus-associated diseases in humans ranges from chronic
localized aspergillomas to acute invasive aspergillosis, with severity often linked to the
patient’s underlying health conditions [12,13]. In animals, the clinical manifestations of
aspergillosis vary widely depending on the species and environmental factors. Here is
a concise table (Table 1) summarizing how Aspergillus infections affect different animal
species [14,15].

Fungal infections, particularly those caused by Aspergillus species, are a growing
concern in veterinary medicine, especially in livestock such as cattle. Aspergillus flavus and
Aspergillus versicolor are known opportunistic pathogens that can lead to significant health
issues in animals, including mycotic abortion, respiratory infections, and gastrointestinal
diseases. In cattle, Aspergillus infections often occur in late pregnancy, where they can
cause abortion, a serious condition with major implications for both animal health and
farm productivity [16]. Furthermore, these infections can lead to chronic respiratory
conditions, reduced fertility, and diminished milk production, all of which contribute to
considerable economic losses in the agricultural sector. In addition to direct impacts on
cattle health, Aspergillus species are also of concern due to their ability to develop resistance
to commonly used antifungal treatments. With the increasing prevalence of such infections
in immunocompromised animals and the limited number of effective antifungal agents
available, there is an urgent need for novel, more effective therapeutic approaches. This
situation underscores the critical importance of developing targeted antifungal therapies
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that not only address the immediate health risks posed by Aspergillus species but also
reduce the likelihood of resistance development, a growing challenge in both veterinary

and human medicine [14,17].

Table 1. Aspergillus infections and their clinical manifestations in different animal species.

Species  Aspergillus-Related Conditions Clinical Manifestations Affected Systems/Organs
Birds Aspergillosis Respiratory distress, weight loss, Prlmgrﬂy lungs
lethargy (respiratory system)
Catfle  Mycotic abortion Abortion or stillbirth, particularly in late Uterus, placenta
pregnancy
Horses Laryngeal pouch mycosis R.esplratory issues, coughing, nasal Larypgeal pouch,
discharge respiratory system
Mycotic keratitis Eye 1pfect1ons, corneal ulcers, vision Eyes (cornea)
impairment
I . . S Nasal and paranasal
Dogs Nasal/paranasal aspergillosis Nasal discharge, facial pain, sinus issues tissues
Intervertebral space infection Neurol(?glcal symptoms (e.g., ataxia, Spine (intervertebral
paralysis) spaces)
Renal aspergillosis Kl'dney dysfunction, potential kidney Kidneys
failure
Sinonasal, sino-orbital Respiratory distress, na.sal d.1s.c}.1arge, Sinuses, orbital region,
Cats eye problems (e.g., conjunctivitis,

aspergillosis

exophthalmos) lungs (pulmonary system)

Aureobasidium pullulans is a dematiaceous, yeast-like fungus that is ubiquitous in na-
ture and can colonize human hair and skin. It has been implicated clinically as causing skin
and soft tissue infections, meningitis, splenic abscesses, and peritonitis [18,19]. Like other
saprophytic fungi, A. pullulans can cause disease in the setting of immunocompromised
conditions [20]. Ulocladium, viewed as a harmless fungus, is now recognized for its potential
to cause mycotoxicoses linked to contaminated crops like wheat. Its pathogenic capabilities
have come to light, with reported cases of keratitis and onychomycosis in immunocom-
petent patients, along with skin infections in immunocompromised individuals [21-23].
Alternaria species are ubiquitous fungi known for their dark pigmentation due to melanin.
They are significant plant pathogens, causing considerable economic losses in various food
crops. In addition to affecting plants, Alternaria spp. can also infect animals, including
warm-blooded species and humans, with increasing clinical relevance, particularly among
immunocompromised patients. Their role as potent airborne allergens is noteworthy, as
they contribute to allergic respiratory conditions, including severe asthma [24,25].

1.2. Antifungal Drugs

Four major classes of antifungal agents dominate the market: azoles, which inhibit the
synthesis of ergosterol; polyenes, which interact with fungal membrane sterols physico-
chemically; echinocandins, which inhibit glucan synthesis; and fluorinated pyrimidines,
which interfere with pyrimidine metabolism, leading to the inhibition of DNA and RNA
biosynthesis [26]. 1,2,4-Triazoles are a class of heterocyclic compounds that play an impor-
tant role in medicine and chemistry due to their biological and pharmacological properties;
they have a wide range of biological activities such as antibacterial, antifungal, antiviral,
insecticidal, and herbicidal [27,28].. This group of biologically active compounds acts by in-
hibiting the activity of the cytochrome P450-dependent enzyme lanosterol-14x-demethylase
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(CYP51), which is an important enzyme in the ergosterol biosynthesis of fungi [29]. Some
azoles bind to the heme within CYP51, causing a blockade of the ergosterol biosynthesis
pathway of fungi, which leads to agglomeration of 14-demethylated sterols [30]. Recently,
new 1,2 4-triazole derivatives have been obtained and evaluated for fungicidal activity, and
some have shown potential activity against certain fungi. In previous years, many research
papers have highlighted the importance of 1,2 4-triazoles having powerful antifungal and
antibacterial properties [25,31]. However, the high mortality of invasive fungal infections,
the long course of treatments required, narrow spectrum activity, and cross-resistance due
to similar mechanisms of action across drugs has triggered the search for safer alterna-
tives with reduced toxicity or other enhanced features. Drug resistance development, the
increasing number of immunodeficiency- and/or immunosuppression-related diseases,
and limited therapeutic options available are triggering the search for novel alternatives.
Recent advancements in the study of oxidative processes and xenobiotic metabolism in
plants [32]., computational drug discovery methods [33], and marine-derived therapeutic
innovations [34,35] highlight the growing intersection of natural substance research with
modern medicine [36,37]., offering promising avenues for novel treatments. As for new
antifungals, these should be less toxic for the host, with targeted or broader antimicrobial
spectra (for diseases of known and unknown etiology, respectively) and modes of actions
that limit the potential for the emergence of resistance among pathogenic fungi. Given
these criteria, antimicrobial peptides with antifungal properties, i.e., antifungal peptides
(AFPs), have emerged as powerful candidates due to their efficacy and high selectivity.
These peptides have a broad spectrum of activity against bacteria, fungi, and viruses and
are less likely to develop resistance compared to conventional antibiotics [38—41]. Anti-
fungal peptides (AFPs) are typically classified based on origin: natural, semisynthetic, or
synthetic [42,43]. Semisynthetic and synthetic amino acids [44] and peptides are designed
to improve pharmacological properties, reduce side effects, and lower immunogenicity
compared to natural peptides and proteins [45,46]. These modifications also enhance stabil-
ity and bioavailability for clinical use. For example, replacing the linoleoyl side chain of
echinocandin B with octyloxybenzoyl (cilofungin) or pentyloxyterphenyl (anidulafungin)
reduces hemolytic activity [47]. Structure—activity relationships (SAR) help guide the de-
sign of these peptides, with key factors such as net charge, hydrophobicity, amphipathicity,
and peptide length influencing antifungal activity. Hydrophobicity and amphipathicity
are crucial for membrane disruption, though higher levels may increase toxicity. Short
antimicrobial peptides (SAMPs) (2-10 amino acids) are gaining attention due to their lower
toxicity, greater stability, and simpler synthesis [48]. Combinatorial libraries and de novo
design strategies, along with targeting fungal virulence traits and multiligand molecules
like dendrimers, are employed to develop more effective peptides [49].

1.3. Aim of This Work

In summary, synthetic and semisynthetic peptides offer significant potential for im-
proving antifungal therapies, with better targeting, stability, and reduced toxicity compared
to natural peptides [50]. When designing and synthesizing highly bioactive compounds, it
is possible to synthesize hybrid molecules containing two active fragments: triazoles and
peptide moieties—a new and useful strategy [51]. The combination of these two groups
yields new peptides that may have the following properties:

(i) Membrane disruption: the triazole ring can insert into fungal membranes, disrupting
their integrity, causing leakage of cellular contents, and leading to cell death;

(ii) Inhibition of ergosterol biosynthesis: similar to other triazole drugs, these peptides
may inhibit ergosterol synthesis, a key component of fungal cell membranes, impair-
ing membrane function;
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(iii) Cell wall disruption: triazole peptides may interfere with the synthesis of fungal cell wall
components (e.g., chitin, 3-glucan), weakening the cell wall and causing osmotic lysis;

(iv) DNA and protein synthesis inhibition: the triazole ring can bind to metal ions involved
in DNA replication and interfere with enzymes crucial for protein synthesis;

(v) Increased stability and bioavailability: the incorporation of triazole increases the
peptide’s stability, bioavailability, and resistance to enzymatic degradation;

(vi) Immune modulation: some peptides may enhance immune recognition and responses,
aiding in fungal clearance.

Overall, triazole-containing peptides work by disrupting fungal cell structures and
interfering with essential biosynthetic pathways, making them effective in combating
fungal infections [52,53].. Thus, to develop new and effective fungicidal agents based on
1,2 4-triazole derivatives linked to amino acid residues, we synthesized novel dipeptides
incorporating 1,2,4-triazole along with alanine and glycine. Additionally, we employed
the protective group 9-fluorenylmethoxycarbonyl (Fmoc), which also possesses inherent
antimicrobial activity due to its lipophilic nature [54]. In our design, the Fmoc group
provides lipophilicity, enhancing interaction with the fungal membrane. The triazole moiety
inhibits the fungal enzyme lanosterol 14x-demethylase, disrupting ergosterol synthesis
and compromising membrane integrity. The glycine at the C-terminus imparts flexibility,
minimizes steric hindrance, and potentially improves solubility and stability, supporting
the compound’s overall antifungal activity (Scheme 1).

lanosterol 14a-
demethylase inhibition

&

triazole-containing moiety

improves peptide
solubility and
stability

lipophilic moiety for
interaction with fungal cell
membranes

Scheme 1. Schematic representation of the rationale for the structural moieties in our Fmoc dipeptide
for antifungal properties.

This dual functionality of Fmoc—acting both as a protective group and as an active
antimicrobial component—provides a valuable strategy for developing more effective
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drugs [55,56], which we aimed to investigate in the context of antifungal applications, as
described in the sections below.

2. Materials and Methods
2.1. Materials

The materials used in this study included dimethylsulfoxide (DMSO), DCC, N-
hydroxysuccinimide, Fmoc-OSu, Gly, C4H14, C4HgO,, CH3COOC,;Hs, CH,Cly, NaHCO;3,
Nay;CO3, and NaOH, which were purchased from Sigma Aldrich (St. Louis, MA, USA). The
non-proteinogenic amino acids (S)-3-4-allyl-3-(2-methoxyphenyl)-5-thioxo-1,2,4-triazol-
1-ylJalanine and (S)-{3-[4-allyl-3-(furan-2-yl)-5-thioxo-1,2,4-triazol-1-yl]alanine were syn-
thesized at the “Armbiotechnology” Scientific and Production Center (SPC) of National
Academy of Sciences of the Republic of Armenia (NAS RA). All physicochemical properties
of the non-proteinogenic amino acids are described in the catalog of the “ Armbiotechnol-
ogy” SPC of NAS RA, available at (http:/ /www.armbiotech.am/, accessed on 13 December
2024). All chemicals were obtained from commercial suppliers and used without further
purification. All solvents were freshly distilled before use. Thin-layer chromatography
(TLC) was performed on Merck aluminum foil-backed sheets precoated with 0.2 mm Kiesel-
gel 60 F254 (Darmstadt, Germany). The proton (*H) and carbon-13 (13C) nuclear magnetic
resonance (NMR) spectra were recorded on a Varian Mercury 300 MHz spectrometer, using
tetramethylsilane (TMS) as the internal standard (Palo Alto, CA, USA). Melting points
were determined using an electrothermal apparatus (Bibby Scientific, Stone, UK). Mass
Spectrometry Analysis. Sample preparation: 0.1 mg of test substance was dissolved in 1 mL
of methanol. The sample solution was filtered through a 0.45 pm syringe filter PTFE 100.
Sample analysis utilized a Prominence I LC-2030C 3D Plus instrument from Shimadzu,
Kyoto, Japan. The mobile phase comprised a mixture of 0.1% formic acid aqueous solution
(20%) and methanol (80%). A flow rate of 0.2 mL/min was maintained, with the column
temperature set at 30 °C. The injection volume stood at 0.1 pL. Detection of the sample
employed a basic quadrupole MS system (LC-MS-2020, Shimadzu, Kyoto, Japan) operating
in positive ionization mode via electrospray ionization (ESI). Nitrogen gas served as both
the nebulizing and drying agent, with the interface temperature, heat block, and DL temper-
ature set at 350 °C, 200 °C, and 250 °C, respectively. Data acquisition and processing were
performed using Shimadzu’s LabSolutions software (version 5.99 SP2, Shimadzu, Kyoto,
Japan). The m/z values of the target ions were monitored under the specified experimental
conditions. IR characterization: the infrared analysis made use of an ATR (Attenuated Total
Reflection) accessory, which allowed us to conduct a direct examination of the powder
samples using a IRTracer-100 instrument (Shimadzu, Kyoto, Japan) using a KBr prism

(4000-350 cm 1) with single reflection, at resolution 4 cm™ L

2.2. Synthesis of Derivatives of 9-Fluorenylmethoxycarbonyl Protected a-Amino Acids

Briefly, 0.0043 mol of the a-amino acid was dissolved in 0.0043 mol of 15% Nap,CO3 and
stirred at room temperature until a transparent solution formed, after which 0.0058 mol of
9-fluorenyl-methoxycarbonyl-N-oxysuccinimide ester, dissolved in 1 mL of 1,4-dioxane and
1 mL of acetone, was added to the reaction mixture. After the completion of the reaction,
the reaction mixture was diluted twice with distilled water and the pH was adjusted to 6.5
with hydrochloric acid, during which the crystals of the protected amino acid precipitated
at the bottom of the flask. The reaction was monitored by TLC.

As a result of the synthesis of 9-fluorenylmethoxycarbonyl-(S)-3-4-allyl-3-(2-methoxy-
phenyl)-5-thioxo-1,2,4-triazol-1-yl]-alanine, a white crystalline solid was obtained (75% yield)
and exhibited a melting point of 104-106 °C. Found (%) C, 64.34; H, 4.67; N, 9.87; Calc for
C30H28N4O05S (%) C, 64.73; H, 5.07; N, 10.07. ESI MS (m/z): 556.64 (found) 557.10 (expected
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for [C30HgN4O5S]+H*). ATR-IR, v, cm ™! ATR-IR, v, cm™~!: 3869.20 (N-H); 3587.60 (O-H);
2924.09 (C-H allyl); 1693.50 (C=0, ester), 1681.93 (C=0 acid); 1608.63 (C=O carbamate);
1519.91 (C=N carbamate); 1485.19 (C=C aromtic); 1442.75 (C=S), 1330.88 (-OCHj3); 1284.59
(C-N); 1219.01 (C-N); 1037.70 (C-N heterocyclic).

'H NMR spectra (DMSO/CCly 1/3, 8, p.p-m, Hz): 10.9 (1H, COOH); 7.75-7.71 m (2H,
Ar); 7.68-7.61 m (2H, Ar); 7.50-7.43 m (1H, Ar); 7.41 b.d (1H, J = 8,2, NH); 7.37-7.19 m
(5H, Ar); 7.03-6.99 m (1H, Ar); 6.96-6.90 m (1H, Ar); 5.64 ddt (1H,J =17.1, 10.5, 5.5, =CH);
4.94brd (1H, ] = 10.5, CH,); 4,80 br.d (1H, ] = 17.1, =CH,); 4.75-4.68 m (2H); 4.55-4.46 m
(3H); 4.29-4.11 m (3H, OCH,CH); 3.75 s (3H, CH3): 13C: 170.5; 166.9; 156.8; 155.2; 147.8;
143.6; 143.4; 140.5; 140.4; 132.1; 131.4; 130.7; 127.0; 126.9; 126.5; 125.1; 125.0; 120.1; 119.3;
119.2; 117.0; 114.4; 110.9; 65.9 (OCH,); 55.1 (OCH3); 52.1 (NCH); 48.9 (CHy); 46.7 (CH,);
46.5 (CH).

As a result of the synthesis of 9-fluorenylmethoxycarbonyl-(S)-3-[4-allyl-3-(furan-2-yl)-
5-thioxo-1,2,4-triazol-1-yl]-alanine, a white crystalline solid was obtained (73% yield) and
exhibited a melting point of 140-142 °C. Found (%) C, 62.81; H, 4.82; N, 10.38; Calc for
CoyHp4N4O5S (%) C, 62.78; H, 4.68; N, 10.85. ESI MS (m/z): 516.57 (found) 517.00 (expected
for [CoyHpN,OsS]+H+). ATR-IR, v, cm™!: 3734.19 (NH); 3491.16 (OH); 3066.82 (C-H
aromatic); 2924.09 (C-H allyl); 1712.79 (C=0, acid), 1624.06 (C=O carbamate); 1523.76 (C=N
carbamate); 1354.03 (C=S), 1334.74 (C-H); 1172.72 (C-O ether), 1103.28 (C-N); 1076.28 (C-N
heterocyclic); 1049.28 (C-N).

'H NMR spectra (DMSO/CCly 1/3; §, p.p-m, Hz): 7.44 brd (J = 7.9, NH); 6.92 dd
(J=3.5,0.8);651dd (J=3.5,1.8);5.89ddt(J=17.1,10.6,5.1); 5.14 br.t (J = 10.6); 5.11 br.d
(J =17.1); 4.97-4.83 m; 4.78-4.55 m (2H); 4.46 m (3H); 4.21-4.10 m (3H, OCH,CH): 13C:
170.4; 167.4; 155.3; 144.3; 143.6; 143.4; 141.4; 140.5; 140.4; 139.7; 130.6; 126.9; 126.5; 125.1;
125.0; 119.2; 117.2 (=CH3); 112.4 (C-4 fur); 111.4 (C-4 fur); 65.9 (OCH,); 51.8 (NCH); 49.3
(NCH,); 47.0 (NCHy); 46.5 (CH); 40.3 (NCH,).

2.3. Synthesis of N-Oxysuccinimide Esters

Briefly, 1.75 g (8.5 mmol) of DCC previously dissolved in 3 mL of dioxane was added
to a solution of (7.9 mmol) of derivatives of 9-fluorenylmethoxycarbonyl protected x-amino
acid and 0.95 g (8.2 mmol) of N-hydroxysuccinimide in a mixture of 1.0 mL of dioxane
and 2.7 mL of methylene chloride at 0 °C. The reaction mixture was stirred for 2 h at
0 °C and left overnight in the refrigerator. The reaction progress was monitored by TLC
(chloroform/ethyl acetate/methanol, 2:4:1). The resulting precipitate of dicyclohexylurea
(DCU) was filtered, and the filtrate containing the intermediate product succinimide ester
of the amino acid was concentrated under vacuum to form an oily mass. As a result, stable
intermediate compound 3a was synthesized in 70% yield and 3b in 75% yield, which were
immediately used in the synthesis of peptides.

2.4. Synthesis of Dipeptides

Briefly, 0.085 g (1 mmol) of NaHCOs3 was introduced into a solution of 0.08 g (1.5 mmol)
of glycine in 2 mL of 0.5 M NaOH, and then 1.6 mmol of N-hydroxysuccinimide ester
of 9-fluorenylmethoxycarbonyl protected o-amino acids in 4 mL of dioxane was added.
The reaction mixture was stirred for 3 h at room temperature, then transferred to a sep-
aratory funnel and 6 mL of ethyl acetate, 3 mL of 10% citric acid solution, and 0.2 g
of NaCl were added. After intense stirring, the organic layer was separated and dried
with magnesium sulfate and the solvent was distilled off under vacuum at 50 °C. The
residual matter was crystallized from a mixture of ethyl acetate and petroleum ether in a
ratio of 1/3. As a result, 4a (yield 65%) and 4b (yield 60%) dipeptides were synthesized.
The dipeptide 9-fluorenylmethoxycarbonyl-(S)--[4-allyl-3-(2-methoxyphenyl)-5-thioxo-
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1,2,4—triazol-1-yl]-x-alanylglycine is a white crystalline substance with a melting point of
182-183 °C. Found (%) C, 62.29; H, 5.39; N, 11.61; Calc for C3pH31N50¢S (%) C, 62.63; H,
5.09; N, 11.41. ESIMS (m/z): 613.69 (found) 614.01 (expected for [C3,H31N5O6S]+H"). ATR-
IR, v, cm~1: 3869.20 (NH); 3649.32 (NH); 3587.6 (OH); 3066.82 (C-H arom); 1716.65 (C=0,
acid), 1693.50 (C=0 eter); 1616.35 (C=0 carbamate); 1581.63 (C=N carbamate); 1535.34
(C=C, aromatic); 1431.18 (C=S), 1365.6 (-OCHj3); 1334.74 (C-0O); 1296.16 (C-N); 1234.44
(C-N); 1118.71 (C-N heterocyclic); 1083.9 (C-N heterocyclic).

'H NMR spectra (DMSO/CCly 1/3, 6, p.p.m, Hz): 12.0 v.b. (1H, COOH); 8.16 br.t
(1H, J = 5.4, NHCH,); 7.75-7.70 m (2H, Ar-H and NH); 7.68-7.61 m (2H); 7.48-7.19 m
(7H); 7.50-7.40 m (2H); 7.01-6.88 m (2H); 5.69-5.54 m (1H, =CH Ally); 4.93-4.73 m (3H);
4.65-4.45 m (4H); 4.28-4.06 m (3H, OCH,CH); 3.82 b.d. (2H, J = 5.4, CH,NH); 3.71 s (3H,
CH3): 170.3; 168.5; 166.9; 156.8; 155.2; 147.9; 143.6; 143.4; 140.5; 140.4; 132.1; 131.4; 130.7;
127.0; 126.9; 126.5; 125.2; 125.0; 120.1; 119.23; 119.19; 116.9; 114.4; 110.9; 66.1 (OCHy); 55.0;
53.4 (OCHj3); 49.6; 46.7 (NCHy); 46.5 (CH); 40.7 (NCH,).

The dipeptide 9-fluorenylmethoxycarbonyl-(S)-3-[4-allyl-3-(furan-2-yl)-5-thioxo-1,2,4-
triazol-1-yl]-a—alanylglycine is a white crystalline substance with a melting point of
169-170 °C. Found (%) C, 60.85; H, 5.1; N, 12.36; Calc for Cy9Hy7N50¢S (%) C, 60.72;
H, 4.74; N, 12.21. ESIMS (m/z): 573.62 (found) 574.05 (expected for [Co9HyyN5O04S]+H™).
ATR-IR, v, cm~1: 3649.32 (NH); 3630.03 (NH); 3471.87 (OH); 2927.94 (C-H allyl); 1701.22
(C=0, acid), 1581.63 (C=0 carbamate); 1519.91 (C=N carbamate); 1446.61 (C=C, aromatic);
1354.03 (C=S), 1172.72 (C-O, ether), 1122.57 (C-O, acid); 1103.28 (C-N); 1045.42 (C-N).

'H NMR spectra (DMSO/CCly 1/3, 5, p.p-m, Hz): 8.17 br.t (1H, ] = 5.6, CH,NH);
7.74-7.70 m (2H, Ar.); 7.68-7.58 m (3H, Ar + H-5 fur.); 7.74-7.70 m (2H, Ar.); 7.39 br.d. (1H,
J=9.1, NHCH); 7.36-7.30 m (2H, Ar.); 7.28-7.21 m (2H, Ar.); 6.90 br.d. (1H, ] = 3.3, H-3
fur.); 6.48 dd (1H, ] = 3.3, 1.8, H-4 fur.); 5.87 ddt (1H, ] = 16.6, 11.1, 5.0, =CH); 5.15-5.05 m
(2H, =CHy); 4.95-4.81 m (2H, CHj, All); 477 td (1H,] =9.1,4.1); 4.63 dd (1H, ] =13.7, 4.1);
4.47 dd (1H,] =13.7,9.4); 4.29-4.03 m (3H); 3.83 dd (1H, J = 18.0, 5.6, CH,NH); 3.81 dd (1H,
] =18.0, 5.6, CH,NH).

13C: 170.4; 168.5; 167.5; 155.3; 144.3; 143.6; 143.4; 141.5; 140.5; 140.4; 139.7; 130.6; 127.0;
126.5; 125.2;125.0; 119.3; 117.1 (=CHy); 112.5 (C-3 fur.); 111.4 (C-4 fur.); 66.1 (OCHy); 53.2
(NCH); 50.0 (NCHy); 47.0 (NCHy); 46.5 (CH); 40.7 (NCHy).

2.5. Antifungal Activity Assessment

In our work, the antifungal activity of the synthesized compounds was evaluated
against various fungal strains: Aspergillus versicolor 12134, Aspergillus flavus 10567, As-
pergillus candidus 10711, Alternaria alternata 8126, Ulocladium botrytis 12027, and Aureobasid-
ium pullulans 8269. The compounds were dissolved in DMSO to prepare 0.05 M solutions
and tested at three different concentrations (89 uM, 183 uM, 278 uM) in 90 mL Czapek
medium. Each sample was tested in triplicate across Petri dishes, with three strains per dish.
The Petri dishes were incubated at 28 °C for 5-7 days. Fungal growth was assessed visually
and with the aid of a magnifying glass. The intensity of fungal growth was compared to
control plates to evaluate the antifungal effect of the compounds. To obtain comparative
data during the research, the obtained data were compared with those obtained using
a fluconazole solution of the same molarity. The data are presented in the Supporting
Information and Results and Discussion sections. The histograms related to fungal growth
inhibition were obtained by analyzing colony intensities using Image] (Rasband, W.S., U.S.
National Institutes of Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/, accessed
on 13 November 2024). Image] is an open-source image analysis software widely used
in scientific research for digital image processing and intensity quantification. For data
collection, the plates with fungal colonies were compared before and after treatment with
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the compounds isolated and described in our manuscript. The procedure was performed
three times in different areas of the analyzed images to ensure adequate representation
of the results. The intensity values were provided as the mean & standard deviation
(SD = £2-10%). This methodology was chosen as a modification of a standard method
(CLSI M38-A2, reference protocol for antifungal testing).

2.6. Molecular Docking

The fungal sterol 14-a demethylase model used in our simulations corresponds to
the structure with PDB ID: 5F3B, which was visualized using Discovery Studio (DS) 2021
software (Accelrys, San Diego, CA, USA) [57], with the ligand removed manually. The
complex predictions were obtained by docking the ligands fluconazole, 3a, and 7a with
the target protein using the HDOCK software (http:/ /hdock.phys.hust.edu.cn/, accessed
on 1 November 2024), [58], with default parameters. The ligand structures were gener-
ated using the MolView program (https://molview.org/, accessed on 1 November 2024,
The Netherlands, v2.4), which, after energy minimization, allowed us to create three-
dimensional models saved as pdb files and visualized in DS. HDOCK, which is suitable for
both macromolecule-macromolecule and small molecule-macromolecule docking [54-59],
was used for the blind docking described in this study. The software employs the iterative
knowledge-based scoring function ITScore-PP to rank the top 10 poses obtained after the
docking simulations. The HDOCK score, which is an energy score represented as a dimen-
sionless value, indicates the binding strength between the molecules, with larger negative
values reflecting stronger interactions. This scoring method has been shown to correlate
well with experimental binding affinities [60]. The top-ranked pose (top 1) and the top 1 to
top 3 poses for the complexes predicted by HDOCK are considered in our analysis.

3. Results
3.1. Synthesis of Dipeptides

The synthesis of dipeptides 7a and 7b containing non-protein amino acids 2a and
2b was carried out according to Scheme 2. In the first stage, the protected amino acids
9-fluorenylmethoxycarbonyl (Fmoc)-protected alanine (3a, 3b) were synthesized. The
reaction was carried out in a slightly alkaline medium at room temperature (Scheme 2)
according to a previously published procedure [61], the experimental conditions of which
were optimized by us in the present work. After testing the solvents acetone, isopropanol,
and dioxane, we came to the conclusion that the best option for protecting the triazole-
containing amino acids was a solvent mixture in an equal ratio of 1,4-dioxane/acetone.

When working up the reaction mixture, it was not possible to get rid of the excess Fmoc-
N-hydroxysuccinimide ester and the resulting N-hydroxysuccinimide using the standard
method, since they are almost equally soluble in both diethyl ether and ethyl acetate. An ac-
cessible and effective method was developed for processing the reaction mixture. By adding
water and adjusting the pH to 5.5 with 0.1 N HCI, excess Fmoc-N-hydroxysuccinimide
ester was removed, causing the protected amino acid to precipitate immediately at the first
stage. This is explained by the fact that the solubility of 9-fluorenylmethoxycarbonyl-N-
hydroxysuccinimide ester in water is higher than the solubility of the protected amino acids.
Subsequently, a small amount of residual 1 was removed using diethyl ether, since this ester
was more soluble in diethyl ether than the protected amino acids. During the neutralization
of the reaction mixture, the molarity of hydrochloric acid was adjusted, since concentrated
hydrochloric acid could cause unwanted transformations or reactions of the synthesized
compounds. The optimal concentration was 0.1 N, at which the protected amino acids
remained stable. The subsequent step was the transformation of the Fmoc-amino acids into
succinimide esters. This was achieved by activating the carboxyl groups of the Fmoc-amino
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acids with N-hydroxysuccinimide (HOSu) (4) in the presence of dicyclohexylcarbodiimide
(DCC) as a coupling reagent. The reaction was carried out in a solvent mixture of dioxane
and methylene chloride, resulting in N-hydroxysuccinimide esters 5a and 5b [62]. In the
next step, glycine (6) was condensed with N-hydroxysuccinimide esters of the Fmoc-amino
acids 5a and 5b. The condensation reactions were carried out in different media using
different molar ratios of sodium hydroxide and sodium carbonate. Optimal results were
achieved with a NaOH/Na,CO3 molar ratio of 2:1. Reactions carried out with NaOH
alone, in the absence of NayCOj, resulted in increased formation of by-products. Thus, the
dipeptides 7a and 7b were successfully synthesized, as shown in Scheme 2.
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Scheme 2. Schematic representation of the synthesis pathway for the dipeptides 7a and 7b.

3.2. Antifungal Activity

An in vitro study was conducted to evaluate the antifungal effects of fluconazole, the
synthesized amino acids, and their corresponding dipeptide derivatives, with the aim of
obtaining comparative data. The following fungal strains were selected as study subjects:
Aspergillus versicolor 12134, Aspergillus flavus 10567, Aspergillus candidus 10711, Alternaria
altenata 8126, Ulocladium botrytis 12027, Aureobasidium pullulans 8269. The influence of
different concentrations of all samples (89 uM, 183 uM, and 278 pM) on the activity of the
aforementioned fungi was studied.

The results are depicted in Figure S1, which illustrates the observed antifungal activi-
ties based on visual appearance, and in Table 2, which lists the antifungal activities of the
three different concentrations of the compounds and the reference fluconazole against the
selected fungal strains. Taking into account the above data, the percentage of inhibition of
strains Aspergillus versicolor 12134, A. flavus 10567, and A. candidus 10711 by the two most
active compounds (3a and 7a) was calculated and compared to fluconazole (Figure 1A-C).
Table 2 presents the antifungal activity of fluconazole and the test compounds (2a, 2b, 3a, 3b,
7a, 7b) at varying concentrations against the six fungal strains. These strains are identified
by their corresponding strain numbers, as registered in the Microbial Depository Center
and include Aspergillus versicolor 12134, A. flavus 10567, A. candidus 10711, Alternaria alternata
8126, Ulocladium botrytis 12027, and Aureobasidium pullulans 8269. The data are shown for
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the above-mentioned three different concentrations (89 uM, 183 uM, and 278 uM), with the
antifungal response indicated as follows.
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Figure 1. Histograms showing the antifungal effects of compounds 3a, 7a, and fluconazole on A.
versicolor 12134 (A), A. flavus 10567 (B), and A. candidus 10711 (C). For photographs of the fungal
plates treated with the different compounds, please refer to Figure S1 in the Supporting Information.
The X-axis indicates the concentrations of fluconazole and compounds 3a and 7a in the cultures.
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Table 2. Antifungal activity of test compounds against various fungal strains.

Names and Numbers of Strains According to the Microbial Depository Center

Concentration of Test Aspergillus . Alternaria  Ulocladium  Aureobasidium
Compounds versicolor Alf;gg;l s A.cla Or;cilldus alternata botrytis pullulans
12134 8126 12027 8269
89 uM + + - ++ ++ +++
Fluconazole 183 uM + ++ + ++ +++ +++
278 uM ++ ++ + +++ +++ +++
89 uM - - - - - -
2a 183 uM + - - + - +
278 uM + + - + + +
89 uM ++ + - - + -
3a 183 uM ++ + + + + +
278 uM ++ ++ ++ ++ ++ ++
89 UM + + + + + -
7a 183 uM ++ ++ + ++ ++ -
278 uM ++ ++ ++ ++ ++ -
89 uM - - - - - -
2b 183 uM + + - - - -
278 uM + + + + + -
89 UM + + - + + -
3b 183 uM + + + + + +
278 uM - ++ + ++ ++ ++
89 uM - + - - - -
7b 183 uM - + + - - -
278 uM + ++ + + + -

“-": No activity (inhibition % 0-10%); “+”: Low activity (inhibition % 10-30%); “++": Moderate activity (inhibition
% 40-70%); “+++": High activity (inhibition % 70-90%).

For each concentration, the presence or absence of antifungal activity was recorded for
each strain, with higher concentrations generally leading to more pronounced antifungal
effects. The experiments revealed that several samples had an effect on the selected strains.
When comparing the numerical data to fluconazole, dipeptide 7a at a dose of 89 uM was
found to suppress the growth of Aspergillus versicolor 12134 and A. flavus 10567 strains
with the same effectiveness as fluconazole (Figure 1A,B). An increase in the amount of
fluconazole to 183 uM does not change the suppressive action on Aspergillus versicolor,
while in the case of the dipeptide, the suppressive action increases significantly. In the case
of 278 uM, the suppressive action of fluconazole practically coincides with the suppression
of dipeptide in the case of 183 uM, and the noteworthy suppressive effects caused by the
protected amino acid 3a at concentrations of 89, 183, and 278 uM on Aspergillus versicolor are
not significantly different from each other and are of the same order of magnitude as
the suppression observed with 278 uM of fluconazole. In the case of A. candidus 10711,
fluconazole is generally a weaker inhibitor compared to compounds 3a and 7a (Figure 1C).

Additionally, 278 uM of compound 3a shows the same activity as 278 uM of compound
7a. This suggests that compounds 3a and 7a exhibit similar effects at this concentration and
are more effective than fluconazole A. candidus 10711 (Figures 1C and S1). In the case of the
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strains different from Aspergillus, the effect of fluconazole is more pronounced than that of
the test compounds, but a certain inhibitory effect is still present. To obtain more quantita-
tive and comparative data, additional experiments were conducted with Aspergillus species
using fluconazole, as well as compounds 3a and 7a. While initial assays were performed at
89 uM, 183 uM, and 278 uM, these were subsequently extended to higher concentrations of
444 uM and 555 pM. The inhibition percentages observed at 555 uM and the corresponding
apparent ICs (Figure S2) values for each substance are summarized in Table 3. Although
complete (100%) inhibition was not achieved, significant partial inhibition was observed,
further demonstrating the compounds’ strong antifungal activity, as shown in Figure S1.
The findings revealed that dipeptide 7a exhibited notable antifungal activity against As-
pergillus versicolor, with an ICsg of 169.94 uM, indicating higher potency than fluconazole,
a widely used antifungal agent, which had an ICsy of 254.01 uM. Interestingly, dipeptide
7a demonstrated slightly improved antifungal effectiveness compared to fluconazole in
Aspergillus flavus too (ICsg 176.69 uM vs. 184.64 uM), highlighting its potential efficacy
against this strain. Moreover, the protected amino acid 3a showed consistent inhibitory
activity across all tested strains. However, with an ICs( of 267.86 uM for Aspergillus flavus, it
was less potent than fluconazole (ICsy 184.64 uM), though it still holds promise as a viable
antifungal compound. Remarkably, 3a and 7a are also more potent than fluconazole against
A. candidus 10711 (Table 3).

Table 3. ICs values and inhibition percentages of fluconazole, compound 3a, and compound 7a at a
concentration of 555 UM against Aspergillus species.

Aspergillus Species Compound  Inhibition at 555 uM (%)  ICsp (uM)  SD

Aspergillus versicolor

12134 fluconazole 95 254.01 0.05
3a 90 - 0.09
7a 97 169.94 0.09
Asp erﬁ 315%57]‘2 aous fluconazole 85 184.64 0.09
3a 80 267.86 0.06
7a 95 176.69 0.1
Aspergillus candidus fluconazole 85 476.20 0.08
10711
3a 70 240.35 0.04
7a 95 248.94 0.04

3.3. In Silico Exploration of the Mechanism Behind the Activity of Compounds 3a and 7a Against
Aspergillus Species: Molecular Docking of the Antifungal Molecules with Sterol 14- & Demethylase

Given the particularly interesting antifungal properties of compounds 3a and 7a,
especially their pronounced effects on Aspergillus species, we sought to investigate the
underlying mechanism of action responsible for this observed activity. To explore this, we
selected one of the key proteins involved in fungal activity whose inhibition is linked to the
action of triazole-containing antifungal drugs. Specifically, we focused on the sterol 14-o
demethylase from Aspergillus species [63], a well-known target for azole-based antifungals
like fluconazole [64].

To study the interaction of fluconazole and our test compounds (3a and 7a) with this
target protein, we performed molecular docking simulations using the HDOCK docking
software [54,65]. Blind docking simulations were carried out on the protein target (PDB ID
5FRB [61]), which represents the sterol 14-alpha demethylase from an Aspergillus species,
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using fluconazole as a reference ligand, alongside the .pdb files for compounds 3a and 7a.
As shown in Figure 2, our docking results revealed that both compound 3a and compound
7a, but especially compound 3a, bind to a similar region of the protein as fluconazole.
This similarity is visually confirmed by the overlap in the binding locations of the ligands,
which are depicted in yellow for clarity (Figure 2). A more detailed analysis, shown
in Table 4, compares the receptor interface residues common between the fluconazole—
protein complex and those formed with compounds 3a and 7a. While the fluconazole and
compound 7a complexes share four common interface residues (TYR 122, ILE 373, LEU
503, PHE 504), compound 3a interacts with a larger number of common residues: TYR
122, LEU 125, THR 126, TYR 136, ALA 307, GLY 308, SER 311, ILE 373, LEU 503, PHE 504,
and HEM 580. The interaction diagrams for the complexes of 3a, 7a, and fluconazole with
the protein are also shown in the Supporting Information (Figure S3). In terms of binding
affinity, both compounds 3a and 7a demonstrate comparable, or slightly stronger, binding
than fluconazole.

Table 4. HDOCK scores for the top 1 pose and average scores for poses 1-3 (& standard deviation)
of fluconazole and compounds 3a and 7a are presented. The receptor interface residues for the top
1 poses are listed with their respective ligand—residue distances in Angstroms (A). Common residues
across all complexes are also indicated.

Compound HDOCK Score Hl?gngTicpore Receptor Interface Residues for the Top 1 Common Residues
(Top 1 Pose) ’ Poses (Residue—Ligand Distance/A)
1-3 + SD)
TYR 122 (3.460 A), LEU 125 (4.013 A),
THR 126 (3.484 A), PHE 130 (3.176 A), ~ TYR 122, LEU 125, THR
VAL 135 (3.295 A), TYR 136 (3.261 A), 126, TYR 136, ALA 307,
Fluconazole —193.30 —18327+11.13  ALA 307 (2.987 A), GLY 308 (4.884 A), SER  GLY 308, SER 311, ILE
311 (3.536 A), ILE 373 (3.680 A), LEU 503 373, LEU 503, PHE 504,
(4.080 A), PHE 504 (2.951 A), HEM 580 HEM 580
(2.982 A)
TYR 68 (2.876 A), LEU 91 (3.496 A), VAL
121 (3.717 A), TYR 122 (1.493 A), LEU 125
(2678 A), THR 126 (1.979 A), TYR 136
(4.045 A), PHE 229 (4.538 A), PHE 234
(2.725 A), ALA 307 (2.652 A), GLY 308 TYR 122, LEU 125, THR
(4.381 A), SER 311 (3.302 A), ILE 373 126, TYR 136, ALA 307,
3a —207.97 —192.63 + 11.86 2 g GLY 308, SER 311, ILE
(2.803 A), HIS 374 (3.010 A), SER 375 373, LEU 503 PLIE 504
(3111 A), ILE 376 (3.278 A), ILE 377 (3.117 " HEM 580 ’
A), ARG 378 (4.992 A), ASN 398 (4.823 A),
TYR 500 (4.472 A), SER 502 (4.805 A), LEU
503 (2.285 A), PHE 504 (3.955 A), HEM
580 (3.095 A)
THR 65 (3.017 A), ILE 66 (3.865 A), TYR 68
(3.957 A), GLY 69 (2.937 A), ILE 70 (3.821
A), LEU 91 (2.091 A), LEU 92 (3.069 A),
GLY 93 (3.464 A), LYS 94 (2.725 A), THR
96 (4.979 A), TYR 122 (4.669 A), PRO 231
7a 06,60 190,42 & 11.51 (3.321 A), ILE 232 (3.429 A), PHE 234 TYR 122, ILE 373, LEU

(2.594 A), MET 235 (2.112 A), ILE 373 503, PHE 504
(4.311 A), HIS 374 (3.240 A), SER 375
(2.883 A), ILE 377 (3.910 A), TYR 500
(2.672 A), SER 501 (3.521 A), SER 502
(2.803 A), LEU 503 (3.029 A), PHE 504
(4.955 A)
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Figure 2. Molecular docking complex views (top 1 pose) of PDB ID 5FRB, sterol 14-« demethylase
(unliganded) in complex with fluconazole (a), compound 3a (b), and compound 7a (c) visualized
using the HDOCK software. The ligand is highlighted in yellow color.

The HDOCK scores (both top 1 poses and the averages across poses 1-3) indicate that
fluconazole binds with slightly lower affinity to the sterol 14-« demethylase than either of
the test compounds, 3a and 7a (—193.30, 183.27 4+ 11.13 vs. —207.97, 192.63 & 11.86 and
—206.62, —190.42 £ 11.51, respectively. Table 4).

This finding supports the hypothesis that compounds 3a and 7a may exert their anti-
fungal effects through a mechanism similar to fluconazole, leading to similar or slightly
enhanced binding to the target protein, which contributes to its antifungal activity, particu-
larly against Aspergillus species as experimentally found.

4. Discussion

The synthesis of Fmoc-amino acids and their conversion into peptides [66,67], includ-
ing dipeptides, highlights the effective use of optimized methods in peptide chemistry. The
careful selection of solvent systems is essential for achieving high chemical yields during
the reaction process. Selecting a solvent mixture of 1,4-dioxane and acetone in a 1:1 ratio
for the protection of triazole-containing amino acids proved effective. This solvent system
not only facilitated the protection of the amino acids but also contributed to the overall
chemical yield.

The difficulty in separating excess 9-fluorenylmethoxycarbonyl-N-oxysuccinimide
ester highlighted the common challenges encountered in solution-phase synthesis of pep-
tides [68]. The development of a new purification strategy by adjusting the water content
to exploit solubility differences was an innovative solution, emphasizing the importance of
process optimization in synthetic peptide chemistry. Additionally, regulating the concen-
tration of hydrochloric acid during neutralization was crucial. The observed degradation
of synthesized compounds in the presence of concentrated acid underscores the sensitiv-
ity of these reactions to pH. Since the use of concentrated acid led to the decomposition
of final products and the formation of side compounds, experimental results identified
0.1N hydrochloric acid as the optimal condition. The transition from Fmoc-amino acids
to dipeptides involved activating the carboxyl groups with N-hydroxysuccinimide and
dicyclohexylcarbodiimide, enabling efficient coupling with glycine. The variation in molar
ratios of sodium hydroxide and sodium carbonate significantly influenced the reaction
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outcome. An optimal 2:1 (NaOH/NayCO3) ratio minimized by-product formation, un-
derscoring the importance of selecting appropriate base conditions in peptide coupling
reactions. The successful synthesis of dipeptides 7a and 7b using this approach highlights
the robustness of the employed methods and their scalability potential. The herein pre-
sented antifungal study revealed that synthesized compounds, especially dipeptides 3a
and 7a, comparable to fluconazole, exhibited significant antifungal activity against various
strains, particularly against Aspergillus versicolor and A. flavus (Table 2, Figures 51 and 1).
The concentration-dependent effects highlighted the importance of dosage, with dipeptide
8 showing increased efficacy at higher concentrations. Given the pronounced antifungal
effects of compounds 3a and 7a, particularly against Aspergillus species, we investigated
their underlying mechanism of action. We focused on the sterol 14-a demethylase [69]
from Aspergillus, a well-known target of azole-based antifungals like fluconazole. To
study the interaction of fluconazole, compound 3a, and compound 7a with this target, we
conducted molecular docking simulations using HDOCK software, targeting the protein
structure (PDB ID 5FRB) from an Aspergillus species. More in detail, we removed the
ligand VT-1598 [70] from the structure of sterol 14 x-demethylase (CYP51B) of Aspergillus
fumigatus [71], which was then used in the docking studies. Our docking results revealed
that compounds 3a and 7a bind to a similar region of the sterol 14-o demethylase as flu-
conazole. Notably, compound 3a displayed a broader interaction profile, engaging more
receptor interface residues than fluconazole or compound 7a. Binding affinity analysis
showed that compounds 3a and 7a exhibited slightly stronger or comparable binding to
the sterol 14-« demethylase than fluconazole, with HDOCK scores of —207.97 (£ 11.86)
and —206.62 (£ 11.51) for compounds 3a and 7a, respectively, compared to fluconazole’s
score of —193.30 (£ 11.13). These results suggest that compounds 3a and 7a may exert
their antifungal activity through a similar, if not enhanced, mechanism to fluconazole,
contributing to their efficacy against Aspergillus species. Interestingly, compounds 3a and
7a share several interface residues within their complex structures with the antifungal drug
VT-1598 [61]. Specifically, compound 3a shares the following residues with VT-1598: TYR
68, TYR 122, LEU 125, THR 126, TYR 136, PHE 234, ALA 307, GLY 308, SER 311, ILE 373,
HIS 374, SER 375, LEU 503, and PHE 504. On the other hand, compound 7a shares the
following residues with VT-1598: TYR 68, TYR 122, PHE 234, ILE 373, HIS 374, SER 375,
LEU 503, and PHE 504. Remarkably, these residues have been shown to play important
roles in the antifungal activity of VI-1598. Notably, HIS 374 (acting as a proton donor)
stands out as a critical residue for antifungal-protein binding, further corroborating its
importance in the interaction between the compound and the protein target [61]. While
fluconazole generally demonstrated superior effectiveness across Alternaria alternata 8126,
Ulocladium botrytis 12027, and Aureobasidium pullulans 8269, which are notable for their roles
in various research studies on fungal diseases [72,73], the presence of inhibitory effects
from the synthesized compounds suggests for Aspergillus species potential for their use
in combination therapies or as adjuncts to other drugs. These findings encourage further
investigation into the mechanisms of action and structure-activity relationships of the syn-
thesized compounds, aimed at optimization of their antifungal properties and development
of new therapeutic strategies against fungal infections.

5. Conclusions

This study demonstrates the successful synthesis of novel Fmoc-protected 1,2,4-
triazolyl-a-amino acids and their corresponding dipeptides, targeting antifungal activity
against Aspergillus species, which are notorious pathogens in both human and veterinary
medicine. The synthesized compounds were tested for their ability to inhibit the growth of
multiple fungal strains, including Aspergillus versicolor and Aspergillus flavus. The solution-
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phase synthesis of the Fmoc-protected 1,2,4-triazolyl-a-amino acids 3a and 3b, followed
by their conversion into the dipeptides 7a and 7b, involved an optimized strategy that
included solvent selection, protection strategies, and the careful tuning of reaction con-
ditions. Notably, a solvent system comprising 1,4-dioxane and acetone proved to be the
most effective for protecting the triazole-containing amino acids, ensuring high yields and
minimal side reactions. The development of a novel purification method to separate excess
reagents, such as 9-fluorenylmethoxycarbonyl-N-oxysuccinimide ester, was an innovative
contribution from a synthetic perspective. On the other hand, our antifungal activity studies
revealed that the dipeptide 7a exhibited superior antifungal effects to the antifungal drug
fluconazole against Aspergillus versicolor and Aspergillus flavus. Our mechanistic studies
based on molecular docking revealed that compounds 3a and 7a bind to a similar region
of the sterol 14-a demethylase as fluconazole. The dose-dependent enhancement of the
antifungal effect in the dipeptide 7a suggests its potential as a more effective therapeutic
agent. Although fluconazole was more effective against strains different from Aspergillus,
some of the tested compounds still demonstrated detectable inhibitory effects, supporting
the hypothesis that these new derivatives could serve as adjunctive or alternative thera-
pies to conventional antifungals. The promising activity of the synthesized dipeptide 7a,
particularly against Aspergillus species, suggests that these structures could be valuable
candidates for further development into treatments for fungal infections. Moreover, given
the rising concern about antifungal resistance [74], these compounds could also serve as a
platform for the design of next-generation antifungal agents that are both potent and less
prone to resistance. In conclusion, the synthesis and characterization of Fmoc-protected
1,2 4-triazolyl-a-amino acids and dipeptides represents a significant step toward the de-
velopment of new antifungal agents. The results of this study underscore the potential of
these compounds in treating fungal infections, and their use could be an important strategy
to mitigate the impact of Aspergillus infections in both humans and animals. Further re-
search, including in vivo studies, is essential to fully assess the clinical applicability, toxicity
profiles, and broader spectrum of activity of these compounds.
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Abstract: Leucine residues are commonly found in the hydrophobic face of antimicrobial pep-
tides (AMPs) and are crucial for membrane permeabilization, leading to the cell death of invading
pathogens. Melittin, which contains four leucine residues, demonstrates broad-spectrum antimi-
crobial properties but also significant cytotoxicity against mammalian cells. To enhance the cell
selectivity of melittin, this study synthesized five analogs by replacing leucine with its structural
isomer, 6-aminohexanoic acid. Among these analogs, Mel-LX3 exhibited potent antibacterial activity
against both Gram-positive and Gram-negative bacteria. Importantly, Mel-LX3 displayed signifi-
cantly reduced hemolytic and cytotoxic effects compared to melittin. Mechanistic studies, including
membrane depolarization, SYTOX green uptake, FACScan analysis, and inner/outer membrane
permeation assays, demonstrated that Mel-LX3 effectively permeabilized bacterial membranes simi-
lar to melittin. Notably, Mel-LX3 showed robust antibacterial activity against methicillin-resistant
Staphylococcus aureus (MRSA) and multidrug-resistant Pseudomonas aeruginosa (MDRPA). Furthermore,
Mel-LX3 effectively inhibited biofilm formation and eradicated existing biofilms of MDRPA. With its
improved selective antimicrobial and antibiofilm activities, Mel-LX3 emerges as a promising candi-
date for the development of novel antimicrobial agents. We propose that the substitution of leucine
with 6-aminohexanoic acid in AMPs represents a significant strategy for combating resistant bacteria.

Keywords: antimicrobial peptide; melittin; 6-aminohexanoic acid; leucine; drug-resistant bacteria

1. Introduction

Antimicrobial peptides (AMPs) are derived from a wide range of living organisms and
assist in combating invading pathogens [1,2]. These peptides demonstrate broad-spectrum
antimicrobial activity, effectively targeting bacteria, viruses, and fungi [3,4]. Unlike conven-
tional antibiotics, which often target specific cellular components or processes, AMPs exert
their antimicrobial effects through various mechanisms, including membrane disruption,
inhibition of intracellular targets, and modulation of immune responses [5,6]. With the
rise of antibiotic-resistant pathogens and given that bacteria are known to have difficulty
developing resistance to AMPs, there is a growing interest in AMPs as alternative strategies
for combating infectious diseases [7-9]. Research efforts are focused on understanding the
structure—function relationships of AMPs, identifying new sources, and exploring their
therapeutic potential in various medical and biotechnological applications [10-12].

Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ), derived from the venom of the Euro-
pean honeybee (Apis melifera), is a compelling AMP that has attracted significant attention
in scientific research and medical applications [13-15]. Recent studies have assessed melit-
tin for its therapeutic potential in various diseases, including rheumatoid arthritis [16,17],
chronic pain [18], anti-nociceptive effects [19,20], anti-mutagenic properties [21], anticancer
activity [22,23], and radioprotective effects [24]. However, its clinical translation is hindered
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by its inherent cytotoxicity towards mammalian cells. Melittin contains the leucine zipper
motif, and its structure is marked by an amphipathic bent helix due to the presence of
proline in the central region [25]. These structural features contribute to its ability to disrupt
lipid membranes, leading to cell lysis and death. This mechanism of action makes melittin
effective against a broad spectrum of microorganisms and mammalian cells alike [26-28].
For example, the leucine zipper can contribute to the ability of melittin to form oligomers
or aggregates, which can enhance its cytolytic activity by facilitating membrane disruption
and pore formation [29,30]. Therefore, understanding this structural feature is crucial for
elucidating the mechanism of action of melittin and its pivotal role in membrane disruption,
which underpins its antimicrobial and cytolytic activities.

6-Aminohexanoic acid is an unnatural amino acid characterized by a six-carbon
aliphatic chain, comprising an amino group at one end and a carboxylic acid group at the
other. Despite sharing the same molecular weight as leucine, 6-aminohexanoic acid offers
flexibility and mobility due to its central aliphatic chain (Figure S1). This structural diver-
gence confers unique properties and biological activities on 6-aminohexanoic acid [31,32].
In this study, to modify the leucine zipper motif and to enhance the structural flexibility of
melittin, each or all leucine residues at four positions (L6, L9, L13, and L16) of melittin were
substituted with 6-aminohexanoic acids (Table 1). To assess the cell selectivity of the pep-
tides, we examined their antibacterial activities against Gram-positive and Gram-negative
bacteria, as well as their cytotoxicity against mammalian cells. The secondary structures of
melittin and its analogs were analyzed in various environments using circular dichroism,
while the interactions of the peptides with biological and/or artificial membranes were
investigated using fluorescence spectroscopy. Furthermore, we evaluated the antimicrobial
and antibiofilm activities of the peptides against drug-resistant bacteria. We discovered that
Mel-LX3, wherein leucine at position 13 was replaced by 6-Aminohexanoic acid, exhibited
improved cell selectivity and antibiofilm activity against drug-resistant bacteria.

Table 1. Amino acid sequences and physicochemical properties of melittin and its analogs.

. Rt 2 Net Mass Analysis b
Peptides Sequences . Mass m/z m/z
(min) Charge
(g/mol) Calculated Observed
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ 30.64 6 2847.49 949.83 949.8
Mel-LX1 GIGAVXKVLTTGLPALISWIKRKRQQ 24.93 6 2847.49 949.83 949.8
Mel-LX2 GIGAVLKVXTTGLPALISWIKRKRQQ 24.76 6 2847.49 949.83 949.7
Mel-LX3 GIGAVLKVLTTGXPALISWIKRKRQQ 26.80 6 2847.49 949.83 949.7
Mel-LX4 GIGAVLKVLTTGLPAXISWIKRKRQQ 24.75 6 2847.49 949.83 949.7
Mel-LX5 GIGAVXKVXTTGXPAXISWIKRKRQQ 18.76 6 2847.49 949.83 949.7

2 Retention time (Rt) was evaluated by RP-HPLC with Cyg reversed-phase column. ® Molecular masses were
analyzed by ESI-MS. m/z: mass-to-charge ratio of [M+3H]>*. The X shown in bold indicates 6-aminohexanoic acid.

2. Materials and Methods
2.1. Materials

Resins of amide-methyl benzhydrylamine (MBHA) and amino acids pre-treated
with 9-fluorenyl-methoxycarbonyl (Fmoc) protective groups were acquired from Nov-
abiochem (La Jolla, CA, USA) for peptide synthesis. Several reagents were sourced
from Sigma-Aldrich (St. Louis, MO, USA), including 2,2,2-trifluoroethanol, N-phenyl-1-
napthylamine (NPN), sodium dodecyl sulfate (SDS), o-nitrophenyl-3-galactosidase (ONPG),
3,3’ -Dipropylthiadicarbocyanine iodide (diSC3-5), and calcein. SYTOX green dye was sup-
plied from Thermo Fisher Scientific, South Korea. All the buffers were made by using
Milli-Q ultrapure water (Merck Millipore, USA). The bacterial strains utilized in this study
comprised Staphylococcus aureus (KCTC 1621), Staphylococcus epidermitis (KCTC 1917), Bacil-
Tus subtilis (KCTC 3068), Escherichia coli (KCTC 1682), Salmonella typhimurium (KCTC 1926),
and Pseudomonas aeruginosa (KCTC 1637). These strains were acquired from the Research
Institute of Bioscience and Biotechnology (KRIBB)’s Korean Collection for Type Cultures
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(KCTC) of South Korea. Additionally, multidrug-resistant Pseudomonas aeruginosa (CCARM
2095) and methicillin-resistant strains of Staphylococcus aureus (CCARM 3090) were obtained
from Seoul Women'’s University in South Korea.

2.2. Peptide Synthesis

The Fmoc-based solid-phase method was employed to synthesize all peptides with
MBHA resin [33]. Peptide purity was assessed using an RP-HPLC Cyg column (Vydac,
250 x 20 mm, 15 um, 300 A). The molecular masses of the peptides were determined using
a triple-quadrupole mass spectrometer equipped with an electrospray ionization liquid
chromatography—mass spectrometry (ESI-LC-MS) system (API2000, AB SCIEX).

2.3. Circular Dichroism (CD) Spectroscopy

CD spectroscopy was employed to analyze the secondary structure of the peptides
under various environmental conditions, as described previously [34,35]. CD spectra were
recorded between 190 and 250 nm at a scan speed of 10 nm/min at 25 °C in 10 mM sodium
phosphate buffer (pH 7.4), 30 mM SDS micelles, and 50% trifluoroethanol (TFE) using a
spectropolarimeter J-715 (Jasco-Tokyo, Japan) equipped with a 0.1 cm long rectangular
quartz cell. Three scans were performed for each peptide, and the results were compiled
and averaged. Peptides were concentrated to a final concentration of 100 png/pL. The mean
residue ellipticity ([0]M) was calculated using the formula [0]M = (85,5 X 1000)/(c x 1 X n),
where 6, represents the observed ellipticity corrected for the buffer at a given wavelength
(mdeg), c is the peptide concentration (uM), 1 is the path length (mm), and n is the number
of amino acids in the peptide sequence.

2.4. Antimicrobial Activity

Peptides were assessed for their antibacterial activity against four Gram-positive
and four Gram-negative bacteria, including drug-resistant strains, in accordance with
Clinical and Laboratory Standards Institute (CLSI) guidelines [36]. The minimum inhibitory
concentration (MIC) was determined using a microtiter broth dilution method. All bacterial
strains were incubated overnight at 37 °C. Cultured bacteria were then diluted 10-fold in
Muller-Hinton Broth (MHB) medium (Difco, Detroit, MI, USA) and incubated for 3 h to
reach mid-log phase. Following the establishment of mid-log phase cultures, bacteria were
inoculated into sterile 96-well plates containing serially diluted peptides. The MIC was
defined as the lowest concentration of peptides that prevented observable turbidity after
incubation of the plates at 37 °C for 18 to 24 h.

2.5. Hemolytic Activity

The hemolytic activity of peptides was assessed by measuring the release of hemoglobin
from sheep red blood cells (sRBCs), as described previously [37]. To create a 4% v/v erythro-
cyte dilution, fresh sRBCs were washed with phosphate-buffered saline (PBS), centrifuged,
and then resuspended in PBS. Next, 100 uL of serially diluted peptides was added to a
sterile 96-well plate, followed by the addition of 100 uL of sRBCs. The plate was then
incubated at 37 °C for one hour. After incubation, the plate was centrifuged at 1000 rela-
tive centrifugal force (RCF), and the supernatant was transferred to a new 96-well plate.
Hemoglobin release was measured at 405 nm using a microplate ELISA reader. A total
of 0.1% Triton X-100 treatment was utilized to induce 100% hemolysis, while PBS was
employed as the reference for 0% hemolysis. The percentage of hemolytic activity was
determined using the formula % Hemolysis = [(Abs in peptide solution — Abs in PBS)/(Abs
of 0.1% Triton X-100 — Abs of PBS)] x 100.

2.6. Cytotoxicity against RAW 264.7 Cells

We conducted the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) dye reduction experiment against RAW 264.7 macrophage cells to evaluate the cy-
totoxicity of the peptides, following previously published methods [38,39]. RAW 264.7 cells
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were cultured for 24 h in the presence of 5% CO, at 37 °C after seeding them in 96-well
plates (2 x 10* cells/well). Subsequently, the peptides were treated at increasing concen-
trations and allowed to interact with the cells for 48 h. Following the incubation period,
20 uL of MTT solution (5 mg/mL in PBS) was added to each well, and the plate was
further incubated at 37 °C for 4 h. The absorbance was then measured at 550 nm using
a microplate ELISA reader after dissolving the formazan crystals in dimethyl sulfoxide
(DMSO). Treatment with 0.1% Triton X-100 served as a positive control for 100% cytotoxicity.
Each experiment was performed in triplicate.

2.7. Membrane Depolarization

The evaluation of membrane potential was conducted by employing the voltage-
sensitive fluorescent dye diSCs3-5, as described previously [40]. Gram-positive S. aureus
cells were centrifuged after reaching the mid-log point at 37 °C, corresponding to an OD600
of 0.5. Subsequently, the bacteria were resuspended in a washing buffer at OD600 nm = 0.05,
following two washes with the same buffer solution containing 20 mM glucose and 5 mM
HEPES at pH 7.4. Upon adding 20 nM diSC3-5 to the cell suspension, the dye was allowed
to fully absorb into the bacterial membrane until a stable fluorescence value was achieved.
The intensity of fluorescence emitted from diSC;3-5 (excitation = 622 nm, emission = 670 nm)
increased following the addition of peptides, serving as an indicator of membrane depolar-
ization. The addition of 0.1% Triton X-100 completely abolished the membrane potential.

2.8. SYTOX Green Uptake Assay

The SYTOX green experiment was utilized to assess the impact of peptides on bacterial
membrane permeabilization [41]. S. aureus cells in the mid-log phase (OD600 = 0.5) were
washed three times in a buffer containing 20 mM glucose and 5 mM HEPES (pH 7.4).
Subsequently, the bacterial cell suspensions were diluted in a buffer consisting of 5 mM
HEPES, 100 mM KCl, and 20 mM glucose, at pH 7.4, to a concentration of 1 x 10° CFU/mL.
After incubating for fifteen minutes in complete darkness, 0.5 uM SYTOX green was added
to the bacterial suspensions. The Shimadzu fluorescence spectrophotometer RF-5300PC
(Shimadzu Scientific Instruments, Kyoto, Japan) was employed to monitor SYTOX green
fluorescence following the addition of peptides at a concentration of 2 x MIC. In the
Shimadzu fluorescence spectrophotometer, the excitation and emission wavelengths were
set at 485 nm and 520 nm, respectively.

2.9. Membrane Permeability Assay

The fluorescent probe NPN (1-N-phenylnaphthylamine) was utilized to measure the
outer membrane permeability of Gram-negative E. coli [38]. Mid-log phase E. coli cells were
diluted to an OD600 of 0.05 after being washed three times in a buffer containing 5 mM
HEPES, 20 mM glucose, and 5 mM KCN at pH 7.4. A 1 mM stock solution of NPN was
prepared by dissolving NPN in acetone. To achieve a final concentration of 10 uM, 30 uL of
the stock solution was added to the bacterial suspension. The fluorescence was observed
with an emission wavelength (A) of 420 nm and an excitation wavelength (A) of 350 nm
until stable fluorescence was reached. Fluorescence was then measured over time after
the peptides were added, with the concentration increasing until it reached a steady state.
ONPG (o-nitrophenyl-f3-galactosidase), a non-chromogenic substrate used for cytoplasmic
membrane (3-galactosidase enzyme, was employed to assess the release of (3-galactosidase
from E. coli ML-35, aiming to determine the inner membrane permeability of peptides [42].
A 1.5 mM solution of ONPG was added to a sample buffer consisting of 10 mM sodium
phosphate and 100 mM NaCl at pH 7.4, which was used to suspend mid-log phase E.
coli ML-35 bacteria to an OD600 of 0.5. Spectrophotometry at 405 nm was used to assess
peptide-induced membrane permeabilization. The fluorescence of ONPG increases when
it is hydrolyzed to form o-nitrophenol. The permeability of the inner membrane of E. coli
ML-35 bacteria was assessed by the influx of ONPG, a substance that was then broken
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down into o-nitrophenol, forming a yellow product, by the presence of (3-galactosidase in
the cytoplasm.

2.10. Antibiofilm Activity

We assessed the antibiofilm activity of the peptides by determining their minimum
biofilm eradication concentration (MBEC) and minimum biofilm inhibition concentration
(MBIC) against drug-resistant bacteria, including MDRPA and MRSA, as previously de-
scribed [43,44]. A 96-well plate containing a subculture of 1 x 10° CFU /200 uL of bacteria
was incubated overnight at 37 °C with or without peptides to test for biofilm inhibition
and eradication. The untreated culture served as the negative control, and LL-37 was used
as the control peptide.

2.11. Confocal Laser Scanning Microscopy

Drug-resistant bacteria, including MDRPA and MRSA, were cultured to a concentra-
tion of 1 x 10° CFU/mL in 24-well plates, and discs were submerged in MHB supplemented
with glucose for a full day to facilitate biofilm formation [37]. Subsequently, discs contain-
ing planktonic cells were transferred to new 24-well plates containing peptides, following
three washes with PBS. The plates were then incubated for 6 h. Afterward, the discs were
removed, washed twice with PBS, and stained simultaneously with 40 uM propidium
iodide (PI) and 6.7 uM SYTO 9. The biofilm mass was visualized as a planar image using
confocal laser scanning microscopy (ZEISS Microscopy LSM 710 Meta, Jena, Germany) and
analyzed using the ZEN 2009 Light Edition software, version 4.2.0.121, following a 30 min
dark incubation period at 37 °C.

2.12. FACScan Analysis

A flow cytometer was utilized to assess bacterial membrane integrity by quantifying
the uptake of PI by the cells [37]. In brief, bacterial cells in the mid-log phase of MRSA
and MDRPA were diluted to achieve an OD600 of 0.5. An equal volume of PBS and cell
suspension was added to the mixture, which was then centrifuged at 8000 RPM for 5 min.
The resulting cell pellets were resuspended in PBS. Subsequently, 10 uL of PI was added,
and the mixture was incubated for 15 min. Peptides at a concentration of 2 x MIC were
then added to the mixture, followed by an additional fifteen-minute incubation. A FACScan
device (Agilent, Santa Clara, CA, USA) was used to quantify PI fluorescence.

3. Results and Discussion
3.1. Peptide Design and Characterization

Melittin contains four leucine residues at positions 6, 9, 13, and 16. In this study, we
systematically substituted four leucine residues (L6, L9, L13, and L16) in melittin with
6-aminohexanoic acids, aiming to alter the leucine zipper motif and enhance the structural
flexibility of melittin. Specifically, Mel-LX1, Mel-LX2, Mel-LX3, and Mel-LX4 represent indi-
vidual substitutions of leucine residues at positions 6, 9, 13, and 16 with 6-aminohexanoic
acid, respectively. Meanwhile, Mel-LX5 serves as an analog with simultaneous substitution
of all four leucine residues.

The synthesized melittin and its analogs underwent mass spectroscopic examination,
precisely determining the molecular weight of the peptides (Figure S2). Despite the identical
molecular weights of the peptides, analysis by RP-HPLC revealed distinct changes in
retention times (Figure S3). The results obtained from RP-HPLC and mass spectroscopy
for melittin and its analogs indicated that the peptides were synthesized with adequate
purity and precision. Table 1 provides the sequences, HPLC retention times, net charges,
and mass analyses of melittin and its analogs.

3.2. CD Spectroscopy

CD spectroscopy was used to analyze the secondary structure of melittin and its
analogs in an aqueous solution and in membrane-mimicking environments (30 mM SDS
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and 50% TFE), as shown in Figure 1. In an aqueous solution, melittin molecules are known
to be monomeric and have a random coil structure at low concentrations, whereas at
high concentrations, melittin folds into «-helical tetramers. The CD spectra of melittin at
100 pg/pL concentration in a 10 mM sodium phosphate buffer showed characteristic -
helical patterns, with molar lower mean residue ellipticity at 208 nm and 222 nm, whereas all
its analogs (Mel-LX1, Mel-LX2, Mel-LX3, Mel-LX4, and Mel-LX5) exhibited a characteristic
disordered structure, with the lowest point occurring at about 198 nm. In our conditions,
melittin appears to be a tetramer in aqueous buffer, and the analogs are monomers. When
exposed to a solution containing 30 mM SDS and 50% TFE, all peptides displayed two
distinct negative bands at 208 and 222 nm, indicating that the peptides mostly adopted
stable x-helical conformations in the membrane-mimicking environment. Compared to
melittin, Mel-LX1, Mel-LX2, and Mel-LX4 showed relatively lower intensity, and Mel-
LX5 had the lowest, suggesting that the incorporation of 6-aminohexanoic acid provides
structural flexibility in the lipid bilayers. Mel-LX3 displayed comparable levels of x-helical
structure to melittin, suggesting that both Mel-LX3 and melittin are likely to interact
with membranes in a similar manner. It is noteworthy that the proline at position 14
of melittin introduces a kink of an a-helix. The substitution of leucine at position 13
for 6-aminohexanoic acid appears to have less effect on structural changes compared to
other positions.
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Figure 1. CD spectra of melittin and its analogs in (a) 10 mM sodium phosphate buffer, (b) 30 mM
SDS, and (c) 50% TFE.

3.3. Antibacterial Activity of Melittin and Its Analogs

The antibacterial activity of melittin and its analogs was assessed against four Gram-
positive bacteria, including MRSA, and four Gram-negative bacteria, including MDRPA.
Melittin demonstrated antibacterial activity, with MIC values ranging from 4 to 16 uM
against all tested strains. In comparison to melittin, Mel-LX1, Mel-LX2, and Mel-LX4
displayed 4- to 16-fold lower activity, while Mel-LX5 was almost inactive. However, Mel-
LX3 was similarly active as melittin against both Gram-positive and Gram-negative bacteria.
Importantly, Mel-LX3 effectively inhibited the growth of drug-resistant bacteria, including
MRSA and MDRPA. The potent antibacterial activity of Mel-LX3 suggests that the leucine
at position 13 contributes less significantly to its effectiveness against bacterial strains.

3.4. Hemolytic and Cytotoxic Activities of Melittin and Its Analogs

We then examined the hemolytic impact of the peptides on sRBCs, as depicted in
Figure 2a. At a concentration of 2 M, melittin induced nearly 100% hemolysis, whereas all
melittin analogs exhibited minimal hemolytic activity of less than 5%. Even at a concentra-
tion of 64 uM, hemolysis by Mel-LX1, Mel-LX2, Mel-LX3, Mel-LX4, and Mel-LX5 was 11%,
6%, 27%, 3%, and 2%, respectively. We further assessed the cytotoxicity of the peptides
against RAW 264.7 macrophage cells, as depicted in Figure 2b. Melittin resulted in less
than 10% cell survival rate at 4 uM, whereas all analogs displayed over 80% cell survival
at the same concentration. These findings suggest that regardless of the leucine position
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in melittin, substitution of the leucine residue with 6-aminohexanoic acid significantly
diminishes its hemolytic and cytotoxic effects. These results align with prior research
indicating the crucial role of leucine residues in the hemolytic activity and cytotoxicity of
melittin [30,45]. The hemolytic activity of melittin is closely related to its hydrophobicity,
and its oligomerization in aqueous buffer is likely driven by these hydrophobic interactions.
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Figure 2. Hemolytic and cytotoxic activities of melittin and Mel-LX3. (a) Percentage of hemolysis of
sRBCs induced by the peptides. (b) Percentage of cell viability in RAW264.7 mouse macrophages.
Cell viability was assessed using an MTT dye reduction assay.

To evaluate cell selectivity towards bacterial and mammalian cells, the therapeutic
index (TI) was calculated based on antibacterial and hemolytic activities (Table 2). The TI
was determined as the ratio of the 10% hemolysis (HC;g) to the geometric mean (GM) of
the MIC. A higher TI indicates better cell selectivity. Among the melittin analogs, Mel-LX3
exhibited the highest TI value of 5.12, significantly higher than melittin’s TI of 0.19. Other
analogs, such as Mel-LX1, Mel-LX2, Mel-LX4, and Mel-LX5, showed TI values of 0.65, 2.28,
2.13, and 0.66, respectively. Notably, Mel-LX3 demonstrated the most enhanced selectivity
for bacteria over mammalian cells.

Table 2. Antibacterial activities of melittin and its analogs against Gram-positive and Gram-negative

bacteria.
MIC (uM)
Microorganism
Melittin Mel-LX1 Mel-LX2 Mel-LX3 Mel-LX4 Mel-LX5

Gram-positive organisms
S. aureus (KCTC 1621) 8 64 32 8 32 >128
S. epidermidis (KCTC 1917) 8 32 32 16 32 >64
B. subtilis (KCTC 3068) 16 16 16 16 32 >64
MRSA (CCARM 3090) 4 >128 128 4 128 >128

Gram-negative organisms
E. coli (KCTC 1682) 8 64 32 16 32 >128
P. aeruginosa (KCTC 1637) 16 64 64 16 64 >64
S. typhimurium (KCTC 1926) 16 32 16 16 32 >64
MDRPA (CCARM 2095) 8 >128 128 8 128 >128
GM (uM) @ 10.5 98 56 12.5 60 192
HCy (uM) P 2 64 128 64 128 128
TI(HCy9/GM) © 0.19 0.65 2.28 5.12 2.13 0.66

2 Geometric mean (GM) of the minimum inhibitory concentration (MIC). ® HCjj is the minimum inhibitory
concentration that causes 10% hemolysis of sSRBC. ¢ Therapeutic index (TI) is the ratio of HC19/GM.

3.5. Membrane Permeabilization of Gram-Positive Bacteria

Many AMPs with an amphipathic a-helical structure permeabilize the cytoplasmic
membrane of Gram-positive bacteria, causing a breakdown in transmembrane potential,
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resulting in cell death [46]. We assessed the effects of melittin and Mel-LX3 on the mem-
brane depolarization of Gram-positive S. aureus by monitoring the fluorescence intensity
of diSC3-5, a dye that is sensitive to potential (Figure 3a). Buforin-2, known to be an intra-
cellular target without membrane permeabilization, was used as a negative control. Both
melittin and Mel-LX3 at two times the MIC induced rapid depolarization of the membrane
against S. aureus. Both peptides caused depolarization of the cytoplasmic membrane, which
increased fluorescence within 2 min. We then evaluated the membrane permeability of S.
aureus using SYTOX green, which is a cationic dye that can only pass through compromised
membranes (Figure 3b). Buforin-2 as a negative control did not affect fluorescence intensity,
but both melittin and Mel-LX3 at 2 x MIC resulted in a rapid increase in fluorescence,
reaching the highest levels within 2 min. These results imply that the primary antimicrobial
mechanism of Mel-LX3 is related to membrane permeabilization of Gram-positive S. aureus.
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Figure 3. Membrane permeabilization of Gram-positive bacteria induced by melittin and Mel-LX3.
(a) Membrane depolarization of S. aureus. Cytoplasmic membrane depolarization was measured
using the fluorescent intensity of the membrane potential-sensitive dye DiSC3-5 when treated with
melittin and Mel-LX3 at 2 x MIC. (b) SYTOX green entry due to membrane alterations. Increased
fluorescence when treading the peptides at 2 x MIC indicates the entry of the SYTOX green probe
into S. aureus cells.

3.6. Membrane Permeabilization of Gram-Negative Bacteria

Given the presence of both outer and inner membranes in Gram-negative bacteria,
we examined the permeability of these membranes in E. coli induced by melittin and
Mel-LX3. The outer membrane permeability of E. coli was evaluated using N-phenyl-1-
naphthylamine (NPN) fluorescence, which exhibits weak fluorescence in the intact outer
membrane but becomes more pronounced when the outer membrane is compromised
(Figure 4a). The outer membrane permeability of E. coli increased in a dose-dependent
manner in response to melittin and Mel-LX3. Notably, Mel-LX3 at a concentration below the
MIC (2 uM) significantly permeabilized the outer membranes of E. coli, similar to melittin.
No appreciable outer membrane permeability was observed when buforin-2 was applied.
To analyze the inner membrane permeability of Gram-negative bacteria induced by the
peptides, we measured the hydrolysis of ortho-nitrophenyl-f3-D-galactosidase (ONPG)
due to the release of cytoplasmic (-galactosidase from E. coli ML-35 (Figure 4b). We
observed that fluorescence intensity increased with the concentration of melittin and Mel-
LX3, indicating that the peptides induce inner membrane permeability in a dose-dependent
manner. These results indicate that Mel-LX3 is capable of permeabilizing both the outer
and inner membranes of Gram-negative bacteria, similar to melittin.
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Figure 4. Membrane permeabilization of Gram-negative bacteria. (a) Permeabilization of outer
membranes. NPN uptake in E. coli (KCTC 1682) was monitored in the presence of varying peptide
concentrations. (b) Permeabilization of inner membranes. Hydrolysis of ONPG occurs due to the
release of cytoplasmic -galactosidase from E. coli ML-35 bacterial cells treated with peptides at
different concentrations.

3.7. Flow Cytometric Analysis

A flow cytometric analysis was conducted to evaluate the membrane integrity of drug-
resistant bacteria (MRSA and MDRPA) following treatment with melittin and Mel-LX3
(Figure 5). Propidium iodide (PI), a DNA intercalating dye, was used as an indicator to
assess membrane integrity and cell death via flow cytometry. In the absence of peptides,
minimal PI staining was observed in the bacteria, indicating intact cell membranes. As
expected, the negative control, buforin-2, resulted in less than 10% PI staining of the
bacteria, suggesting that buforin-2 does not disrupt the bacterial membrane. In contrast,
both melittin and Mel-LX3 led to significant PI staining, with melittin resulting in 98% and
97% PI staining of MRSA and MDRPA, respectively, and Mel-LX3 inducing 94% PI staining
of both MRSA and MDRPA. These findings suggest that both peptides are capable of
damaging the bacterial cell membrane. This analysis supports the hypothesis that Mel-LX3
damages bacterial cell membrane integrity, potentially contributing to its antimicrobial
properties against these resistant bacteria.
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Figure 5. Membrane integrity of drug-resistant bacteria. Flow cytometry was used to monitor
membrane integrity of (a) MRSA and (b) MDRPA in the absence and presence of peptides.
3.8. Antibiofilm Activity

Biofilms represent a significant threat to environmental health as they enable bacteria
to form resilient communities, leading to various diseases and fostering antibiotic resis-
tance [47,48]. We investigated whether melittin and Mel-LX3 can inhibit the growth of
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biofilms of MRSA and MDRPA, as well as eradicate preformed biofilms. LL-37, known for
its antibiofilm properties, was used as a control. Figure 6 illustrates the antibiofilm activity
of melittin and Mel-LX3 against drug-resistant bacteria, including MRSA and MDRPA.
When exposed to the peptides, LL-37 inhibited biofilm formation by approximately 50%
at concentrations ranging from 8 to 16 pM. In contrast, melittin and Mel-LX3 effectively
inhibited nearly 90% of biofilm formation at concentrations of 4 pM for MRSA and 8 uM
for MDRPA (Figure 6a,b). Moreover, both melittin and Mel-LX3 demonstrated nearly 90%
MBEC at 64 uM for MRSA and 8 uM for MDRPA (Figure 6¢,d). Particularly noteworthy
is their significantly stronger biofilm eradication activity against MDRPA compared to
LL37. We then employed confocal laser scanning microscopy to visualize the impact on
live/dead biofilm bacteria (Figure 6e,f). Live cells were stained with a green fluorescence
dye (SYTO-9), while dead cells were stained with a red fluorescence dye (PI). The treatment
of biofilm-formed MRSA and MDRPA with melittin or Mel-LX3 resulted in a notable de-
crease in the number of live cells and a significant increase in the number of dead cells. This
suggests that both melittin and Mel-LX3 are effective in killing biofilm-formed MDRPA

and MRSA.
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Figure 6. Antibiofilm activity of melittin and Mel-LX3 against drug-resistant bacteria. (a) Biofilm
inhibition by peptides against MRSA. (b) Biofilm inhibition by peptides against MDRPA. (c) Biofilm
eradication by peptides against MRSA. (d) Biofilm eradication by peptides against MDRPA. The
dashed lines represent the 50% and 90% inhibition and eradication concentrations. Visualization
of antibiofilm properties of the peptides against () MRSA and (f) MDRPA. Live and dead cells are
illustrated in green (SYTO 9) and red (PI) fluorescence, respectively.
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4. Conclusions

This study synthesized five analogs of melittin by substituting leucine residues with
the structural isomer 6-aminohexanoic acid with the aim of enhancing cell selectivity.
Among the analogs, Mel-LX3 exhibited potent antibacterial activity against both Gram-
positive and Gram-negative bacteria, comparable to melittin, while demonstrating signifi-
cantly reduced hemolytic and cytotoxic effects. Mechanistic studies revealed that Mel-LX3
effectively permeabilized bacterial membranes, leading to its enhanced antibacterial ef-
ficacy. Particularly noteworthy is the ability of Mel-LX3 to combat MRSA and MDRPA,
as well as its effectiveness in inhibiting and eradicating biofilms, especially in MDRPA
strains. With its improved bacterial selectivity and anti-biofilm activity, Mel-LX3 emerges
as a promising candidate for the development of new antimicrobial agents. The substitu-
tion of leucine with 6-aminohexanoic acid in AMPs represents a promising strategy for
addressing resistant bacteria by reducing toxicity and maintaining antibacterial efficacy,
offering potential solutions to combat infectious diseases in the future.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biom14060699/s1: Figure S1: Chemical structures of leucine and
6-aminohexanoic acid; Figure S2: ESI-MS spectra of peptides; Figure S3: Analytical RP-HPLC profiles
of peptides.
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Abstract: The problem of antimicrobial resistance is becoming a daunting challenge for human society
and healthcare systems around the world. Hence, there is a constant need to develop new antibiotics
to fight resistant bacteria, among other important social and economic measures. In this regard,
murepavadin is a cyclic antibacterial peptide in development. The synthesis of murepavadin was
undertaken in order to optimize the preparative protocol and scale-up, in particular, the use of new
activation reagents. In our hands, classical approaches using carbodiimide /hydroxybenzotriazole
rendered low yields. The use of novel carbodiimide and reagents based on OxymaPure® and Oxy-B
is discussed together with the proper use of chromatographic conditions for the adequate characteri-
zation of peptide crudes. Higher yields and purities were obtained. Finally, the antimicrobial activity
of different synthetic batches was tested in three Pseudomonas aeruginosa strains, including highly
resistant ones. All murepavadin batches yielded the same highly active MIC values and proved that
the chiral integrity of the molecule was preserved throughout the whole synthetic procedure.

Keywords: peptide synthesis; antimicrobial cyclic peptide; murepavadin; acylation agents; solid
phase; antibiotic; antibacterial activity

1. Introduction

Peptides are a class of chemical compounds that offer immense potential as therapeutic
tools. These biomolecules are highly selective and effective, as they can bind to specific
cell surface receptors and trigger intracellular effects while being relatively safe and well
tolerated. Consequently, there is a rising interest in therapeutic peptides, and nowadays,
more than eighty peptide drugs have already been approved worldwide [1-3]. Since the
introduction of solid-phase peptide synthesis (SPPS) by Bruce Merrifield in 1963 [4], this
field has experienced a boost in research and development [5]. However, scale-up and
production are still complex issues during pharmaceutical development. In fact, small
chemical optimization may imply great improvements in yields and purities due to the
repetitive nature of the peptide assembly process [3].

In recent decades, a vast arsenal of coupling reagents has been developed for pep-
tide bond formation [6-8], including aminium salts of benzotriazoles, such as 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) [9]; phos-
phonium salts, such as (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluo-
rophosphate (BOP) or (Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophos-
phate (PyBOP) [10], and carbodiimides, among others. Carbodiimides, in fact, are still the
compounds of choice because of their lower cost and good performance in non-hindered
peptide bond formation in comparison with more complex reagents.
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For solution-phase peptide synthesis, N-ethyl-N'-(3-(dimethylamino)propyl)carbodiimide
(EDC) is commonly used because its urea is highly soluble in aqueous solutions. On the other
hand, N,N'-diisopropylcarbodiimide (DIC) is preferred in SPPS because the generated urea
byproduct is soluble in organic solvents, while the urea of dicylohexylcarbodiimide (DCC) is
prone to precipitation. It is well known, though, that carbodiimides can induce a certain degree
of epimerization on the alpha-C of the activated acid group [6]. For this reason, additives, such
as 1-hydroxybenzotriazole (HOBt) or 1-hydroxy-7-azabenzotriazole (HOAt) [11], are commonly
used. These reagents reduce the high reactivity of O-acylisourea by forming intermediate active
esters and inhibit side-reactions, such as racemization, through oxazolones or the formation of
N-acylureas [12].

Unfortunately, additives, such as HOBt, can induce a certain premature cleavage of
the peptide chains, especially when using acid-labile trityl-based resins, because of their
acidic nature [13]. Moreover, HOBt and HOALt are classified in the Class I category ac-
cording to the U.S. Department of Transportation (DOT) and United Nations (UN) guide-
lines due to their explosive character, and hence, their use is restricted [14]. In this sense,
ethylcyano(hydroxyimino)acetate (OxymaPure, first described in 1973 by Itoh [15]) was
introduced and was shown to perform better than HOBt in terms of yield and epimer-
ization, and more importantly, it also showed better thermal stability [16]. Later, other
oxyma-based compounds were developed, including the COMU reagent ((1-cyano-2-ethoxy-
2-oxoethylideneaminooxy)-dimethyl-morpholino-carbeniumhexafluorophosphate [17]) or
(Z2)-ethyl 2-cyano-3-hydroxyacrylate potassium salt (K-Oxyma) [18], among others (Figure 1).
The latter is the potassium salt of OxymaPure, a more appropriate choice when dealing with
highly acid-labile resins due to the lack of the acid N-hydroxy proton (Figure 1) [18].
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HOBt OxymaPure K-Oxyma Oxy-B K-Oxy-B

Figure 1. Structures of HOBt and oxyma-based reagents.

However, the combination of DIC with OxymaPure in dimethylformamide (DMF) at
20 °C was demonstrated to lead to the formation of oxadiazole and the harmful volatile
HCN [19]. In order to avoid this drawback, the reaction of OxymaPure with carbodiimides
was studied. It was found that different sterically hindered N,N’-ditertbutylcarbodiimide
(DTBC) containing tertiary carbon groups did not produce either oxadiazole or HCN but
showed poor reactivity. Also, the primary substituted carbodiimide EDC did not evolve into
the formation of these undesirable products but showed nonproductive consumption. In
this sense, a hybrid carbodiimide-based reagent, N,N'-tertbutylethylcarbodiimide (TBEC),
which ensures an HCN-free reaction, was finally found to be the best reagent [20-22].

The problem of antimicrobial resistance is becoming a daunting challenge for human
society and healthcare systems around the world. Hence, there is a constant need to develop
new antibiotics to fight resistant bacteria, among other important social and economic
measures. Our group has been involved in the preparation of cyclic peptide antibiotics to
improve their therapeutic window and study their mechanisms of action [5,23-29]. The
purpose of this study is to evaluate and test novel coupling reagents to optimize the
synthesis of murepavadin, a novel antimicrobial peptide in clinical development, which
is highly active against Pseudomonas aeruginosa, an infectious bacterial agent considered a
serious threat to human health [30].

Murepavadin (Figure 2), previously known as POL7080, is an antimicrobial pep-
tidomimetic first-in-class of the Outer Membrane Protein Targeting Antibiotics (OMPTA),
developed initially by Polyphor Ltd. (and now in the portfolio of Basilea Pharmaceu-
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tica) [31]. It is a fully synthetic non-branched cyclic peptide composed of 14 amino acids
with a sequence related to that of the membranolytic host-defense peptide protegrin-I
(PG-I), which contains a -hairpin conformation stabilized by a DPro-Pro turn dipep-
tide [32,33]. This cyclic peptide binds to the lipopolysaccharide transport protein D (LptD),
an outer membrane (OM) protein involved in the lipopolysaccharide (LPS) biogenesis in
Gram-negative bacteria. It inhibits the LPS transport function of LptD, altering the OM and
finally causing cell death [34,35]. Murepavadin exhibits a specific and potent bactericidal ac-
tivity in vitro and in vivo against Pseudomonas aeruginosa [36-38]. Unfortunately, the phase
III trials of intravenous murepavadin in hospitalized patients with pneumonia showed an
unexpectedly high incidence of acute kidney injury. Currently, a clinical phase I trial evalu-
ating an inhaled form of the antibiotic is being evaluated for the treatment of respiratory
diseases, particularly cystic fibrosis and non-cystic fibrosis bronchiectasis [39,40].

HN
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Figure 2. Structure of murepavadin. The sequence consists of 14 amino acids: cyclo[Ser-DPro-Pro-Thr-
Trp-Ile-Dab-Orn-DDab-Dab-Trp-Dab-Dab-Ala].

2. Materials and Methods
2.1. Chemicals

2-Chlorotrityl chloride resin (2-CTC), trityl chloride resin (Cl-Trt), N-fluorenylmethoxy
carbonyl (Fmoc)-protected amino acids, trifluoroacetic acid (TFA), and N-hydroxybenzotria
zole (HOBt) were purchased from Fluorochem (Hadfield, UK) and Iris Biotech GmbH
(Marktredwitz, Germany). N,N’-diisopropylcarbodiimide was from Thermo Fisher Scien-
tific (Waltham, MA, USA). TBEC and Oxyma-B were given by Luxembourg Bio Technolo-
gies. Acetonitrile (ACN) HPLC gradient grade was purchased from Labkem (Barcelona,
Spain). All chemicals were of the highest available purity. The solvents used were HPLC
grade, except for the water, which was doubly distilled and deionized (Milli-Q system,
Millipore Corp., Burlington, MA, USA).

2.2. Synthesis of K-Oxy-B

Oxy-B (1 g, 5.4 mmol) was dissolved in 40 mL of H,O. Then, 5.4 mL of KOH 1 M
was slowly added until pH 7 was reached. The mixture was lyophilized, and 1.177 g of
a purple/brownish solid (yield of 97%) was obtained. MS analysis: m/z = [M]™ = 184.
HPLC analysis: purity of >99%, with relative absorption max. at 235 nm, using a Kinetex®
(Phenomenex, Torrance, CA, USA) reversed-phase column (4.6 x 250 mm) of a 5 pm
particle diameter and a pore size of 100 A, with 5-95% gradient of 0.036% TFA /ACN and
0.045% TFA /H,0 over 30 min, flow = 1 mL-min~! (tg = 8.401 min).

2.3. Peptide Synthesis

Manual solid-phase peptide synthesis was performed following a Fmoc/!Bu protection
strategy in polypropylene syringes fitted with a polyethylene disc, which was attached to
a vacuum system for the rapid removal of solvents and any excess of reagents. 2-CTC or
Cl-Trt resins (1.67 mmol-g !, 250 mg) were washed with dichloromethane (DCM), DMF,
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and DCM (2 x 4 mL each). After resin conditioning, 2 eq of Fmoc-Dab(Boc)-OH was added
along with 4 eq of DIPEA and the minimum quantity of DCM. The first coupling was
left to react for 3 h at room temperature. After that, the resin was washed with DMF and
DCM, capped with MeOH (0.8 mL-g~'resin) for 20 min, and washed again with DCM. The
loading of the first amino acid residue was assessed by Fmoc quantification. The peptide
sequence was assembled by the addition of the Fmoc-protected amino acid (3 eq), coupling
reagent (3 eq), additive (3 eq), and the minimum quantity of DMF for 1 h. All couplings
yielded >99%, as assessed by the Kaiser test. The Fmoc removal was achieved by successive
treatments with 20% piperidine/DMEF (1 x 1 min, 2 x 10 min). Cleavage of the peptide
from the resin was carried out by two successive treatments with hexafluoroisopropanol
(HFIP)/DCM (1:4, v/v, 3 mL-g ! resin) for 1 h. The crude protected peptide was obtained
after solvent evaporation under reduced pressure. For cyclization, the resulting solid was
dissolved in DMF (2.5 mg-mL~!), and 3 eq HATU, 3 eq HOBt, and 6 eq DIPEA were added.
The reaction mixture was stirred, monitored by a ninhydrin test, and after 18 h, the DMF
was removed under high vacuum. To remove any excess of coupling agents, the crude
product was dissolved in DCM and extracted with ACN/H;O (1:9, v/v). The protected
peptide was isolated after solvent evaporation. The crude was treated with trifluoroacetic
acid (TFA)/triisopropylsilane (TIPS)/H,O (95:3:2, v/v/v) during 90 min with stirring. Then,
the reaction mixture was precipitated in ice-cold diethyl ether (70 mL), centrifuged, and
washed two more times with anhydrous Et,O. The lyophilized peptide was dissolved in
ACN/H,0 (1:1, v/v, 100 mg-mL~1), purified by semipreparative HPLC, and characterized
by analytical HPLC and ESI mass spectrometry.

2.4. Minimum Inhibitory Concentration Determination

Minimum inhibitory concentrations (MICs) of the different murepavadin batches
were determined by following the Clinical and Laboratory Standards Institute (CLSI)
guidelines. Bacteria used in this study were standard isolates from the American Type
Culture Collection (ATCC) and German Collection of Microorganisms (DSM) (P. aeruginosa
ATCC 27853, P. aeruginosa DSM 24600, and DSM 25716). Sterile microtiter plates (96 wells
of 100 puL) were filled with 50 pL of cation-adjusted Mueller—-Hinton broth (MHB) culture
medium. Serial 2-fold dilutions of the peptides were arranged in rows ranging from
8 to 0.016 pg-mL~!. The last two columns were used as positive and negative controls,
respectively. The bacterial suspensions prepared with an optical density at 600 nm (ODgg)
of 0.2 were diluted 100-fold, and 50 pL of the resulting suspension was added to each well
(excluding the negative control). This resulted in a final concentration of approximately
5 x 10° CFU-mL~!. The plates were incubated at 37 °C for 18-20 h, and the MICs were
determined. The MIC was defined as the lowest concentration of the antimicrobial agent at
which the visible growth of bacteria was prevented. Each determination was carried out in
triplicate. To be considered acceptable, the three MIC results have to differ in only one well,
and the result is always given as the higher of the three.

3. Results and Discussion
3.1. Murepavadin Synthesis

The synthesis of murepavadin is not described in detail in the literature. The prepa-
ration of closely related peptides (i.e., POL7001, L27-11, and L26-19) followed a general
Fmoc/!Bu scheme of protection, and cyclization was performed between residues Pro'!
(C-terminal end) and Thr!® (N-terminal, Figure 29) [38,41]. A different approach has been
described using a native chemical ligation (NCL)/desulfurization methodology. In this
approach, the cyclization site was the Dab-Ala amide bond, as an Ala amino acid is needed
for this strategy. Cyclization took place in 30 min and reached a yield of 70% [42].

In our case, we decided to cyclize through the potentially less hindered peptide bond
to reduce the risk of epimerization and facilitate amide formation. We avoided (3-branched
amino acids (Ile, Thr(‘Bu)) and, in general, other ‘Bu- or Boc- side chain protected amino
acids. The chosen bond for cyclization was the amide between Dab and Ala, obtaining
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yields between 89 and 96%, as described below. Hence, the first amino acid to be attached
to the resin was the corresponding Fmoc-Dab(Boc)-OH (Dab!, as shown in Figure 2).

Overall, the synthesis of murepavadin was undertaken by SPPS following a Fmoc//Bu
scheme of protection on the trityl-type of resins using several acylating agents, as indicated
in Table 1 [38]. After the assembly of the linear protected peptide sequence on resin, a mild
acidolysis using HFIP /DCM (1:4) was performed in order to obtain the partially protected
peptide. The cyclization of the lineal crude was achieved with 3 eq O-(7-azabenzotriazol-
1-y1)-1,1,3,3-tetramethyl-uronium hexafluorophosphate (HATU), 3 eq HOBt, and 6 eq
N,N-diisopropylethylamine (DIPEA). After cyclization, the crude protected peptide was
treated with an acidolysis reagent composed of TFA /TIPS/H,0 (95:3:2, v/v/v) to obtain
the totally deprotected cyclic peptide (Scheme 1). The purity of the fully deprotected
peptide was assessed by HPLC by the integration of peaks at 220 nm.

Table 1. Yields and purities for each of the syntheses performed (also see Table S1).

Resin

. . . Coupling Cyclization Acidolysis Overall s a
Synthesis Resin Loading Agents DEtiiC?lI;ent Yield Yield Crude Yield Crude Purity

A 2-CTC 0.86 mmol/g 33;?;5% 46% 96% 90% 40% 58%
3 eq DIC

B 2-CTC 0.86 mmol/g 3eq 91% 93% 83% 70% 64%
K-Oxyma

C CI-Trt 0.45 mmol/g 33e‘f]q£01% . 41% 89% 83% 30% 67%
3 eq TBEC

D 2-CTC 0.63 mmol/g 3eq 90% 95% 88% 75% 60%
K-Oxyma

E 2-CTC 0.69 mmol/g g :C‘ll gff_% 89% 96% 89% 76% 67%

F 2CIC 070mmol/g 5> g?(_TgfyC_B 93% 94% 91% 80% 59%

2 The HPLC purities were obtained by integrating the peak areas at 220 nm.
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Scheme 1. Synthesis of murepavadin.

Two different trityl-based solid supports (2-CTC and Cl-Trt) were evaluated (Figure 3).
In the conditions used, we found that the synthesis performed using 2-CTC resin (Table 1,
synthesis A) yielded higher loading in comparison to CI-Trt (Table 1, synthesis C). Dealing
with highly functionalized resins can sometimes be disadvantageous, especially when
treating with difficult peptide sequences, as they can lead to uncomplete acylation and
make re-coupling of the amino acids necessary [43,44]. However, in the present case, the
assembly was quite straightforward, and only a few re-couplings were needed in some of
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the syntheses performed. According to the results, 2-CTC seems to be a better option than
Cl-Trt in terms of loading and overall yield (Tables 1 and 2). Therefore, 2-CTC was the resin
of choice in this study.

Cl
JO0 IO

Figure 3. Trityl-based polystyrene solid supports: trityl chloride resin (left), 2-chlorotrityl chloride
resin (right).

Table 2. Purification and global yields for each of the syntheses performed.

Synthesis Resin Coupling Agents Purification Yield Global Yield
A 2-CTC 3392‘11]{301% . 29% 12%
B 2-CTC 3 ez ;?ODi;:ma 40% 28%
C Cl-Trt 33;‘11%% . 45% 14%
D 2-CTC 3 jqu%EBX]i/(rjna 36% 27%
E 2-CTC 33:(‘11 355_% 39% 30%
F 2-CTC 3 “z :‘Ifgff_s 34% 27%

When HOBt was used as the additive in carbodiimide (DIC) acylations, a low resin
detachment yield was observed in both cases (entries A and C, Table 1). This result could
be expected according to the literature since the use of HOBt has been described to cause
premature peptide cleavage during assembly on 2-CTC resin due to its acidic character [13].
Similarly, OxymaPure (Luxembourg Bio Technologies, Ness Ziona, Israel) has also been
reported to cause the same problem of peptide losses. For this reason, we decided to
perform the synthesis using K-Oxyma (a conjugated base of OxymaPure) instead of HOBt
or OxymaPure [18]. The resin detachment yield increased from 46 to 91% on the 2-CTC
resin (entry B).

We then decided to test the novel protocol involving TBEC. Originally, the TBEC
protocol was developed to avoid the formation of oxadiazole and HCN due to the reaction
of DIC and OxymaPure [21,22]. In order to avoid losses during the assembly, we used
TBEC in combination with K-Oxyma and the newly described additives Oxy-B and its
conjugate base K-Oxy-B [18,21,45,46]. According to the literature, the use of K-Oxyma
prevents premature peptide detachment from 2-chlorotrityl resin. Our results show that
both Oxy-B and K-Oxy-B additives performed satisfactorily from this point of view. All
syntheses rendered comparable detachment yields, ranging from 89 to 93% (entries D to
F), and much better than the HOBt-based assemblies and similar to DIC/K-Oxyma. This
fact could be attributed to the lower acidic character of Oxy-B (pK, 8.20) in comparison
with the higher acidity of HOBt and OxymaPure (the pKa for both is 4.60) [20]. Finally, it
can be seen that both Oxy-B and K-Oxy-B performed similarly well. Therefore, there is no
apparent need to prepare the corresponding conjugate base of Oxy-B.

In all syntheses, after the acidolysis of the peptidyl resins, the linear protected peptide
was cyclized. Macrolactamization was performed in solution using HATU, HOBt, and
DIPEA (3:3:6 mole ratio) according to the literature [38]. The cyclization yields ranged from
89 to 96%. It is worth mentioning that this reaction was monitored by ninhydrin since both
the linear and cyclic protected peptides did not elute by HPLC using ACN/H,O mixtures.
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Total deprotection was achieved by treatment with TFA /TIPS/H,0 (95:3:2, v/v/v%)
to obtain the cyclic deprotected peptide. After precipitation in anhydrous diethyl ether and
isolation of the crude peptides, the yields ranged from 83 to 91%.

The assessment of the purity of the different batches was not a straightforward task. As
mentioned before, murepavadin contains a DPro-Pro moiety within the sequence. It is well
known that proline residues may lead to conformational equilibria due to the possibility
of significant populations of both the cis and trans conformers [47,48]. When assessing
purity, we sometimes found out that two peaks with the same m/z ratio were obtained by
HPLC-MS (Figure 4d,g). However, if the samples (previously lyophilized) were pre-heated
to 50 °C for 30 min or the chromatography was performed using an oven at 50 °C, the
coalescence of peaks took place into a single major peak (Figure 4e,fh). In all cases, the
purity was determined by the integration of peaks at 220 nm corresponding to a m/z ratio
of a 777.9 mass unit, which corresponds to the [M+2H*]*2 ion, as determined by ESI-MS.
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Figure 4. Chromatograms of murepavadin crudes obtained after treating the protected peptide crude
with TFA/TIPS/H,0 (95:3:2, v/v/v) using different chromatographic conditions: (a) Synthesis D,
HPLC 25 °C, (b) Synthesis D, HPLC column T set to 50 °C, (c) Synthesis D, sample pre-heating
50 °C, (d) Synthesis E, HPLC 25 °C, (e) Synthesis E, HPLC column T set to 50 °C, (f) Synthesis E,
sample pre-heating 50 °C, (g) Synthesis F, HPLC 25 °C, (h) Synthesis F, HPLC column T set to 50 °C,
(i) Synthesis F, sample pre-heating 50 °C.

The final overall crude yields ranged from 70 to 80% in all cases except those involving
the use of HOBt (30—40%). Crude purities went from 58 to 67%. Hence, the use of K-Oxyma,
Oxy-B, and K-Oxy-B yielded similar good results. The highest purity (67%) was obtained
for the combination of TBEC/Oxy-B in the 2-CTC resin, as shown in Table 1 and Figure 4.

After purification by semipreparative HPLC, all the murepavadin batches were ob-
tained with a purity higher than 99%. As seen in Table 2, global yields of synthesis A and
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C were clearly affected by premature loss during the peptide assembly due to the acidic
nature of HOBt. In comparison, the syntheses performed using K-Oxyma, Oxy-B, and
K-Oxy-B rendered much higher yields (Table 2 and Syntheses B, D, E, and F). As expected,
the higher yields and purities obtained for the crudes were reflected in the global yield
after purification. Oxy-B is as effective as its conjugate base; hence, there is no need to
prepare the potassium salt of Oxy-B (K-Oxy-B) in clear contrast to the pair OxymaPure/K-
Oxyma described in the literature. In our hands, the best yield for the total synthesis of
murepavadin in the 2-CTC resin was obtained for the acylating agents TBEC/Oxy-B.

3.2. Antimicrobial Activity Determination of the Different Murepavadin Batches

As mentioned before, murepavadin exhibits potent activity against P. aeruginosa by
targeting the periplasmatic 3-jellyroll domain of the LptD protein of this bacteria. It is
well known that drug—protein interactions are stereospecific, and studies have shown
that murepavadin exerts its antipseudomonal activity by means of a mechanism of action
involving a chiral receptor [49,50]. In this sense, we wanted to confirm the chiral integrity
of the murepavadin purified batches by assessing their in vitro antibacterial activity. An-
timicrobial activity was determined in terms of minimal inhibitory concentrations (MICs)
by the broth dilution method and following the CLSI guidelines.

All murepavadin batches were tested against three different P. aeruginosa strains.
Two of them (DSM 24600 [51] and DSM 25716 [52]) were resistant to 3-lactam antibi-
otics. P.aeruginosa DSM 24600 produces extended-spectrum f3-lactamase (ESBL) and is
carbapenem-resistant (Genotype blaVIM-1). P. aeruginosa DSM 25716 is resistant to car-
bapenems (i.e., imipenem) as it expresses a VIM B-lactamase but it does not produce
extended-spectrum £3-lactamases (ESBL).

As seen in Table 3, this cyclic peptide exerts a potent antipseudomonal activity, with P.
aeruginosa DSM 24600 being the most susceptible strain. The MIC values are in the range of
those found in the literature (0.008-0.25 pug-mL~1) [36,38]. No differences were observed
between the different batches, which indicates that the chiral integrity of the molecule was
preserved in the different syntheses of murepavadin.

Table 3. MIC values ( ug-mLfl) for the different batches of murepavadin.

A B C D E F
P. aeruginosa
ATCC 27853 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625
P. aeruginosa
DSM 24600 0.03125 0.03125 0.03125 0.03125 0.03125 0.03125
P. aeruginosa
DSM 25716 0.25 0.25 0.25 0.25 0.25 0.25

4. Conclusions

The preparation of murepavadin, a complex macrocyclic peptide antibiotic, was
successfully achieved. Its assembly was accomplished using different resins and coupling
reagents. Regarding the resin, 2-CTC was preferred over CI-Trt, as the loading obtained with
this solid support was higher, and the peptide assembly was quite straightforward. When
using HOBt in combination with the standard carbodiimide DIC for peptide assembly,
low detachment yields were obtained (41-46%), indicating premature cleavage of the
peptide chains, probably due to the acidic nature of this additive. The cleavage yield
was improved (91%) when the conjugate base of OxymaPure, K-Oxyma, was used with
DIC. Also, different oxyma-based additives were used in combination with a relatively
new carbodiimide, TBEC, and proved to be as effective as the system DIC/K-Oxyma in
terms of cleavage yield (89-93%). The use of K-Oxyma/DIC, Oxy-B/TBEC, and K-Oxy-
B/TBEC yielded similar good yields and purities. Oxy-B is as effective as its conjugate
base; hence, there is no need to prepare the potassium salt of Oxy-B (K-Oxy-B) in clear
contrast to the pair OxymaPure/K-Oxyma. Altogether, the best yield for the total synthesis
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of murepavadin was obtained using the 2-CTC resin and the acylating agents TBEC/Oxy-B.
Chromatographic elution by HPLC at a high temperature (50 °C or pre-heating samples at
50 °C) was necessary for the correct assessment of murepavadin crude purity.

Finally, the antimicrobial activity of the different synthetic batches was tested in three
P. aeruginosa strains, including highly resistant varieties that consisted of two carbapenem-
resistant strains and an ESBL producer. All murepavadin batches yielded the same MIC
values, which demonstrates that the chiral integrity of the molecule was preserved through-
out the whole synthetic procedure.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: In cancer therapy, photodynamic therapy (PDT) has attracted significant attention due to
its high potential for tumor-selective treatment. However, PDT agents often exhibit poor physico-
chemical properties, including solubility, necessitating the development of nanoformulations. In this
study, we developed two cationic peptide-based self-assembled nanomaterials by using a PDT agent,
chlorin e6 (Ce6). To manufacture biocompatible nanoparticles based on peptides, we used the cationic
poly-L-lysine peptide, which is rich in primary amines. We prepared low- and high-molecular-weight
poly-L-lysine, and then evaluated the formation and performance of nanoparticles after chemical
conjugation with Ce6. The results showed that both molecules formed self-assembled nanoparticles
by themselves in saline. Interestingly, the high-molecular-weight poly-L-lysine and Ce6 conjugates
(HPLCe6) exhibited better self-assembly and PDT performance than low-molecular-weight poly-L-
lysine and Ce6 conjugates (LPLCe6). Moreover, the HPLCe6 conjugates showed superior cellular
uptake and exhibited stronger cytotoxicity in cell toxicity experiments. Therefore, it is functionally
beneficial to use high-molecular-weight poly-L-lysine in the manufacturing of poly-L-lysine-based
self-assembling biocompatible PDT nanoconjugates.

Keywords: photodynamic therapy; anticancer therapy; bioconjugate; peptide derivatives; nanoparticle

1. Introduction

Research on tumor-selective anticancer therapies, including photodynamic therapy
(PDT), has been ongoing for decades [1,2]. Cancer is a fatal and intractable disease that
is difficult to treat, and conventional chemotherapy with cytotoxic anticancer drugs has
very little selectivity towards tumors, resulting in severe side effects [3]. Although various
targeted anticancer therapies have been developed, only a few are effectively and widely
used [4-7]. Among them, PDT is a method of inducing cell death used primarily for treating
various cancers, utilizing photosensitizers, light of a specific wavelength, and oxygen [8,9].
Various types of PDT have been developed and are being used to fight the growing problem
of antimicrobial resistance or treat different cancers such as pancreatic tumors, skin cancer
and head and neck cancer [10-13]. In PDT, the excited photosensitizer directly reacts
with cellular substrates to produce free radicals and reactive oxygen species (ROS). These
reactive species or radicals interact with cellular components, causing damage to lipids,
proteins, and nucleic acids, leading to cell death through necrosis or apoptosis [14,15]. ROS
or singlet oxygen causes significant damage to cellular components, especially the lipids in
cell membranes and mitochondrial membranes, leading to cell death. Using this principle,
various PDTs such as vascular targeting PDT, cellular PDT, or upconversion-based PDT
have been developed [16,17].

The combination of nanotechnology and PDT has made notable achievements in
cancer therapy [18]. Traditionally, PDT agents have shown very poor physicochemical
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properties and present the problem of reaching only a small part of the tumor area that
requires treatment [17]. However, with the recent integration of PDT agents and nanoparti-
cle technologies, several new methods have been developed that significantly enhance the
utility of PDT [19,20]. These PDT-based nanoparticles have demonstrated excellent func-
tionality, improved tumor selectivity, and enhanced physicochemical properties, showing
great potential as superior therapeutic agents [21,22]. One of the most commonly used PDT
agents in nanoparticles is chlorin e6 (Ce6), which has been studied in combination with
various nanomaterials [23].

One method of manufacturing PDT nanoparticles involves using peptides to form
self-assembling nanoparticles [9,24]. Self-assembly is of particular interest in nanoparticle
manufacturing, and it is not difficult to create self-assembling nanoparticles by using both
PDT agents and peptides [25-27]. Through this method, many PDT agents have been
developed and widely researched in preclinical studies. While countless combinations of
peptides are possible, using poly-L-lysine allows for the utilization of its unique cationic na-
ture and the manufacture of nanoparticles that internalize hydrophobic PDT agents [28,29].
Several types of poly-L-lysine-based nanoparticles have been manufactured by using this
method, but effective and widely used poly-L-lysine-based PDT nanoparticles have yet to
be developed.

In this study, we manufactured and evaluated two types of nanoparticles capable
of self-assembly by using two different poly-L-lysine and Ce6 molecules (Figure 1). In
particular, we proved through computer simulation how nanoparticles based on poly-L-
lysine self-assemble amphiphilically in solvents. Initially, we synthesized and prepared low-
molecular-weight poly-L-lysine molecules, while for high-molecular-weight poly-L-lysine
(average molecular weight of 50 kDa), we used materials commonly available as reagents.
The self-assembly of these two designed materials in aqueous solutions was evaluated
through nanoparticle size and charge measurements. We also evaluated their effect on
cell apoptosis and their absorption capabilities to compare which size of poly-L-lysine
nanoparticles would be ideal for PDT therapy. This research will serve as a foundational
study that can help in the clinical development of many PDT-based nanoparticles currently
being developed.
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Figure 1. Schematic representation of PLCe6 PDT nanoparticles for cancer treatment through in-
creased cellular uptake. (a) PLCe6 can form nanoparticles through self-assembly, based on its
amphiphilic drug-based structure; (b) upon exposure to visible light, HPLCe6 can induce cyto-
toxicity due to high cellular uptake, whereas LPLCe6 struggles to induce cytotoxicity due to low
cellular uptake.
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2. Materials and Methods
2.1. Materials

Antibiotic/antimycotic solution (100x), acetonitrile (ACN), anhydrous dimethyl sulfox-
ide (DMSO), Dulbecco’s modified Eagle’s medium (DMEM), 1-ethyl-3-(3-dimethyl amino-
propyl)carbodiimide (EDC), ethanol, L-lysine monohydrochloride (Lys), poly-L-lysine hy-
drobromide (HPL; average molecular weight of 50 kDa), N-hydroxysuccinimide (NHS),
2-(N-morpholino)ethanesulfonic acid monohydrate (MES monohydrate), phosphate-buffered
saline (PBS), trifluoroacetic acid (TFA), and 2-(4-amidinophenyl)-6-indolecarbamidine dihy-
drochloride (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine
serum (FBS) was obtained from Gibco (Waltham, MA, USA) and chlorin e6 (Ce6) was ob-
tained from Leap Chem (Hong Kong). An EZ-cytox kit was obtained from DoGenBio (Seoul,
Republic of Korea).

2.2. Preparation and Characterization of PL Nanoparticles

Initially, low-molecular-weight poly-L-lysine (LPL) was synthesized by utilizing the
amino acid L-lysine with peptide coupling reagents. Specifically, L-lysine (Lys; 50 mg,
273.75 umol), N-hydroxysuccinimide (NHS; 236.3 mg, 2.05 mmol), and 1-ethyl-3-(3-dimethyl
aminopropyl)carbodiimide (EDC; 787.2 mg, 4.11 mmol) were sequentially dissolved in 2-
morpholinoethanesulfonic acid (MES) buffer (5 mL, pH 5) and reacted for 24 h. Subsequently,
the reaction was quenched by adding 1 N NaOH (1 mL) to adjust the pH to 10, followed by
the addition of deionized water (DW) (4 mL) and lyophilization for 2 days. The freeze-dried
mixture was then centrifuged at 3000 rpm for 5 min in ethanol to remove the unreacted EDC
and NHS molecules, a process repeated four times. The residual organic solvent was removed
by using a rotary evaporator, and the final product, LPL, was lyophilized for an additional 2
days. The molecular weight of the synthesized LPL (average molecular weight = 768.1 Da)
was confirmed by using matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS, AXIMA Performance, Kyoto, Japan) by ANYGEN (Gwangju,
Republic of Korea).

Next, to fabricate nanoparticles that self-assemble in aqueous solutions, various ratios
of Ce6 and LPL (LPL-Ce6 synthesis ratio 1:1, 1:2.5, or 1:5) and HPL (HPL-Ce6 synthesis
ratio 1:10, 1:25, or 1:50) were conjugated by using the EDC/NHS reaction. For the synthesis
of LPLCe6, LPL (15 mg, 19.53 umol), Ce6 (11.65 mg, 19.52 umol), NHS (6.74 mg, 58.56 pmol),
and EDC (18.72 mg, 97.65 pmol) were dissolved in DW/DMSO (1:9 v/v, 6 mL). The solution
was stirred at 25 °C for 24 h, purified by centrifugation in cold acetone at 4 °C at 3000 rpm,
a step repeated three times, and then lyophilized to obtain LPLCe6 powder.

In the preparation of HPLCe6, HPL (15 mg, 0.3 umol), Ce6 (1.79 mg, 3.00 pmol), NHS
(1.04 mg, 9.04 pmol), and EDC (2.88 mg, 15.02 pmol) were dissolved in DW/DMSO (1:9 v/7v,
6 mL) and stirred at 25 °C for 24 h. The mixture was then purified by centrifugation in
cold acetone at 4 °C at 3000 rpm, a step repeated three times, and lyophilized to obtain
HPLCe6 powder.

The conjugation of poly-L-lysine and Ce6 was verified by using UV-vis spectroscopy.
Ce6, LPLCe6, and HPLCe6 were dissolved in anhydrous DMSO (1 mL), and their ab-
sorbance was measured with a SPECTROstar Nano spectrophotometer (BMG Labtech,
Ortenberg, Germany). The purified LPLCe6 and HPLCe6 molecules were analyzed by
using reverse-phase high-performance liquid chromatography (RP-HPLC) (1200 series,
Agilent Technologies, Santa Clara, CA, USA). The RP-HPLC analysis utilized an Eclipse
Plus C18 reverse-phase column (4.6 mm x 150 mm, 3.5 pm) with a gradient elution method.
The mobile phase consisted of water with 0.1% trifluoroacetic acid (TFA) (90-10%) and
acetonitrile with 0.1% TFA (10-90%), at a flow rate of 1 mL/min, with impurities detected
by using a UV-vis detector at a wavelength of 405 nm.

2.3. Computer Simulation

Before the simulations, structures of LPLCe6 and HPLCe6 were generated by using
the Pep-FOLD 4 website, producing a total of 20 structures each [30]. The structure with the
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optimal energy value was selected for further analysis. The structure in PDB format was
then transferred to the Discovery Studio program, where the Ce6 structure was conjugated
to the side chain of lysine. Subsequently, the structure of Lys-Ce6 was modeled with the
PDB reader and manipulator in CHARMM-GUL The combined structure was modeled by
using the module for applying covalent bonds. The simulations were conducted by using
the GROMACS 2021_2 program [31]. LPLCe6 and HPLCe6 were parameterized with the
CHARMM-36m force field, and parameters were generated by using the CHARMM-GUI
web server. Solvation was performed by using the Tip3 water model. Neutralization was
achieved by adding chloride ions (C17) and sodium ions (Na*). A time step of 100 ns
was employed, with a cutoff of 1.4 nm for short-range van der Waals and electrostatic
interactions. Long-range electrostatics were computed by using the particle mesh Ewald
method, employing a Fourier spacing of 0.24 nm and fourth-order interpolation. Bonds
were constrained by using the LINCS algorithm. Rigid water temperature coupling utilized
the v-rescale thermostat, while pressure coupling was managed by the Berendsen barostat
during equilibration and the Parrinello—Rahman barostat during sampling. Simulations
were conducted at 300 K and 1 bar. After the completion of the 100 ns MD simulation,
the GROMACS energy analysis tool was employed to compare the values of Lennard-
Jones and Coulomb interactions. These interactions were evaluated not only between
solute and solvent but also between the solute molecules themselves. Furthermore, the
resulting nanoparticles were imported into the Discovery Studio program in PDB format to
analyze molecular interactions with the Analyze Trajectory tool. To evaluate the degree
of aggregation for LPLCe6 and HPLCe6, the Protein Aggregation Analyzer in Discovery
Studio was utilized, focusing on individual molecules.

2.4. Nanoparticle Analysis

The hydrodynamic size, distribution, and zeta potential of each PLCe6 nanoparticle
ratio were measured after dissolving the substances in saline and saline containing 5%
FBS at a concentration of 0.5 mg/mL, by using dynamic light scattering (DLS; Zetasizer
Nano, Malvern Instruments, Worcestershire, UK). To indirectly verify the formation of
particles under conditions mimicking the in vivo environment, we examined the fluores-
cence changes of LPLCe6 (1 mg/mL) and HPLCe6 (1 mg/mL) in the presence of various
concentrations of NaCl (0-0.9%) by using a SpectraMax M2 microplate reader (Molecular
Devices, San Jose, USA, AEx = 660 nm, AEm = 710 nm) (1 = 5).

2.5. Cellular Uptake Study

To assess the endocytosis capability of LPLCe6 and HPLCe6 nanoparticles, murine
colorectal carcinoma cells (CT26.WT) were seeded in a 35 mm confocal dish at a den-
sity of 5 x 10* cells/well and cultured for 24 h in high glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% antibi-
otic/antimycotic solution. Subsequently, the cells were treated with LPLCe6 and HPLCe6
at a concentration of 10 ng/mL each and incubated at 37 °C for 3 h. Following incuba-
tion, the cells were washed once with phosphate-buffered saline (PBS) and fixed with
4% paraformaldehyde for 10 min. After fixation, cells were stained with 4’,6-diamidino-
2-phenylindole (DAPI) in the dark for 10 min to visualize the nuclei. The intracellular
localization of the nanoparticles was then imaged with an ECLIPSE Ti2 series microscope
(Nikon, Tokyo, Japan).

2.6. In Vitro Cytotoxicity Assay of PLCe6 Nanoparticles

Cytotoxicity was assessed by using the EZ-cytox assay. The CT26.WT cells were seeded
in a 96-well cell culture plate using high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and 1% antibiotic/antimycotic solu-
tion, at a density of 1 x 10* cells per well. The cells were allowed to stabilize for 3 h for
attachment before treatment with Ce6, LPLCe6, or HPLCe6. Two independent experiments
were conducted, one with laser irradiation and one without. In the experiment with laser
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irradiation, each well was irradiated with a 635 nm laser at an intensity of 20 mW /cm?
for 1 min, 2 h after treatment. Following an additional 12 or 24 h incubation period, the
cells were washed twice with PBS. Subsequently, the cells were incubated in a DMEM
medium containing 10% EZ-cytox solution for 1 h. The absorbance at 450 nm and 600 nm
was measured with a SPECTROstar Nano spectrophotometer (BMG Labtech, Ortenberg,
Germany) (1 = 6).

2.7. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 9 (GraphPad Software 9.5.0).
All experimental data were represented as mean =+ standard deviation. A one-way ANOVA
test was employed for comparison between two groups, and a p-value of less than 0.05 was
considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. Preparation of Chlorin e6-Conjugated Poly-L-Lysine (PLCe6) Nanoparticles

We synthesized chlorin e6-conjugated poly-L-lysine (PLCe6) nanoparticles to explore
the anticancer efficacy associated with the length of poly-L-lysine (PL). Initially, low-
molecular-weight poly-L-lysine (LPL) was prepared through chemical conjugation by using
the peptide coupling reagent EDC/NHS (Figure 2a). The molecular weight of the resultant
LPL was confirmed via MALDI-TOF mass spectrometry (Figure 2b), which revealed an
average molecular weight of 768.1 m/z [SLys + K + 2CI + H], indicative of the conjugation
of five lysine units. Next, amide bonds were formed between the amine groups of PL
and the carboxylic acid groups of Ce6 to achieve the conjugation of different lengths of
PL with Ce6. The synthesis was carried out while maintaining the pH of the solution at
approximately 6 (Figure 2c).

a i i b
7081
HZNV\/\‘)kOH + HQNV\/\HI\OH 100 T
NH, NH, 904
s102

L-lysine 804

MES buffer . ]
24 h reaction ‘ EDC/NHS e

30 23
H o NH. n o) o
M\/\‘)Lu/\/\/Y 20
NH, o NH, 10
Poly-L-I 0
2000 4000
m/z
OHO oy
0, OH 0
o NH, [*)
N\/\/YLN/\/\/\H,N .
NH, 1 NH, |
Poly-L-l;
Ceb
7 LPL1Ce6

Chlorin ¢6 HPL10Ce6
DVSO/DW .
24 h reaction | FPONHS T T T T T T [ T 1
320 400 480 560 640 720 800 880 960
Wavelength (nm)

e Ce6

LPL1Ce6
HPL10Ce6

]
<
i L

15 | 25 35
Retention time (min)

Figure 2. Preparation of LPL and PLCe6. (a) Schematic diagram of the structure and chemical
synthesis of LPL; (b) measurement of the molecular weight of LPL with MALDI-TOF; (c) schematic
diagram of the structure and chemical synthesis of PLCe6; (d) confirmation of the synthesis of
LPL1Ce6 and HPL10Ce6 molecules from Ce6 with UV—vis spectroscopy after purification; (e) RP-
HPLC of Ce6, LPL1Ce6 and HPL10Ce6.
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The chemical conjugation of PLCe6 was verified through UV-vis spectroscopy. The
synthesized and purified LPL1Ce6 and HPL10Ce6 nanoparticles revealed absorption peaks
at 663 or 662 nm (Figure 2d). This shift suggests a change in the molecular structure that
affects electron distribution, thus altering the absorption spectrum. Finally, to confirm the
complete conjugation of Ce6 to PL without any free Ce6 remaining, reverse-phase high-
performance liquid chromatography (RP-HPLC) was employed, showing no detectable
free Ce6 (Figure 2e).

3.2. Computer Simulation

In the comparative analysis between LPLCe6 and HPLCe6, it was beneficial to include
details on the specific outcomes or insights gained from the in silico experiments. As
time progressed, LPLCe6 and HPLCe6 underwent self-assembly in an ion-neutralized
solvent model. Nanoparticle formation accelerated around 60 ns, with distinct clustering
of nanoparticles observed from approximately 90 ns onwards. At the end of the 100 ns
MD simulation, LPLCe6 did not form an assembled structure (Figure 3a). In contrast,
HPLCe6 was constructed to form well-defined nanoparticle structures of approximately
five molecules (Figure 3b).
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Figure 3. (a) LPLCe6 nanoparticle formulation during a 100 ns MD simulation; (b) HPLCe6 nano-
particle formulation during a 100 ns MD simulation; (c) values for the hydrophilic (Coulomb)
interacting energy during the MD simulations of LPLCe6 and HPLCe6; (d) hydrophobic (Lennard-
Jones) interaction energy during the MD simulations of LPLCe6 and HPLCe6; (e) aggregation score
for single molecules for HPLCe6 and LPLCe6.
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LPLCe6 exhibited relatively low levels of particle cohesion and interaction energy
compared to HPLCe6. This is attributed to HPLCe6 comprising 20 Lys amino acids and
4 Ce6 molecules, displaying sufficient amphiphilicity, whereas LPLCe6, composed of 1
Ceb6 and 5 lysine molecules, shows relatively low hydrophobicity, making it difficult to
exhibit amphiphilicity. Moreover, due to its sufficient molecular size, HPLCe6 can form a
‘theoretical” particle as a single molecule. In contrast, LPLCe6, with its smaller molecular
size, cannot form a particle shape as a single molecule and requires the aggregation of two
or more molecules for interaction (Figure 3c). Even if interactions were formed, it was
found that the gap between the hydrophobic and hydrophilic regions was too narrow for
smooth particle formation. In summary, the analysis of nanoparticle morphology revealed
that in the longer HPLCe6, the hydrophobic Ce6 portion formed a hydrophobic core
within the HPLCe6 nanoparticle, while the hydrophilic lysine remained exposed outwardly,
interacting with the solvent. Additionally, numerical values for the Lennard-Jones and
Coulomb interactions were observed in 100 ns of MD simulation. Lennard-Jones energy is
primarily attributed to van der Waals interactions such as London dispersion forces and
radius absorption, categorizing them as hydrophobic interactions. Conversely, Coulomb
energy mainly encompasses hydrogen bonding, ion interactions, etc., these being classified
as hydrophilic interactions. Therefore, the interactions mediated by Ce6 in LPLCe6 and
HPLCe6, representing hydrophobic interactions, and those influenced by lysine, indicating
hydrophilic interactions, were described with such energy terms.

The interaction energies between solvent and solute were also evaluated in a similar
manner to consider the extent of solute-solvent interactions. As a result, the average
Lennard-Jones interaction of HPLCe6 was lower than that of HPLCe6 (Figure 3d). The inter-
particle interaction of LPLCe6, measured at —2.90 Kcal/Kmol, was approximately 2.3 times
lower than that of LPLCe6, which stood at —6.75. Additionally, the LPLCe6 interactions
with solvent, characterized by LPLCe6 (—3.31), were lower compared to HPLCe6 (—7.07).
Furthermore, the average Coulomb interactions of LPLCe6 were also weaker than those of
HPLCe6 (Figure 3e). In terms of interparticle interactions, LPLCe6 exhibited values over
1.7 times lower than HPLCe6, with LPLCe6 (—47.45) against LPLCe6 (—81.04). Similarly,
solvent-solute interactions showcased values over 1.7 times lower for LPLCe6 (—42.31)
compared to HPLCe6 (—72.21). Only HPLCe6 could theoretically form a nanoparticle from
a single molecule, accelerating nanoparticle formation. The presence of Lys—Ce6 facilitated
aggregation of the poly-L-lysine structure, confirmed through calculations of aggregation
scores by using the Analyze Protein Aggregation module. In single molecules, LPLCe6
with only one Ce6 molecule had an average aggregation score of —0.176 for four lysines,
whereas HPLCe6 with four Ce6 molecules had a score of —0.619, indicating increased
energy due to Ce6’s hydrophobicity contrasting with the hydrophilicity of lysine.

3.3. Characterization of PLCe6 Nanoparticles

The optimization of LPLCe6 and HPLCe6 nanoparticles was conducted across various
ratios to assess their size, stability, and zeta potential. Due to the amphiphilic nature
resulting from the conjugation of the cationic peptide (PL) with the hydrophobic drug
(Ce6), PLCe6 nanoparticles demonstrated stability in saline. The diameter of LPLCe6
nanoparticles increased with the amount of Ce6 conjugated to LPL. Specifically, diameters
for the ratios (LPL1Ce6, LPL2.5Ce6, and LPL5Ce6) were measured at 474.1 + 44.1 nm,
789.3 £ 210.7 nm, and 1337 % 292 nm, respectively, indicating an increase in both diameter
and distribution (Figure 4a). Concurrently, the zeta potential showed a gradual decrease to
15.31 £ 0.45, 13.87 & 1.09, and 11.84 £ 0.62 for each respective ratio, suggesting challenges
in nanoparticle formation control due to increased hydrophobic interactions among Ce6
molecules as the Ce6 conjugation ratio rose (Figure 4b). For further experiments, LPL1Ce6
was selected for its relatively higher particle stability and denoted simply as LPLCe6.
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Figure 4. Optimization preparation of PLCe6. (a) Size distribution of LPL1Ce6, LPL2.5Ce6, and
LPL5Ce6 confirmed through DLS. Results are presented as mean + SD (1 = 3). (b) Zeta potential
of LPL1Ce6, LPL2.5Ce6, and LPL5Ce6. Results are shown as mean £ SD (n = 3). (c) Size distri-
bution of HPL10Ce6, HPL25Ce6, and PL50Ce6 confirmed through DLS. Results are presented as
mean =+ SD (n = 3). (d) Zeta potential of HPL10Ce6, HPL25Ce6, and HPL50Ce6. Results are shown
as mean £ SD (n = 3).

In contrast, HPLCe6 nanoparticles, across ratios (HPL10Ce6, HPL25Ce6, HPL50Ce6),
exhibited diameters of 359.87 + 37.44 nm, 465.20 £ 32.57 nm, and 481.10 £ 42.07 nm, respec-
tively, showing a gradual increase in diameter with a narrow distribution (Figure 4c). The
zeta potentials remained comparatively stable at 46.73 £ 1.24, 44.03 £ 2.15, and 48.75 + 1.51
for each ratio, indicating that the increase in hydrophobicity ratio did not compromise
stability in aqueous solutions, despite the particle size increase (Figure 4d). The smallest
nanoparticles, designated as LPL1Ce6 or HPL10Ce6, were LPLCe6 or HPLCe6, respectively.
To verify potential particle formation within the body, we additionally measured the sizes of
LPLCe6 and HPLCe6 nanoparticles in saline containing 5% FBS. As a result, the average size
of LPLCe6 nanoparticles was 1027.1 & 212.8 nm, while that of HPLCe6 nanoparticles was
significantly smaller at 350.8 £ 119.0 nm (Figure S1). These results suggest that HPLCe6
nanoformulates reach an appropriate size in the body, compared with LPLCe6. These
results demonstrate that HPLCe6 showed higher particle stability compared to LPLCe®6,
demonstrating advantageous physicochemical properties for nanoparticle formation.

3.4. Analysis of PLCe6 Nanoparticles

Further investigation into the potential for nanoparticle formation in vivo was con-
ducted by examining the effect of NaCl on fluorescence intensity. For LPLCe6, an increase
in NaCl concentration (from 0% to 0.9%) did not significantly alter the fluorescence intensity
(Figure 5a). However, HPLCe6 exhibited a notable decrease in fluorescence intensity with
increasing NaCl concentrations (Figure 5b). These results indicate that the low fluorescence
intensity of nanoparticles in saline is due to a quenching effect resulting from the reduced
intermolecular distances among Ce6 molecules. These data suggest that PLCe6 molecules
may form nanoparticles by themselves in vivo.
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Figure 5. Analysis of PLCe6 nanoparticles under conditions similar to an in vivo environment.
(a,b) Fluorescence intensity of (a) LPLCe6 and (b) HPLCe6 in an environment similar to in vivo
conditions. Results are presented as mean + SD (n = 5).

3.5. Tumor Cell Uptake and Cytotoxicity of PLCe6 Nanoparticles In Vitro

Murine colorectal carcinoma (CT26.WT) cells are widely used cells derived from
BALB/c mice and have been receiving attention recently along with cancer immunother-
apy; hence, cellular experiments related to cells were conducted using CT26.WT cells. To
assess nanoparticle uptake by CT26.WT tumor cells, LPLCe6 and HPLCe6 nanoparticles
were administered at a concentration of 10 pg/mL and observed after 3 h. Remarkably,
while LPLCe6 nanoparticles exhibited no detectable fluorescence from Ce6 molecules, indi-
cating minimal cell uptake, HPLCe6 nanoparticles demonstrated significant fluorescence
intensity within the cytosol (Figure 6a). This observation is attributed to the stronger
positive charge of HPLCe6 compared to LPLCe6, indicating that HPLCe6 nanoparticles ex-
hibit superior cellular uptake capabilities relative to LPLCe6. Subsequent analysis focused
on the cytotoxic effects of these nanoparticles post laser irradiation. At a concentration
of 10 pg/mL, HPLCe6 nanoparticles induced significant cytotoxicity, comparable to that
caused by LPLCe6 nanoparticles. LPLCe6 nanoparticles, despite laser irradiation, failed to
induce substantial cell apoptosis, likely due to their lower cellular uptake attributed to their
weak positive charges. This insufficient uptake, in turn, did not produce significant levels
of ROS within the cells, leading to inducing low substantial cell death. Conversely, HPLCe6
nanoparticles, with their strong positive charges, successfully generated intracellular ROS
owing to their high uptake by cells, thus inducing cell death (Figures 6b and S2a). No sig-
nificant cytotoxic effect of them was observed under dark conditions (Figures 6¢c and S2b).
Their phototherapeutic index (PI) was analyzed (Table S1) and the results show that the
PI value of HPLCe6 is higher than Ce6. The effectiveness of PDT shown may not be
significantly different before and after nanoparticle formation, but, in general, nanoparticle
formation will contribute significantly to the improvement of tumor targeting and therapeu-
tic effects [9,22]. These findings underline the enhanced cell uptake and apoptosis-inducing
capabilities of HPLCe6 nanoparticles over LPLCe6, highlighting the potential therapeutic
advantages of HPLCe6 in targeted cancer treatments.
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Figure 6. Cellular uptake and cytotoxicity effects of PLCe6 nanoparticles. (a) Cellular uptake of
PLCe6 nanoparticles in CT26.WT cells treated for 3 h was observed by using fluorescence microscopy
(red; Ce6, AEx = 540 nm, AEm = 605 nm, blue; DAPI, AEx = 375 nm, AEm = 460 nm); scale bars = 50 um
for all. (b) Cytotoxicity evaluation of Ce6, LPLCe6, and HPLCe6 on CT26.WT cells for 24 h with laser
irradiation; (c) without laser irradiation (n = 6), mean + SD, *** p < 0.001.
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4. Discussion

The use of nanomedicine-based photodynamic therapy (PDT) is one of the interesting
fields that modern science is paying great attention to, especially with regard to tumor
treatment. The clinical use and application of PDT to patients are fraught with various
technical challenges, but self-assembling PDT nanoparticles show potential in overcom-
ing these issues [8,32,33]. From this perspective, several peptides and PDT agent-based
substances have been synthesized and developed, including poly-L-lysine and PDT conju-
gates [34,35]. Poly-L-Lysine-based biomolecules with PDT were synthesized a few years
ago and evaluated in various forms with therapeutic potentials. The synthesized lysin and
PDT conjugates showed different cell absorption and cellular effects depending on the
charge, and showed tumor targeting effects in animals [36-38]. Therefore, in this study, the
authors have focused on demonstrating how the poly-L-lysine and PDT-based nanoparti-
cles can form and function by using high- and low-molecular-weight poly-L-Lysine and
Ceb conjugates. As a result, this study is the first to show the formation of self-assembling
nanoparticles of lysine and Ce6 through computer simulations, among other methods,
and observed the conditions of particle formation through various methods. The com-
bination of positively charged lysine and the hydrophobic Ce6 demonstrated successful
nanoparticle formation.

In this paper, we prepared and comparatively evaluated particles based on lysine and
Ce6 of two different molecular weights. Initially, the authors hypothesized that materials
based on low-molecular-weight lysine would be superior due to its compact molecular
size. This was because peptides with excessively large molecular weights may limit
the functionality as PDT and hinder self-assembled nanoparticle formation in solution.
However, the experimental results with LPLCe6 and HPLCe6 nanoparticles showed that
the high-molecular-weight Lysine-Ce6 conjugates (HPLCe6 nanoparticles) exhibited better
self-assembled nanoparticle formation by themselves. The difference in physicochemical
properties was also reflected in cellular absorption and functionality, ultimately indicating
that high-molecular-weight conjugates exhibited stronger efficacy as PDT agents. Finally,
the phototherapeutic index (PI) using different types of photosensitizers in this study was
analyzed and summarized. We presented their therapeutic potential and property for
PDT through the analysis of PI for Ce6 and PLCe6 [39]. This research could influence
further studies on the formation and evaluation of self-assembled peptide and drug-based
nanoparticles for therapy.

5. Conclusions

In this study, two types of poly-L-lysine were prepared and subsequently evaluated
concerning their complexation with chlorin e6 (Ce6). The low-molecular-weight poly-L-
lysine was synthesized separately, and both peptides were directly chemically bound to
Ce6, a PDT agent. As a result, both PDT materials successfully formed self-assembling
nanoparticles based on amphiphilicity. Computer simulations were used to predict and
evaluate this self-assembly, allowing for an understanding of the self-assembly mecha-
nisms of LPLCe6 and HPLCe6 molecules. While both materials formed particles, the
high-molecular-weight lysine-based HPLCe6 nanoparticles showed slightly superior cell
permeability and cytotoxicity. This research could significantly influence future studies on
the manufacturing of self-assembling PDT nanoparticles.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biom14040431/s1, Figure S1: the size distribution of HPLCe6
and LPLCe6 nanoparticles, Figure S2: cytotoxicity evaluation of Ce6, LPLCe6, and HPLCe6 on
CT26.WT cells for 12 h (n = 6), mean + SD, *** p < 0.001, Table S1: photo- and cytotoxicity of Ce6,
LPLCe6 and HPLCe6 expressed by IC50 values of the mean + SD (ug/mL).
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Abstract: Peptidylglycine alpha-amidating monooxygenase (PAM) is the only enzyme
known to catalyze C-terminal amidation, a final post-translational modification step es-
sential for the biological activity of over 70 bioactive peptides, including adrenomedullin
(ADM), calcitonin gene-related peptide (CGRP), amylin, neuropeptide Y (NPY), and others.
Bioactive (amidated) peptide hormones play crucial roles in various physiological processes
and have been extensively explored as therapeutic compounds in clinical and preclinical
research. However, their therapeutic viability is limited due to their short half-life and,
in most cases, the need for prolonged infusion to maintain effective concentrations. PAM
itself has also been considered as a therapeutic compound aiming to increase the level
of amidated peptide hormones; however, similarly to peptide hormones, PAM’s rapid
degradation limits its utility. Here, we present a strategy to enhance PAM stability and
bioavailability through PEGylation, significantly extending the enzyme’s half-life in cir-
culation assessed in healthy rats. Furthermore, single subcutaneous (s.c.), intramuscular
(i.m.), or intraperitoneal (i.p.) administration of PEGylated PAM resulted in a sustained
increase in circulating amidating activity, with peak activity observed at 12-24 h post-bolus
administration. Notably, amidating activity remained significantly elevated above baseline
levels for up to seven days post-administration, with no observable adverse effects. These
findings highlight PEGylated PAM’s potential as a viable therapeutic compound.

Keywords: peptidylglycine alpha-amidating monooxygenase; C-terminal amidation;
peptide hormones; pharmacokinetics; half-life extension

1. Introduction

Peptidylglycine a-amidating monooxygenase (PAM) is a bifunctional enzyme crucial
for the C-terminal amidation of peptide hormones—a post-translational modification
essential for the biological activity of nearly half of all known peptides. This modification,
uniquely catalyzed by PAM, enhances peptide receptor affinity, stabilizes peptides against
proteolytic degradation, and is indispensable for their full biological functionality [1,2].
Among the many peptides requiring amidation are adrenomedullin (ADM), calcitonin gene-
related peptide (CGRP), amylin, neuropeptide Y (NPY), substance P, pituitary adenylate
cyclase-activating polypeptide (PACAP), vasoactive intestinal peptide (VIP), and many
others [2—4] (Figure S1).

The amidation process requires the presence of a C-terminal glycine on the peptide
substrate. PAM carries out this reaction in two sequential steps mediated by its distinct
functional domains. First, the peptidylglycine o-hydroxylating monooxygenase (PHM)
domain hydroxylates the C-terminal glycine. Next, the peptidyl-o-hydroxyglycine o-
amidating lyase (PAL) domain removes glyoxylate, producing a C-terminal amide [1].
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Dysregulation of amidated peptide hormones has been associated with multiple
pathologies, including neurodegenerative diseases, cardiovascular conditions, metabolic
disorders, and many others [5-10]. The idea of using such peptide hormones as therapeu-
tic compounds is not new, and several attempts have been made in this respect within
preclinical and clinical studies. ADM is a multifunctional peptide hormone with potent
vasodilatory, anti-inflammatory, and angiogenic properties, playing a critical role in car-
diovascular homeostasis and immune regulation. ADM has demonstrated therapeutic
potential in inflammatory bowel disease (e.g., refractory ulcerative colitis), cardiovas-
cular diseases (heart failure, myocardial infarction, pulmonary hypertension), vascular
cognitive impairment, ischemic stroke, and sepsis [11-15]. VIP displays neuroprotective,
anti-inflammatory, and immunomodulatory effects, making it promising for conditions
such as Parkinson’s, Alzheimer’s disease (AD), and autism spectrum disorders, as well
as brain injuries [5,6,16]. VIP also showed relevance for treating pulmonary disorders
(asthma and COPD) [17] and autoimmune diseases (rheumatoid arthritis, multiple sclero-
sis) [18]. PA-CAP offers neuroprotection and potentiates as a biomarker for neurological
diseases such as Alzheimer’s, Parkinson’s, and multiple sclerosis [19-22]. PACAP also
shows promise in treating retinal degenerations of metabolic origin and rescuing synaptic
plasticity in fragile X syndrome [23,24]. In Alzheimer’s disease preclinical models, PACAP
administration slows down pathology progression, improves cognitive function, and pro-
tects against beta-amyloid toxicity [25,26]. Amylin, a pancreatic hormone, has emerged as
a potential therapeutic agent for AD and type 2 diabetes (T2D) due to its role in glucose
homeostasis and neuroprotection [27]. Studies have shown that amylin and its analogs,
such as pramlintide, can reduce AD pathology by decreasing amyloid-f3, phospho-tau, and
inflammation in animal models [28]. Amylin treatment has also been found to improve
cognitive function in AD mouse models [28].

As summarized above, the direct administration of peptide hormones has been ex-
plored as a strategy to mitigate disease progression, but its therapeutic applications re-main
limited. Subcutaneous administration and inhalation have been explored for peptide
hormone delivery, but their success is limited to a few hormones [29,30]. Prolonged intra-
venous infusion remains the most common method to elevate peptide levels due to their
rapid degradation and short half-life [12]. Additionally, gradual adjustment of peptide
concentration achieved via infusion is required to prevent adverse effects, such as systemic
vasodilation, hypotension, aggregation, etc., which could result from a rapid rise in peptide
levels if bolus administration is used [12,31].

Along with dysregulation of peptide hormones, changes in PAM levels have been
associated with the emergence or onset of diverse pathologies [32]. Patients suffering from
multiple endocrine neoplasia type 1 and pernicious anemia showed a decreased plasma
PAM activity in comparison to healthy control subjects [33]. The LoF mutations of PAM
have been associated with an increased risk of type 2 diabetes and sarcopenic diabetes,
potentially through impacts on insulin granule packaging and secretion from [3-cells [34-36].
Notably, reduced PAM activity, when measured in the cerebrospinal fluid of Alzheimer’s
patients, was significantly lowered compared to that in healthy individuals [37]. Beyond its
primary role, Bick et al. have shown PAM’s necessity in the formation of atrial secretory
granules [38]. Together, these findings underscore PAM'’s pivotal role in regulating various
physiological and pathophysiological processes, either by modulating peptide hormone
levels or serving as a therapeutic compound itself.

Building on this premise, we explored the strategy of enhancing circulating PAM
levels to indirectly increase the concentration of amidated peptide hormones by supporting
endogenous hormone maturation. Previous work by Kaufmann et al. in 2021 demon-
strated that the intravenous bolus administration of unmodified PAM temporarily elevated
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amidating activity and the circulating levels of amidated adrenomedullin in rats, but its
therapeutic potential was constrained by a plasma half-life of only 47 min [39]. To address
these limitations, we PEGylated PAM, significantly improving its stability and extending
its circulatory half-life to approximately 218 min in rats. PEGylated PAM also showed
elevated amidating activity across subcutaneous, intramuscular, and intraperitoneal routes,
with peak activity increasing 900-1800% within 12-24 h of a single bolus (225 pg/kg animal
weight) in circulation and sustained elevation lasting up to seven days. Safety assessments
indicated that PEGylated PAM was well tolerated, with no adverse effects on behavior,
weight, or physiological patterns observed. Furthermore, its pharmacokinetic profile, with
a lower Cmax and higher AUC than unmodified PAM, may reduce the risk of adverse
effects associated with rapid hormone spikes. Finally, this approach provides a stable,
clinically viable method to enhance endogenous hormone maturation, offering potential
therapeutic benefits for conditions associated with dysregulated peptide hormone levels
and/or impaired PAM function.

2. Materials and Methods
2.1. PAM Constructs and PEGylation

For all animals, experiment recombinant human PAM enzyme expressed in HEK293
cells, covering the full-length sequence from Met1 to Ser866 and purchased from SinoBio-
logical (catalog number: 13624-HO8H; NP_620176), was used. The resulting constructs are
both soluble variants homologous to isoform 3 but exclude the protease-sensitive linker
region encompassing amino acids 388 to 494. PAM enzyme was pegylated according to
the following PEGylation protocol. Briefly, 10 mg lyophilized PAM was dissolved in 5 mL
phosphate-buffered saline (PBS, pH 10). A 20 mM solution of PEG-5000 (MeO-PEG-NHS,
Iris Biotech, Marktredwitz, Germany) was prepared by dissolving in 20% DMSO and
added to the PAM solution at a 90-120-fold molar excess, equating to a 2.2-fold excess
relative to lysine residues within PAM. The mixture was incubated for 180 min at 4 °C
with agitation at 100 rpm and quenched subsequently with 500 uL of 1 M unbuffered Tris
solution. Separation of PEGylated PAM (PEG-PAM) from free PEG was achieved through
size-exclusion chromatography (Superdex 200 16/600-pg, Cytiva Europe GmbH, Freiburg,
Germany) with PBS as eluent. Fractions indicative of molecular weights between 160 and
90 kDa were pooled, measured for the amidating activity using the methods described
elsewhere [39], sterile-filtered through a 0.2 um filter, aliquoted, and stored at —80 °C for
in vivo application.

2.2. PAM In Vivo Pharmacokinetics

A single intravenous (i.v.) dose of PEG-PAM or unmodified PAM, adjusted to a dose of
72 ng/kg of body weight (approximately 28.8 ug per rat and 2 Units per rat) at 10 mL/kg,
was administered for pharmacokinetic assessment. Six male Wistar rats (2.5-3 months old,
>350 g) were divided into two groups with three animals per group (group A and group B).
For group A, blood samples (300 nL whole blood) were collected into Li-heparinized tubes
from lateral tail vein under 5 vol.% isofluran at predetermined intervals: pre-administration
and at 20, 60, 120, 240, and 300 min post-injection. For group B, blood samples were
collected in the same manner as for group A at predetermined intervals: pre-administration
and at 40, 80, 180, 240, and 300 min post-injection. Animals were awake between the
different blood sampling time points. The samples were processed within 5 min after
the blood withdrawal and stored as Li-heparin plasma at —80 °C until further analysis.
This animal study was conducted by preclinics Gesellschaft fiir Praklinische Forschung
GmbH (Potsdam, Germany) and the study protocol was approved by the State Office for
Occupational Safety, Consumer Protection, and Health of the State of Brandenburg (protocol
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number 2347-48-2017, sub-experiment 14/21, date of approval 20 March 2018). The animals
used in this study were obtained from Charles River Laboratories, Sulzfeld, Germany.

A single subcutaneous (s.c.), intramuscular (i.m.), or intraperitoneal (i.p.) dose of
PEG-PAM adjusted to 225 pg/kg body weight (approximately 90 ug per rat and 6 Units
per rat) was administered to Sprague Dawley rats with six animals per group. For s.c. and
i.p. administrations, the volume applied was 10 mL/kg, while for i.m. administration
the volume was fixed at 200 uL per animal. Blood samples (300 uL whole blood) were
collected in Li-heparinized tubes under isoflurane anesthesia. Sampling was performed
retrobulbarly from the V. saphena and from the V. jugularis at predetermined intervals:
pre-administration and at 15 min, 30 min, 60 min, 2 h, 4 h, 8 h, 12 h, 24 h, 3 days, and
7 days post-administration. The sampling was alternated between left and right sides.
Samples were processed within 20 min of collection and stored as Li-heparin plasma at
—80 °C until further analysis. Rats were anesthetized prior to substance administration
and remained anesthetized throughout the experiments. This animal study was conducted
in accordance with the German Animal Welfare Act and European Council Directive
86/609/EEC by Bioassay Labor fiir biologische Analytik GmbH (Heidelberg, Germany)
and the study protocol was approved by the Regional Council of Karlsruhe (protocol
number 35-9185.81/G192/17, date of approval 26 October 2017). The animals used in this
study were obtained from Charles River Wiga GmbH, Sulzfeld, Germany.

The amidating activity was measured as previously described by Kaufmann et al.
(2021) [39]. Specific PAM activity was calculated by dividing the measured PAM activity by
the PAM quantity, determined using the bicinchoninic acid (BCA) protein assay according
to the manufacturer’s protocol. Non-compartmental analysis was performed using Phoenix
WinNonlin version 8.4 (Certara USA, Inc., Princeton, NJ), calculating the Tmax, Cmax, and
AUC. Half-life (t1/2) was determined independently in both groups and the average t1/2
was reported. The activity at each time point was derived by subtracting the mean baseline
(t = 0) from the mean measurement at each timepoint. The schematic representation of the
study design for both in vivo experiments is shown in Figure 1.

. Blood sampling:
Lv. Group A: Pre-and 20", 60", 120", 240", 300" post-bolus
bolus Group B: Pre-and 407, 80", 180", 240", 300" post-bolus

2.5-3 months
old rats

s.c., Blood sampling:
i.m.,i.p. Pre-and 0.25, 0.5, 1, 2, 4,8, 12, 24, 72, 168 hours post-bolus
bolus

Figure 1. Schematic representation of the experimental setup for assessing the pharmacokinetics
and the enrichment of amidating activity of PAM enzyme in circulation after intravenous (i.v.),
subcutaneous (s.c.), intramuscular (i.m.), and intraperitoneal (i.p.) administration. The details of this
study are described in the Section 2.

3. Results

To enhance PAM stability, we performed PEGylation. Figure S2A shows that the
activity of PEGylated PAM was minimally reduced compared to that of non-modified
PAM, with a reduction in activity of 4.5% (coefficient of variation (CV)). The PEGylation
resulted in a molecular weight shift from approximately 90 kDa to approximately 130 kDa
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(Figure S2B), indicating successful PEGylation, as well as covalent attachment of PEG
to PAM.

The basic pharmacokinetic parameters are summarized in Tables 1 and S1. The half-
life time for PEG-PAM and unmodified PAM was calculated by measuring the half-life in
circulation after i.v. bolus administration. To limit blood withdrawal frequency, animals
were subdivided into two groups (group A and B) with time-shifted blood withdrawal
frequencies as described in Section 2. The baseline amidating activity averaged across all
groups was 12.7 x 103 4 2.5 x 103 Units (mean =+ standard deviation (SD)). The PEGylation
extended the in vivo half-life of PEG-PAM to 223.8 min for group A and to 212.7 min for
group B leading to an average 218.2 min, while the mean half-life of unmodified PAM was
only 42.3 min (Figure 2A; Tables 1 and S1), consistent with previous reports [39], where
the half-life of unmodified PAM in circulation was 47 min. In the case of unmodified PAM,
the amidating activity dropped within the baseline range after 100 min after reaching the
peak activity (Figures 2A and S3). In contrast, PEG-PAM maintained elevated activity
for ca. 6 h post-administration, retaining over 65% of the peak activity in groups A and
B (Figures 2A and S3). Additionally, the PEGylation of PAM resulted in a higher AUC
(80.9 x 10% h*Units for PEG-PAM compared to 38.3 x 10° h*Units for unmodified PAM
(Table 1)) and lower Cmax (18.3 x 103 Units for PEG-PAM vs. 27.9 x 103 Units for
unmodified PAM).

Table 1. Pharmacokinetic parameters of PEG-PAM and unmodified PAM following intravenous (i.v.),
intramuscular (i.m.), intraperitoneal (i.p.), or subcutaneous (s.c.) bolus administration in rats. Key
metrics include t1/2 (half-life), Cmax (maximum concentration in plasma), area under the curve
(AUCQ), baseline (BL) and peak activity, as well as the amidating activity 7 days post-bolus PAM
injection; * describes the mean value between groups A and B.

Parameter

Route Variable Units PEG-PAM Unmodified PAM
Animals n/group 6 6
T1/2* min 2182 4.3
iv. Cmax * Units 18.3 x 10° 27.9 x 103
AUC* h*Units 80.9 x 10° 383 x 103
BL activity Units 127 x 10° £2.8 x 10> 12.7 x 103 £ 2.3 x 103
(mean + SD)
Animals n/group 6
Cmax Units 93.9 x 10°
. Tmax h 24
i AUC h*Units 6.5 x 106
BL activity Units 72 x 10° £ 1.8 x 10°
7d post-bolus activity (mean £ SD) 13,615 4= 1370
Animals n/group 6
Cmax Units 104.6 x 10°
ip. Tmax h 12
AUC h*Units 7.0 x 10°
BL activity Units 5.7 x 10% £+ 0.8 x 10°
7d post-bolus activity (mean + SD) 16.2 x 10% + 2.0 x 103
Animals n/group 6
Cmax Units 50.2 x 10°
s Tmax h 24
AUC h*Units 4.2 x 10°
BL activity Units 5.4 x 10° £1.2 x 10°
7d post-bolus activity (mean £ SD) 16.3 x 10% £ 2.1 x 10°
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Figure 2. (A) Time-resolved decay of relative amidating activity between PEG-PAM and unmodified
PAM following intravenous (i.v.) bolus administration (group A). The amidating activity at the 20 min
post-bolus time point was set as 100%, with all other values expressed relative to this peak activity.
The CV was calculated for the relative baseline values and the CV value was then used to define
the upper and lower bounds of the baseline range (dashed lines). BL (solid line)}—mean relative
baseline value; (B) circulating relative amidating activity of PEG-PAM following subcutaneous (s.c.),
intramuscular (i.m.), and intraperitoneal (i.p.) administration. The pre-bolus activity values were
set to 100%. The CV value was then used to establish the upper and lower bounds of the baseline
range (dashed line).

Figure 2B illustrates that PEG-PAM administered via s.c., i.p., and i.m. routes led to
prolonged and elevated amidating activity in circulation, surpassing levels observed with
i.v. bolus administration. The baseline amidating activity averaged across all groups was
6.1 x 10° £+ 1.5 x 103 Units (mean = standard deviation (SD)). The individual baseline
levels of amidating activity and further pharmacokinetic parameters per application route
are reported in Table 1. Following s.c. administration, PAM activity reached a maximum
of 50.2 x 103 Units at 24 h post-bolus, representing a 835% increase from the baseline
(5.4 x 103 4 1.2 x 103 Units); this activity remained elevated at 204% above the baseline at
168 h post-administration. For i.m. administration, PAM activity peaked at 93.9 x 10° Units
(an approximate 1200% increase) after 24 h, with sustained activity at 90% above the baseline
168 h post-PEG-PAM administration. The i.p. route produced the highest peak activity
of 104.6 x 103 Units (ca. 1730% increase) at 12 h, with levels still 180% above the baseline
at 168 h post-PEG-PAM administration. In terms of the AUC, i.p. administration yielded
the highest exposure (7.0 x 10° h*Units), followed by i.m. (6.5 x 10° h*Units), with s.c.
showing the lowest total exposure (4.2 x 10° h*Units).

No adverse effects were observed in all PAM-treated animals. All animals maintained
good clinical condition, displaying normal social interactions with peers, appropriate
grooming behavior, regular drinking and eating habits, as well as normal weight develop-
ment. Sleep patterns also remained unaffected.

4. Discussion

This study presents a comprehensive approach to enhancing circulating amidating
activity and substantially increasing the bioavailability of PAM. PEGylation significantly im-
proved the stability and circulatory half-life of PAM, as evidenced by prolonged amidating
activity across all tested administration routes (i.v., s.c., i.p., and i.m.).

The pharmacokinetic analysis revealed that PEG-PAM had a markedly extended half-
life of approximately 218 min following intravenous administration, compared to 42 min for
unmodified PAM. However, this estimate may be conservative, as amidating activity was
still elevated above the baseline during the observation period of 6 h post-bolus, suggesting
that the actual half-life may be longer. The lower Cmax and higher AUC observed with
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PEG-PAM indicate a slower systemic release, potentially mitigating the risks associated
with abrupt hormone spikes, such as systemic vasodilation from sudden increases in
amidated peptide hormones like adrenomedullin. The comparison of pharmacokinetic
parameters (Cmax, Tmax, and AUC) across non-intravenous routes demonstrated that all
the tested routes of administration effectively increased endogenous amidating activity and
systemic exposure. Subcutaneous administration, in particular, offers a promising route for
therapeutic applications due to its practicality for self-administration.

An important question to address is whether PEGylated PAM retains its enzymatic
activity in vivo, given that ex vivo measurements of amidating activity using the PAM-
AMA assay are conducted under optimal conditions, including an optimal pH range and
optimal cofactor concentrations (5 pM copper and 2 mM ascorbate). These conditions
differ from the physiological environment in circulation. The optimal pH for PAM activity
aligns with the acidic environment of secretory granules (pH 5.0-5.5), which is different
from the more basic pH of blood (~7.4). Nonetheless, in the amidating assay previously
reported by Kaufmann et al., 2021 [39], conducted at pH 7.5 to approximate physiological
conditions, we observed the conversion of glycine-extended adrenomedullin (ADM-Gly; a
PAM substrate) into bioactive adrenomedullin (bio-ADM; product of amidation by PAM).
This indicates that PAM retains significant enzymatic activity even under non-optimal pH
conditions. Furthermore, the retention of the enzymatic activity following exogeneous
PAM administration can be inferred from changes in the levels of amidated peptides,
such as, e.g., adrenomedullin. As previously demonstrated for unmodified PAM [39],
increases in circulating PAM activity correlate well with changes in relative bio-ADM
concentrations, even in the absence of exogenous ascorbate. Similarly, after PEG-PAM
administration, we observed a consistent trend: elevated PAM activity in circulation was
associated with a corresponding increase in bio-ADM levels (Figure S4). However, due
to considerable variability among individual rats and resulting large standard deviations,
statistical significance was not reached at most time points. Despite this limitation, the
observed trend strongly suggests that PEGylated PAM retains enzymatic activity in vivo
in circulation after delivery, pointing to the value of further investigation with larger
group sizes.

The literature indicates that amidation primarily occurs intracellularly within secretory
granules, with mature peptides being released into circulation. However, this reaction does
not achieve 100% efficiency. For example, studies have shown that adrenomedullin exists
predominantly in its inactive glycine-extended form in circulation, ranging between the
5.6:1 and 2:1 ratios of glycine-extended to bioactive forms in healthy individuals [40,41].
This implies that inactive substrates for PAM are already present in circulation, allowing
PEG-PAM to function effectively without the risk of overdosing or excessive hormone
activation, enhancing its safety profile. Concerns that PAM activity might be limited to
intracellular environments were previously addressed by Kaufmann et al. in 2021 [39], who
demonstrated that amidation can also occur in circulation. This finding supports the feasibil-
ity of enhancing systemic PAM activity to modulate peptide hormone levels therapeutically.

We observed the differences in baseline amidating activity between experiments
involving different administration routes. Animals receiving PEG-PAM intravenously
exhibited significantly higher baseline activity compared to those receiving subcutaneous,
intramuscular, or intraperitoneal injections. This discrepancy may stem from variations
in blood sampling methods; for intravenous administration, blood was collected from
the lateral tail vein, whereas for other routes retrobulbar sampling and sampling from V.
saphena and V. jugularis were used. Such variations, coupled with the unknown primary
source of circulating PAM, could explain the observed differences. Additionally, the use of
different rat strains across experiments may have contributed to baseline variability.
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Importantly, no adverse effects were detected throughout this study. Animals exhibited
normal physiological behaviors, including social interactions, grooming, weight mainte-
nance, and sleep patterns. This favorable safety profile, combined with extended systemic
exposure and sustained activity, highlights PEG-PAM’s potential as a therapeutic agent
for conditions requiring long-term modulation of amidated peptide levels. Nonetheless,
comprehensive toxicity and safety assessments remain necessary for further development.

One concern in this study is the use of a His-tagged recombinant protein, which
could increase immunogenicity, particularly in the context of long-term PAM applications.
Nonetheless, this study establishes a proof of principle, demonstrating for the first time the
therapeutic potential of PAM to enhance circulating amidating activity and increase levels
of amidated peptide hormones with clinical relevance. For future clinical use, particularly
in chronic conditions, the development of an untagged construct will be critical to minimize
such immunogenicity concerns, as well as to avoid potential interference of the His-tag
with amidating activity, as the His-tag has the capacity to bind copper, an essential cofactor
for PAM’s enzymatic function. Another significant concern is the broad substrate specificity
of PAM, which can activate a wide range of peptide hormones with diverse effects. While
an elevation in certain peptide hormones has been shown to have beneficial effects, an
increase in others can lead to deleterious outcomes. An increase in bio-ADM supports
vascular health by promoting endothelial repair and maintaining vascular homeostasis [42],
while elevated GLP-1 enhances insulin secretion, improves glucose regulation, and aids in
weight management [43]. Similarly, higher PACAP levels provide neuroprotection by re-
ducing neuronal cell death and offering therapeutic potential in neurological disorders [44].
Likewise, increased amylin contributes to blood glucose control by inhibiting glucagon [45];
cholecystokinin enhances digestion, supporting long-term metabolic balance [46]; and
vasopressin helps regulate blood pressure and renal function [47]. Conversely, elevated
substance P and CGRP are associated with migraines and pain sensitization [48], while
high NPY levels may contribute to obesity and metabolic syndrome [49]. Excessive va-
sopressin can lead to water retention disorders [50], and chronically elevated gastrin has
been linked to hyperplasia and an increased cancer risk [51]. Therefore, before progressing
to human applications, the utilization of the drug candidate in regulatory tox and safety
studies is mandatory to establish a detailed safety profile. Furthermore, it will be critical
to stratify eligible patients by assessing levels of active and inactive peptide hormones
(where possible), as well as PAM levels in various pathological conditions, to create a risk—
benefit assessment for the target pathology of the treatment. Currently, to our knowledge,
adrenomedullin is the only peptide hormone for which both active (bio-ADM) and inactive
precursor (ADM-Gly) forms can be directly measured using immunoassays, which are
validated and applicable for large-scale human sample processing [40,52]. Developing
similar immunoassays for other peptide hormones with various therapeutical properties,
e.g., VIP and NPY, would greatly enhance patient classification and help mitigate potential
risks associated with PAM therapy:.

In summary, PEG-PAM administered via non-intravenous routes achieves prolonged
systemic effects without adverse outcomes. These findings lay the groundwork for fur-
ther studies to explore its long-term pharmacodynamic profile, therapeutic efficacy, and
potential applications across diverse disease models.

5. Conclusions

Taken together, our data provide a robust strategy to significantly enhance the stability
and bioavailability of PAM, a critical enzyme for the C-terminal amidation of peptide
hormones—a reaction essential for their full biological activity. By extending the circulatory
half-life of PAM through PEGylation, we demonstrate a novel approach to achieving

139



Biomolecules 2025, 15, 224

prolonged systemic amidating activity via subcutaneous, intramuscular, and intraperitoneal
administration routes. Remarkably, a single bolus application sustained amidating activity
above baseline levels for over a week, with no observed adverse effects. This method
minimizes the risks associated with overdosing amidated peptide hormones by utilizing
the naturally inactive glycine-extended peptide precursors already present in circulation
as substrates. These findings suggest that PEGylated PAM offers a stable, clinically viable
solution to enhance endogenous hormone maturation, providing potential therapeutic
benefits for conditions associated with dysregulated peptide hormone levels and impaired
PAM function. Further studies are needed to explore the long-term pharmacodynamic
profile and therapeutic efficacy of PEG-PAM across diverse disease contexts.
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Abbreviations

The following abbreviations are used in this manuscript:
PAM peptidylglycine alpha-amidating monooxygenase
ADM adrenomedullin
CGRP  calcitonin gene-related peptide
NPY neuropeptide Y
viP vasoactive intestinal peptide
PACAP pituitary adenylate cyclase-activating polypeptide
T2D type 2 diabetes
COPD  chronic obstructive pulmonary disease

Ccv coefficient of variation

AUC area under the curve

Cmax maximum analyte concentration in plasma
Tmax time to reach maximum analyte concentration
BL baseline

iv. intravenous

im. intramuscular

ip. intraperitoneal
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Abstract: We recently reported the potential application of recombinant prothrombin activator
ecarin (RAPClot™) in blood diagnostics. In a new study, we describe RAPClot™ as an additive to
develop a novel blood collection prototype tube that produces the highest quality serum for accurate
biochemical analyte determination. The drying process of the RAPClot™ tube generated minimal
effect on the enzymatic activity of the prothrombin activator. According to the bioassays of thrombin
activity and plasma clotting, y-radiation (>25 kGy) resulted in a 30—40% loss of the enzymatic activity
of the RAPClot™ tubes. However, a visual blood clotting assay revealed that the y-radiation-sterilized
RAPClot™ tubes showed a high capacity for clotting high-dose heparinized blood (8 U/mL) within
5 min. This was confirmed using Thrombelastography (TEG), indicating full clotting efficiency under
anticoagulant conditions. The storage of the RAPClot™ tubes at room temperature (RT) for greater
than 12 months resulted in the retention of efficient and effective clotting activity for heparinized
blood in 342 s. Furthermore, the enzymatic activity of the RAPClot™ tubes sterilized with an electron-
beam (EB) was significantly greater than that with y-radiation. The EB-sterilized RAPClot™ tubes
stored at RT for 251 days retained over 70% enzyme activity and clotted the heparinized blood in
340 s after 682 days. Preliminary clinical studies revealed in the two trials that 5 common analytes (K,
Glu, lactate dehydrogenase (LD), Fe, and Phos) or 33 analytes determined in the second study in the
v-sterilized RAPClot™ tubes were similar to those in commercial tubes. In conclusion, the findings
indicate that the novel RAPClot™ blood collection prototype tube has a significant advantage over
current serum or lithium heparin plasma tubes for routine use in measuring biochemical analytes,
confirming a promising application of RAPClot™ in clinical medicine.

Keywords: prothrombin activator; RAPClot™ prototype tube; y-radiation; enzymatic activity; blood
clotting; serum; biochemical analytes

1. Introduction

It is well documented that laboratory blood tests impact at least 70% of the patient care
decisions starting from diagnosis, treatment, and management to discharge [1,2]. Over the
past two decades, there have been additional changes in the tubes used for blood collection
for laboratory tests to improve the accuracy of results. This includes the introduction
of thrombin as a clotting agent [3,4], a new cell plasma separator device to decrease cell
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remnants in the plasma of lithium heparin plasma [4] and new anticoagulant combinations
to prevent glucose consumption by cells [5].

Currently, there are a number of tubes that produce either serum or plasma for analyte
testing. The most frequently used fluid-serum or plasma tubes are as follows: (a) serum
tubes with or without gel separator and either with silica or thrombin as the procoagulant
which require time to clot and do not always provide fully clotted samples in patients
on anticoagulants and (b) lithium heparin tubes suitable for immediate centrifugation to
improve the turn-around-times of results (TAT). Both of these types of tubes have well-
documented problems in producing desirable high-quality samples [6-9]. The vast majority
of results in chemical pathology and serology testing are obtained from serum. There are
only a few analytes that require plasma samples [10,11].

Although rapid analysis is achieved with plasma, the presence of clotting factors
and higher concentrations of remnant cellular material post-separation of the cells from
plasma can alter the integrity and stability of the sample upon short or prolonged storage,
compromising the accuracy of many critical analytes [12]. It has also been reported that
the presence of anticoagulants in plasma collection tubes can introduce interfering factors,
such as enzyme inhibitors, fibrinogen and cations [13,14], and fibrins, such as with the
Beckman troponin assay [15]. The alternative, serum, represents a cleaner, higher-quality
sample type when blood is fully clotted before centrifugation. However, the standard
commercially available serum tubes, primarily using silica particles for the coagulation
of blood, require long clotting times (30 min) for healthy individuals and longer times
(over 60 min) for patients on anticoagulants, whose samples may only achieve partial or
no clotting at all (Dimeski PhD Thesis) [3,7,12,16,17]. The use of rapid serum tubes (RST)
containing bovine thrombin is a well-established technology for serum preparation [34].
The drawback of these tubes is their high costs and inability to clot blood from many
anticoagulated patients [3,4].

To overcome the above-described issues, we have employed snake venom prothrom-
bin activators (PAs) for the rapid preparation of consistently high-quality serum in both
normal individuals and in blood from anticoagulated patients [18,19]. PAs utilize pro-
thrombin in the blood samples to generate rapid and sustained levels of human thrombin,
and more thrombin is produced than the amount used in commercially available thrombin
tubes [18,19]. We have established this using PAs purified from the venoms of Oxyuranus
scutellatus (OsPA) and Pseudonaja textilis (PtPA) added to blood collection tubes to efficiently
coagulate blood from normal and several anticoagulated samples [18,19]. While these
venoms contain relatively large amounts of PAs [20,21], it was apparent that their use in
commercial tubes was not optimal due to supply considerations associated with procuring
venom from snakes. Although venom-sourced proteins can be produced to a high purity,
it was desirable to develop a recombinant form of snake venom PA for more consistent
quality generation and in sufficient quantity, which could be manufactured in a controlled
environment of high purity in any quantity with quality assured. The PA ecarin from the
saw-scaled viper (Echis carinatus) was selected because unlike OsPA and PtPA, it is synthe-
sized as a single polypeptide chain and is subject to a lesser amount of post-translational
modification [22,23]. Ecarin has a very different structure than OsPA and PtPA which
consist of active factor Xa- and factor Va-like proteins in a stable complex, homologous
with the human prothrombinase complex [23,24]. Ecarin is a metalloproteinase and like all
snake venom PAs is minimally or not affected by any regulatory components of the mam-
malian coagulation—fibrinolysis system including activated protein C and antithrombin III
(ATIII) [23,25], making it ideal for rapid clotting of blood including anticoagulated blood,
producing high-quality serum for analysis.

Recently, we reported that a codon-optimized form of ecarin was successfully cloned
for expression in mammalian cells at high yield [23]. It was demonstrated that the re-
combinant ecarin enzyme could efficiently clot normal blood and blood spiked with high
concentrations of anticoagulants including heparin and had great potential as an additive
to blood collection tubes to produce high-quality serum for analyte testing in diagnostic
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medicine [23]. Here, we describe an experimental approach to develop a novel type of
RAPClot™ prototype tube for future application in analyte determination in diagnosis.

2. Materials and Methods
2.1. RAPClot™ Prototype Tubes and Commercial Blood Collection Tubes

Firstly, Greiner-Bio-One (GBO,) white-top no-additive plain blood collection tubes
(GBO Vacuette® Catalogue No 4566001, Kremsmiinster, Austria) were used to prepare
RAPClot™ prototype tubes for laboratory experiments. Twenty microliter of 0.24% surfac-
tant (Dow Corning silicone hydrophilic surfactant (Catalogue No SH3771 H, Midland, MI,
USA)) was used to coat the bottom of the tubes and then they were dried. Becton Dickinson
(BD) red-top no-additive plain blood collection tubes (BD Vacutainer® Catalogue No 366406,
Franklin Lakes, NJ, USA) and Greiner BCA Fast Clot tubes (GBO Vacutainer® Catalogue
No 456313, Kremsmiinster, Austria) were also used in some experiments where indicated.

RAPClot™ concentrate was added to 20 pL of the patented protective formulation
consisting of a colloid, Gelofusine™ (succinylated gelatin 4%-GF, Catalogue No 210317641,
Sydney, Australia) with a stabilizing sugar which was added to the surfactant-coated tubes
and dried using an air-nitrogen dryer (Brisbane, Australia). Dried prototype tubes treated
with y-radiation at ~25-27.8 kGy were labelled as RAP+Ir, with untreated tubes labelled
as RAP-Ir (Supplementary Table S1). In tubes designated “wet”, an aliquot of RAPClot™
concentrate was added to the blood collection tube without drying prior to adding the
blood sample.

Three types of BD commercially available blood collection tubes that included BD
standard serum separator tube (SST, Catalogue No 367974) with silica as clot activator,
BD rapid serum tubes containing bovine thrombin (RST Catalogue No 368771), and BD
Vacutainer® PST™ tube (PST Catalogue No 367962) (Brisbane, Australia) were used in
clinical trials.

2.2. Study Design

To use RAPClot™ as an additive to develop a novel type of blood collection tube
for clinical diagnosis, we designed and carried out different types of experiments in the
laboratory. (A). Formulation development experiments: Different colloids such as lactulose,
dextran, Polyvinylpyrrolidone, voluven, and sorbitol were initially tested for developing
an optimal RAPClot™ formulation which is particularly helpful for clotting anticoagulant-
blood, especially heparin-blood, to produce high-quality serum (Supplementary Figure S2).
Finally, six RAPClot™ formulations were designed for developing RAPClot™ prototype
tubes for further experiments (Supplementary Tables S1 and S2). (B). y-radiation and
Electron-beam (E-beam) sterilization experiments: RAPClot™ prototype tubes prepared
in different formulations were dried in nitrogen air at room temperature. The RAPClot™
prototype tubes were then divided into two groups, one group of the tubes was sterilized
by either y-radiation (Supplementary Tables S1 and S2) or E-beam with a typical dose range
of 25-30 kGy, and the other group was used as control without y-radiation and E-beam
sterilization. Both types of the prototype tubes were assayed for the activity of RAPClot™
by 52238 assay and blood clotting assay. (C). Shelf-life experiments of RAPClot™ prototype
tubes: Currently, most blood collection tubes on the market have at least a 12-month
shelf-life (Ref). Thus, the prototype tubes whether they were dry-only or sterilized by
y-radiation/E-beam were also divided into two groups, which were, respectively, stored
under two temperature conditions—room temperature (RT) and higher temperatures
(50 °C) that could cause reductions in draw volume up to two years. (D). Small clinical
trials: Trial 1 was designed to recruit five volunteers for assessing the capacity of the
v-sterilized RAPClot™ prototype tubes in clotting both fresh and heparinized blood and its
effects on the determination of five important analytes. Trial 2 was designed to determine
all 33 analytes in sera produced by RAPClot™ tubes from the five volunteers, compared to
those produced by three commercial blood collection tubes.
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2.3. Clotting of Whole Blood Samples in Blood Collection Tubes

Either fresh whole blood was added directly to tubes or for recalcified citrated whole
blood, 50 uL of 1 M CaCl, was added followed by 3.95 mL of citrated whole blood (total
sample volume 4 mL). The tubes were recapped immediately after the timer was started
and gently tilted every 15 s for 5-6 times to monitor clotting. Clotting start times were
estimated visually and recorded when the clotting was first observed and when a firm clot
formed as defined by the clot staying in place upon the inversion of the tube as previously
reported [18,19]. For experiments using anticoagulated blood, fresh whole or recalcified
citrated whole blood was spiked with commercial sodium heparin solution (DBL™ heparin
sodium injection BP, C84593, Pfizer, New York, NY, USA) and dosed as above.

2.4. Plasma Clotting Assay

The recalcified citrated plasma clotting assay was performed using a Hyland-Clotek
instrument as described previously [19].

2.5. Thrombelastography (TEG) of Recalcified Citrated Whole Blood

The TEG® Haemostasis Analyser 5000 series (Haemscope Corporation, Niles, IL, USA)
was used as per manufacturer recommendations and as described elsewhere [26]. The TEG
assay captures four important parameters (R time, K time, x-angle, and MA value). The
R-value represents the time until the first evidence of a clotting; the K value is the time
from the end of R until the clot reaches 20 mm, representing the speed of clot formation; the
x-angle is the tangent of the curve made as the K is reached, and MA is a reflection of clot
strength [27]. The details of the TEG assay were the same as described previously [18,19].

2.6. 52238 Chromogenic Bioassay for RAPClot™ Prototype Tube

RAPClot™ was assayed in a single reaction mixture containing prothrombin and the
thrombin-specific substrate 52238 (Cat No 00082032439, Werfen, Barcelona, Spain). The
coupled reactions, prothrombin to thrombin and 52238 to pNA, monitored at 410 nm,
result in the non-linear progress curves of absorbance vs. time. These were analyzed by
fitting second-order polynomials to give the RAPClot™ activity in mUs defined as nmol
thrombin/min, and the assay was also carried out to monitor the recovery of RAPClot™ in
RAPClot™ prototype tubes [28].

2.7. Statistical Analysis

The Excel-2403 (Formula-Statistical program) software was used for all analyses with
Student’s two-tailed t-test and one-way analysis of variance being employed. The patients
and sample numbers together with numerical values including the mean + standard devi-
ation are included. p values < 0.05 or p < 0.01 were used to present the significance levels.

2.8. Human Research Ethics

The study was conducted in accordance with the Declaration of Helsinki. Human re-
search ethics approval for this study involving blood collection from volunteers and patients
was obtained from Metro South Human Research Ethics Committee and The University of
Queensland Human Ethics Committee: HREC Reference number: HREC/08/QPAH/005.
Most recent date of approval on 21 March 2017. The supply of human blood for research
with ethics approval was obtained from the Australian Red Cross Service (ARCBS), Bris-
bane, Australia.
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3. Results
3.1. Establishment of Stabilizing Formulation to Develop RAPClot™ Prototype Tube

To be commercially viable as a procoagulant in blood collection tubes, RAPClot™
must retain its activity over standard industry manufacturing and storage stability condi-
tions [29,30]. We initially observed that wet RAPClot™, dissolved in Hepes or Gelofusine
(GF) patented buffer and added to GBO or BD plain tubes (Figure 1A), coated with either
of the two silicone surfactants DC3771 or L7-9245 (Dow Corning, Midland, MI, USA) had
similar blood clotting times that varied from 92 to 98 s (Figure 1A). By comparison, control
tubes without RAPClot™ took longer than 30 min to clot (Figure 1A). Whole blood clotting
was shown to depend on the concentration of RAPClot™ without any influence by the
surfactant (Supplementary Figure S1). To establish a stabilizing formulation for developing
RAPClot™ prototype tubes coated with or without the surfactant DC3771, the RAPClot™
was dried in the tubes in both the GF and Hepes buffers under standard laboratory con-
ditions (Figure 1B). The clotting activity of the air-dried RAPClot™ in the GF buffer was
comparable in time to that observed with the wet RAPClot™ in both the GBO and BD tubes
and the surfactant had no effect on the clotting (Figure 1B). However, when the Hepes buffer
was used instead of the GF buffer, the clotting activity of the air-dried form was markedly
reduced (Figure 1B). These findings suggested that the RAPClot™ tested in the GF buffer
whether it was wet or air-dried in different tube types has great potential for development as
a rapid serum prototype tube. We also tested bovine serum Albumin (BSA, Sigma-Aldrich,
St Louis, MO, USA), Polyvinylpyrrolidone (PVP, Merck, Darmstadt, Germany), Voluven™
(a starch-based plasma volume expander) (Fresenius Kabi Ltd., Sydney, Australia), dextran,
and several stabilizing sugars (sorbitol sucrose, trehalose and mannitol) that might play
an important role in stabilizing RAPClot™ (Supplementary Figure 52). The results show
that the addition of different compounds had some effects on activity with a combination
of Gelofusine and 10% stabilizing sugar having the most significant effect on stabilizing
activity. We employed the GF stabilizing formulation with RAPClot™ and dried the tubes
by nitrogen and vacuum-desiccator air-dry to determine the drying process impact on the
enzymic activity of RAPClot™. The use of the 52238 chromogenic bioassay showed that the
process of drying had no effect on the RAPClot™ activity compared with the wet RAPClot™
solution (Figure 1C). In the next experiment, RAPClot™ at 0.15 mU/tube was added with
the identified stabilizing formulation to the tubes that were dried by vacuum-desiccator
air-drying, with results showing no loss of the blood clotting activity consistent with the
results from the 52238 assay (Figure 1D). The results again confirmed that our patented
GF formulation (Patent No, WO2016061611A1) was suitable for developing RAPClot™
blood collection prototype tubes for the generation of high-quality serum. We defined
the quality of the serum based on the visual lack of cellular material and red blood cell
hang-up, lack of fibrin strands as well as fibrinogen (Supplementary Figures S3 and 54).
This shows the quality of the serum produced in the RAPClot™ tubes compared to four
other commercial tubes. In addition, the determination of five key analytes was comparable
to those measured in a commercial blood collection tube in a small clinical trial. This
also agrees with the data obtained in another clinical trial showing that the serum quality
produced by the RAPClot™ prototype tube does not interfere with the determination of
33 different biochemical analytes (Supplementary Table S3).
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Figure 1. Effects of exogenous conditions on the development of RAPClot™ -prototype blood
collection tube. (A). The comparison of RAPClot™ -Hepes working solution with RAPClot™ —
Gelofusine working solution in the presence of the surfactants DC3771 or L7-9245 when clotting
4 mL recalcified citrated whole blood. (B). The activity of air-dried RAPClot™ prepared from Hepes
and Gelofusine solutions with or without the surfactant DC3771 in clotting 4 mL recalcified citrated
whole blood. (C). The 52238 activity of wet RAPClot™ (0.4 mU/tube) in GBO plain blood collection
tube at 4 °C for 48 h, compared with those of dried RAPClot™ in GBO plain blood collection tube by
nitrogen-drying for 2 h, then stored at RT for 46 h and vacuum-desiccator air-dried for 24 h, then
stored at RT for 24 h. At 48 h post preparation, the activity of RAPClot™ in the three groups of
the RAPClot™ -containing tubes was analyzed in a single reaction mixture containing prothrombin
and the thrombin-specific substrate 52238 (1 = 6). (D). The activity of RAPClot™ (0.15 mU/tube) in
stabilizing formulation in both the BD and GBO plain tubes vacuum-desiccator air-dried in clotting
4 mL of recalcified citrated whole blood. The error bars represent the standard deviation (SD).

3.2. y-Radiation Sterilization of the RAPClot™ Prototype Tube

The RAPClot™ prototype tubes (0.33 mU/tube) were prepared in four formulations
(Supplementary Table S1) and treated with or without y-radiation (25.34 kGy) as the
sterilizing agent to determine the effect on the enzymatic activity (Figure 2A). We observed
that the RAPClot™ in formulation A (5-A, lead formulation) did not lose activity after
drying; however, the activity was reduced by 8-15% in the other three formulations (S-B, S-
C and S-D) compared with the wet solution acting as the control (Figure 2A). Subsequently,
the y-radiation treatment reduced the RAPClot™ activity by 26% in the tubes dried with
formulation A and 32-38% in the other three formulations (Figure 2A), providing further
evidence that our preferred formulation (A) was the most suitable for developing RAPClot™
prototype tubes. Next, we prepared RAPClot™ 0.4 mUnit/4 mL blood prototype tubes
with formulation A to which we added an increasing concentration of BSA followed by
sterilization with y-radiation (27.8 kGy) and compared these to the RAPClot™ in the Hepes
buffer with the addition of lactulose and BSA (Supplementary Table S2 and Supplementary
Figure S5B,C; Figure 2B). Using a plasma clotting assay (Supplementary Figure S6), the
activity of the RAPClot™ tubes without sterilization decreased from 97% to 76% (21%
decrease) with the increasing concentration of BSA while that for the tubes treated with
v-radiation decrease ranged from 69% to 66% (Figure 2B). In comparison with the 52238
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enzymatic assay, the untreated RAPClot™ tubes’ decrease ranged from 79% to 66% with
increasing concentrations of BSA while those treated with y-radiation had a decrease
range of 55% to 50% (Figure 2B). Thus, the decrease with added BSA was of the same
order for both clotting and enzyme activity assays in each case, revealing that the two
assays are correlated (r = 0.9404**, Figure 2C). A related set of data comparing clotting
times to the 52238 activity with increasing BSA protein in the Hepes buffer also showed a
similar relationship (Figure 2B). The effect of the heparin anticoagulant on the RAPClot™
tubes using recalcified citrated whole blood on day 15 post-radiation showed clotting was
achieved in <2.5 min without heparin and in the presence of 8 U/mL heparin clotting was
achieved in <5 min (Figure 2D). All the RAPClot™ tubes generated clearly high-quality
serum without latent clotting occurring at 24 h after centrifugation (Figure 2E). These
results suggest that the RAPClot™ prototype tubes using formulation A (GF + 10% wsv
stabilizing sugar) retained the highest blood clotting and 52238 activity after the y-radiation
sterilization at a dose of 27.8 kGy.
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(E). Serum images in RAPClot tubes at 24 hr post centrifugation
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tubes prepared in different formations in GBO white-top plain tube. (A). The recovery (%) of
the enzyme activity of the RAPClot™ -prototype tubes (0.33 mU/tube) in four formulations (S-
A, 5-B, 5-C, and S-D) with or without y-radiation (25.34 kGy) at day 4 post-radiation (1 = 3) (see
also Supplementary Table S1). (B). The activity recovery (%) of the RAPClot™ -prototype tubes
(0.26 mU/tube) in six formulations with or without y-radiation (27.8 kGy) at day 14 post-radiation in
clotting recalcified citrated plasma, compared with the 52238 assay (1 = 2) (Supplementary Table S2).
(©). The activity recovery (%) of plasma clotting correlated with the 52238 assay for the RAPClot™
-prototype tubes with y-radiation (27.8 kGy). r = 0.9404 (p < 0.01, n = 13)) representing a highly
significant linear relationship between two assays. ** indicates that p < 0.01. (D). The activity of
the RAPClot™ -prototype tubes prepared in six formulations (A-E, see Supplementary Table S2)
with or without y-radiation (27.8 kGy) at day 14 post-radiation in clotting recalcified citrated whole
blood spiked with or without heparin at 8 U/mL. Note: * indicates no clotting occurred (n = 2).
(E). Serum images that were generated from normal and heparinized blood (8 U/mL) clotted in the
RAPClot™ prototype tubes with or without sterilization by y-radiation 24 h after centrifugation
(n = 2) (Supplementary Table S2). The error bars represent the standard deviation (SD).

3.3. TEG Assay for the y-Radiation-Sterilized RAPClot™ Blood Prototype Tubes

Based on the results obtained from the studies of y-radiation-sterilized RAPClot™
prototype tubes in six formulations (Figure 2), the patented formation was used with
the stabilizing sugar to prepare a new set of RAPClot™ prototype tubes containing two
relatively lower doses of RAPClot™ tubes with 0.15 mU/tube (Figure 3) and 0.3 mU/tube
(Supplementary Figures S7 and S8). The newly produced RAPClot™ prototype tubes with
or without y-radiation at 25.7 kGy were stored at RT for testing blood clotting stabilities
by the TEG assay at three time points over a two-month period (64 days) (Figure 3 and
Supplementary Figure S6). The TEG assay generates four whole blood clotting parameters:
R time, K time, angle-o«, and MA values (Figure 3A-D and Supplementary Figure S8). As
expected, the y-radiation-treated prototype tubes showed slightly longer R times compared
with the RAPClot™ wet control and the prototype tubes at 0.15 mU/tube without y-
radiation (Figure 3A). The R times were, however, similar with the heparinized blood at
the three time points up to 64 days, indicating that the y-irradiated tubes could retain the
higher enzymatic activity in clotting the non-heparinized blood although they clotted the
heparinized blood (4 U/mL), except in one sample where the result was 260 s at day 9
(Figure 3A) which was still within the reported clotting range of 263-496 s [31]. In a similar
experiment using tubes as above with a dose of 0.3 mU/tube RAPClot™, the TEG R times
improved with (4 U/mL) heparinized blood for up to 64 days (Supplementary Figure S8).
The y-radiation-sterilized RAPClot™ prototype tubes containing 0.15 mU/tube generated
K times for clotting the non-heparinized blood at the three time points similar to the
RAPClot™ wet control and the non-irradiated prototype tubes (Figure 3B). Both RAPClot™
wet control and non-y-radiation-sterilized (Dry-IR) prototype tubes had similar K times for
clotting the heparinized blood over the 64 day period with the range of 55-160 s (Figure 3B).
However, the y-radiation-sterilized (Dry+IR) RAPClot™ prototype tubes produced a larger
variation with the K times for clotting heparinized blood over the time course, with a
time of 150 s at day 30 (Figure 3B), but showed an improved performance in the 0.3 mU-
containing tubes (Supplementary Figure S5B). Both angle-« and MA values obtained from
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the TEG assay for the RAPClot™ prototype tubes are shown in Figure 3C,D. The Dry+IR
RAPClot™ prototype tubes clotted heparinized blood producing a greater variation in
angle-a and MA values, the lowest angle-o of 26.5 (<30) and MA value of 14.8 being on day
9 (Figure 3C,D), which were unacceptable for the propagation phase of coagulation and
overall stability of the clot. However, the Dry+IR RAPClot™ prototype tubes containing
0.3 mU RAPClot™/tube clotted the heparinized blood at 4 U/mL with a significant increase
in angle-oc (46.5) and MA value (40.1) on day 9 (Supplementary Figure S8), suggesting that
a relatively higher dose of the RAPClot™ (>0.3 mU/tube) is required for the consistent
clotting of heparinized blood to produce a solid blood clot with larger angle-o and higher
mA values. Both the wet and Dry-IR RAPClot™ tubes produced satisfactory angle-oc and
MA values in clotting both non-heparinized and heparinized blood samples (Figure 3C,D
and Supplementary Figure S8).
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Figure 3. TEG assay showing the stability of RAPClot™ in prototype tube at a dose of 0.15 mU/tube
prepared in one formulation with or without y-radiation (25.7 kGy) stored at room temperature for
64 days in clotting recalcified citrated whole blood with or without heparin (4 U/mL). (A). R time,
(B). K time, (C). « angle value, (D). MA value, (E). MRTG (maximum rate of thrombin generation),
(F). TMRTG (time to maximum rate of thrombus generation), and (G). TTG (total thrombus generation.
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The TEG demonstrated the maximum rate of thrombus generation (MRTG) values
in mm/min for the individual RAPClot™ prototype tubes over the two-month period
(Figure 3E and Supplementary Figure S8). The results showed that the 0.15 mU/tube wet,
Dry-IR, and Dry+IR tubes produced similar MRTG values in clotting non-heparin blood,
although the MRTG values (16.72-18.84) at day 64 were significantly lower than those
(25.11-25.62) at day 9 and (24.14-25.95) day 30 (Figure 3E and Supplementary Figure S8).
Correspondingly, all the tubes had very short TMRTG with a range of 2.33-2.83 min except
the wet tube at day 30 which had only 1.83 min (Figure 3E,F; Supplementary Figure S8).
Furthermore, the results showed that all the wet and Dry-IR, especially RAP+IR, RAPClot™
tubes produced significantly lower MRTG values in clotting heparinized blood and the
MRTG values for the Dry+IR tubes were only 3.55-8.77 at day 64 (Figure 3F, Supplementary
Figure S8). In addition, all the wet, RAP-IR, and RAP+IR sterilized RAPClot™ tubes had a
high total thrombus generation (TTG) of 745.2-927.3 mm in clotting non-heparin blood but
had a large variation in TTG (170.8-785.5 in clotting the heparinized blood, with the RAP+IR
RAPClot™ tubes having the lowest TTG (Figure 3G and Supplementary Figure S8). All the
results revealed that heparin inhibited the MRTG, leading to prolonging the TMRTG and
producing low TTG, suggesting that a relatively higher dose of RAPClot™ is required for
developing the dry+y-radiation RAPClot™ prototype tubes able to clot blood containing
high concentrations of heparin.

3.4. Shelf Life (Blood Clotting Stability) of the Sterilized RAPClot™ Prototype Tube

Next, we investigated the potential shelf life of the sterilized RAPClot™ prototype
tube. We prepared RAPClot™ -unirradiated prototype tubes (0.4 mU/tube) stored at room
temperature (RT) for periods of up to 486 days to investigate their blood clotting activities
(Figure 4A). The RAPClot™ tubes clotted efficiently recalcified citrated whole blood with
or without heparin (8 U/mL) over the time course (Figure 4A). This was most apparent for
the 0.4 mU/tube RAPClot™ tubes which clotted heparinized blood (8 U/mL) significantly
faster than 300 s at day 486 (Figure 4A). Further experimentation showed that the RAPClot™
tubes containing 0.4 mU/tube still efficiently clotted both heparinized and non-heparinized
blood after 3 years of storage (Supplementary Figure S9). Two further batches of RAPClot™
prototype tubes (no radiation) were prepared and stored at both RT and 50 °C for 147 days
(Figure 4B, left panel) and 286 days (Figure 4B, right panel), respectively. The 50 °C stored
RAPClot™ tubes for 147 days (Figure 4B, left panel) and 286 days (Figure 4B, right panel)
had very high activity in clotting heparinized blood (8 U/mL), with the clotting times of
194.5 and 133 s, respectively, comparable to the RT-stored tubes (Figure 4B). The results
revealed that RAPClot™ appears to be stable at high temperatures and retains its activity
in clotting high-dose heparinized blood. Furthermore, it demonstrated that the RAPClot™
prototype tubes containing a lower dose (0.26 mU/tube), which were sterilized with y-
radiation (27.8 kGy) and stored at RT, still exhibited high blood clotting capability up to day
373 (Figure 4C). After 12 months at RT, these tubes clotted heparinized blood (8 U/mL) in
342.5 s, only slightly longer than 320.5 s for non-irradiated tubes and 327 s for y-radiation-
sterilized tubes in clotting non-heparinized blood (Figure 4C). These results demonstrated
that y-radiation is useful for sterilizing RAPClot™ prototype tubes that maintain high
blood clotting activity for greater than 12 months of storage.
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Figure 4. Blood clotting activity of the RAPClot™ prototype tubes with or without y-radiation that
were stored at room temperature (RT) or 50 °C in the long term. (A). The activity of the RAPClot™
prototype tubes stored at RT for 486 days in clotting 4 mL recalcified citrated whole blood with or
without heparin (8 U/mL). (B). The activity of the RAPClot™ prototype tubes (0.4 mU/tube) stored
at RT or 50 °C for 147 days (left panel) or 286 days (right panel) in clotting 4 mL recalcified citrated
whole blood with or without heparin (8 U/mL). (C). The activity of the RAPClot™ prototype tubes
(0.26 mU/tube) with or without y-radiation (27.8 kGy) that were stored at RT for 373 days in clotting
4 mL recalcified citrated whole blood with or without 8 U/mL heparin. The error bars represent the
standard deviation (SD).

3.5. Stability of RAPClot™ Prototype Tube Sterilized by Electron-Beam (E-Beam)

The effect of electron-beam (E-beam) radiation at a dose of 25 kGy was investigated on
the enzymatic activity of the RAPClot™ prototype tubes, compared with that of y-radiation
(Figure 5). The 52238 assay showed a recovery of >90% enzymatic activity with the E-beam
treatment, significantly higher than that of 59.5% with the y-radiation treatment (Figure 5A).
The next experiment was to compare the effects of E-beam with that of y-radiation on the
blood clotting activity of the RAPClot™ prototype tubes (Figure 5B). Exposure to E-beam
radiation caused approximately a 10% loss of blood clotting activity, compared with a
40% loss for y-radiation treatment (Figure 5B), consistent with the 52238 assay results
(Figure 5A). The enzyme and blood clotting activities of the RAPClot™ prototype tubes
were determined to contain a higher dose (0.9 mU/tube) with E-beam sterilization post
storage at both RT and 50 °C conditions for 251 days, compared with those of the wet
RAPClot™ prototype tubes stored at 4 °C and the dry-only RAPClot™ prototype tubes at
RT and 50 °C (Figure 5C). The 52238 assays showed that the wet RAPClot™ prototype tubes
(Wet 4 °C) retained over 86% of the enzymatic activity at 4 °C for 251 days, significantly
lower than 93% of the enzymatic activity in the RAPClot™ prototype tubes (Dry-RT) at
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RT (Figure 5C). The 50 °C storage for the RAP prototype tubes (Dry-50 °C) caused the loss
of approximately 22% of the enzymatic activity at day 251 compared with the RAP-RT
tubes, similar to that of the E-beam-sterilized RAPClot™ prototype tubes (Dry-EB RT)
(Figure 5C). The E-beam sterilization plus 50 °C storage caused the RAPClot™ prototype
tubes (Dry-EB-50 °C) to decrease activity by ~50% over this time period (Figure 5C). The
blood clotting activities of the RAPClot™ tubes with different treatments under different
storage conditions paralleled those of the 52238 assay (Figure 5C). The E-beam-sterilized
RAPClot™ prototype tubes at 50 °C storage (Dry-EB-50 °C) clotted 6 mL of recalcified
citrated whole blood only at 109 s and the heparinized blood at 8 U/mL faster than 3 min
(174.5 s) (Figure 5C). Furthermore, we prepared four sets of RAPClot™ prototype tubes (Al,
A2, B1, and B2) containing high dose (0.9 mU/tube) and one set of low dose RAPClot™
prototype tubes (0.4 mU/tube) as a positive control in protective formulations (Figure 5D).
All the RAPClot™ tubes after the E-beam sterilization (25 kGy) were stored at RT for
682 days and then used to clot recalcified citrated whole blood with or without heparin
(8 U/mL) (Figure 5D). All the A1, A2, B1, and B2 tubes showed high blood clotting activities,
clotting the non-heparinized blood within 2-3 min and the heparinized blood (8 U/mL)
in ~4 min (Figure 5D). The positive control RAPClot™ tubes (0.4 mU/tube) clotted the
non-heparinized blood at 4 min and the heparinized blood (8 U/mL) slightly over 5 min
with high-quality serum produced (339.5) (Figure 5D). The data suggest that the E-beam
sterilization retains 30% higher clotting activity in the RAPClot™ prototype tubes compared
to the gamma-radiation which showed a clotting activity of ~5 min after storage at RT for
nearly two years.

3.6. Initial Clinical Study of RAPClot™ Rapid Serum Prototype Tubes

In a small clinical study, the activity of the y-sterilized RAPClot™ prototype tubes
(0.4 mU/4 mL blood) in clotting both fresh and recalcified citrated whole blood from five
volunteers was determined (Figure 6). The average clotting times for fresh whole blood
for the SST tubes were 455.0 £ 42 s, for the RAP-Ir tubes only 142.5 & 42 s, for the RAP+Ir
tubes 188.5 £ 31.6 s, and for the RAP+Ir+HEP (8 U heparin/mL) 139 + 36.3 s (Figure 6A).
The average clotting times of recalcified citrated whole blood for the RAP+Ir tubes was
95.2 £ 5 s and for the RAP+Ir+HEP was 107.6 & 10 s (Figure 6B), providing further support
that RAPClot™ with y-radiation clotted efficiently not only recalcified citrated whole blood,
but also heparinized blood at 8 U/mL. Furthermore, TEG demonstrated a similar clotting
pattern to that of visual clotting in the RAP+Ir tubes with or without heparin (Figure 6C,D).
The TEG images are provided here for two volunteers who are representative of all five
individuals (Figure 6C,D). RAP+Ir and RAP+Ir+HEP produced R and K times that were
45 and 50 s for volunteer 1 and 50 and 50 s for volunteer 2 while Ca* alone had 870 and
480 s for volunteer 1 blood and 590 and 215 s for volunteer 2 (Figure 6C,D). The study
showed that significantly greater angle-«, which measures the speed of clot formation, was
obtained in RAP+Ir (79.6 and 77.5) and RAP+Ir+HEP (68.7 and 67.2) compared with Ca*
alone (25.4 and 47.3) (Figure 6C,D). MA values in RAP+Ir (75.9 and 59.2), which determines
clot strength, were substantially higher, compared with those in Ca* alone (40.0 and 52.6)
and RAP+Ir+HEP (35.7 and 35.5) (Figure 6C,D). Figure 6E shows that the average R time
of the five volunteers was 641.5 s in Ca™, which was significantly decreased to 54.4 s in
RAP+Ir and 95 s in RAP+Ir+HEP. Similarly, the K time was 262.4 s in Ca*, which was
significantly decreased to 63 s in RAP+Ir and 113.2 s in RAP+Ir+HEP (Figure 6F). Angle-o
was significantly increased in RAP+Ir (75.3) and RAP+Ir+HEP (64.5) compared with Ca*
(43.6) (Figure 6G). The MA value was increased in RAP+Ir (59.3), compared with those
in Ca* (47.2) and in RAP+Ir+HEP (38.2) (Figure 6H), suggesting further that RAPClot™
improved substantially the clot strength in normal blood, with a decrease in clot strength
in the presence of heparin. Figure 61 shows the V-curves from two participants. V-curves
generated by RAP+Ir are similar to those by RAP+Ir+HEP, but significantly different from
that by Ca™ alone (Figure 6I). The average MRTG of the five participants was 22.5 mm/min
in RAP+Ir, significantly higher than those both in RAP+Ir+HEP (13.3 mm/min) and Ca*
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alone (5.6 mm/min) (Figure 6]). The MRTG in RAP+Ir+HEP was also significantly higher
in Ca* (Figure 6]). On average, RAP+Ir had a TMRTG (1.9 min) significantly shorter than
RAP+Ir+HEP (3.3 min) and Ca* (13.7 min) (Figure 6K). Total thrombus generation (TTG) in
RAP+Ir was significantly higher than that in RAP+Ir+HEP, but no significant difference
was statistically obtained between RAP+Ir and Ca* and between RAP+Ir+HEP and Ca*
(Figure 6L).
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Figure 5. Enzymatic and blood clotting activities of the RAPClot™ prototype tubes with E-beam
radiation. (A) The 52238 assay showed the recovery of enzyme activity of the RAPClot™ prototype
tubes with the E-beam treatment compared with those with y-radiation at day 7 post-radiation (n = 4).
(B). The activity of the RAPClot™ prototype tubes with the E-beam treatment in clotting recalcified
citrated whole blood (4 mL of blood/tube), compared with those with y-radiation at day 7 post
treatment (n = 2). (C). The enzymatic and blood clotting activities of the RAPClot™ prototype tubes
(0.9 mU of RAPClot™ was added to one tube at day 0. Its enzymatic and blood clotting activities
were measured at day 251 post E-beam sterilization) in clotting recalcified citrated whole blood (6 mL
of blood/tube) with or without heparin (8 U/mL) (n = 3). Blue arrow indicates enzymatic activity of
the individual RAPClot™ tubes based on 52238 assay at Day 251 post-E-beam sterilization. (D). The
blood clotting activities of the RAPClot™ prototype tubes at day 682 post E-beam sterilization in
clotting recalcified citrated whole blood (4 mL of blood/tube) with or without heparin (8 U/mL)
(n =2). Tube A1, A2, B1, and B2 contained 0.9 mU of the RAPClot™ prototype tube at day 0. As a
positive control, the amount of RAPClot™ at 0.4 mU/tube was reduced from 0.9 mU/tube to achieve
optimal conditions. The error bars represent the standard deviation (SD).
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Figure 6. Clinical blood clotting trial with the RAPClot™ tubes using the five participants. The
activity of the RAPClot™ tube in clotting fresh whole blood and recalcified citrated whole blood
samples from the five volunteers by visual clotting and TEG assays. A total of 0.26 mU of RAPClot™
was used to add into one GBO plain tube for preparing the RAPClot™ prototype tube with or without
y-radiation as described in the Material and Methods Section. (A). The visual clotting activity of the
BD SST tube (SST), RAPClot™ prototype tube without radiation treatment (Rap-Ir), and RAPClot™
prototype tube treated with r-radiation (Rap+Ir) in clotting fresh whole blood and the RAPClot™
prototype tube treated with y-radiation (Rap+Ir+Hep) in clotting fresh whole blood containing

158



Biomolecules 2024, 14, 645

heparin at 8 U/mL. (B). The activity of RAPClot™ prototype tubes with r-radiation treatment in
clotting recalcified citrated whole blood without (Rap+Ir) or with heparin at 8 U/mL (Rap+Ir+Hep).
The data are the mean + standard deviation (X &= SD) from the 5 volunteers. (C,D). Parallel to the
visual clotting assay shown in (B), the thromboelastography (TEG) assay shows two representative
images of RAPClot™ in clotting recalcified citrated whole blood samples from the three types of tubes
(Ca*, Rap+Ir, and Rap+Ir+Hep) from 2 volunteers out of the 5 volunteers, revealing significantly
different thromboelastographic traces of the RAPClot™ prototype tubes from Ca*-only tubes in
clotting recalcified citrated whole blood and different TEG parameters (R times, K time, « angle
values, and MA values) showing in inserted squares. (E-H). TEG assay shows four parameters (R
times, K time, ot angle values, and MA values) of the RAPClot™ prototype tubes in clotting recalcified
citrated whole blood from five participants. The data are the x &= SD of the four parameters from
the five participants in three types of tubes in the duplicate assay (n = 10). p < 0.05, p < 0.01, and
p < 0.001 represent that the difference between the two types of tubes was statistically significantly
different, respectively. p > 0.1 represents that the difference between the two types of tubes was not
statistically different. (I). Two representative V-curves derived from the TEG assay for two volunteers
(see Figure 1C,D) showing significantly different thrombin generation of the RAPClot™ prototype
tubes in clotting recalcified citrated whole blood with or without heparin. (J). The mean + SD of the
maximum rate of thrombin generation (MRTG) at mm/min of the recalcified citrated whole blood
from the 5 participants clotted in three types of tubes in the TEG assay in duplicate (n = 10). (K). The
mean £ SD of the time to the maximum rate of thrombus generation (TMRTG) (min) (1 = 10). (L). The
mean + SD of the total thrombus generation (TTG) (n = 10). p < 0.05, and p < 0.01 represent that the
difference between the two types of tubes was significantly different, respectively. The error bars
represent the standard deviation (SD).

3.7. Analyte Measurements from Sera Produced in RAPClot™ Rapid Serum Prototype Tubes

We next determined the levels of commonly measured analytes (potassium (K), glucose
(Glu), lactate dehydrogenase (LD), iron (Fe), and phosphate (Phos)) known to be affected by
clotting and cell lyses during the clotting process, and remnant cells on top of the blood gel
“buffy coat” or cells in contact with the serum in gel-free tubes post centrifugation [3]. Blood
was collected from the five participants and serum was produced by the three 0.4 mUnit
RAPClot™ prototype tubes (RAP-Ir, RAP+Ir, and RAP+Ir+HEP), and compared with that
generated by the commercial SST tube (Figure 7). As shown in Figure 7, the values for the
five analytes examined were similar in the sera of the five volunteers’ fresh blood produced
in four blood collection tubes with p values > 0.05. Furthermore, in a separate clinical
trial with five volunteers, we compared 33 analyte measurements in the sera generated
from the RAP+Ir and RAP+Ir+HEP (8 U/mL) prototype tubes, compared with those from
the three commercial blood collection tubes (SST, RST, and PST tubes) (Supplementary
Table S3). The results showed that there was very good agreement between the analyte
concentrations determined among the variation in all the 33 analytes measured among the
five tubes (Supplementary Table S3). These results suggest that the presence of RAPClot™
in the prototype blood collection tubes does not interfere with analyte determination.
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Figure 7. Five analytes in the sera of the five volunteers’ fresh blood clotted in the BD SST tube
(SST), RAPClot™ prototype tube without y-radiation (Rap-Ir), and RAPClot™ prototype tube treated
with y-radiation (Rap+Ir) in clotting fresh whole blood and RAPClot™ prototype tube treated with
y-radiation (Rap+Ir+Hep) in clotting heparinized fresh whole blood (8 U/mL) in the clinical trial
as shown in Figure 6A. (A). Potassium (K) (p = 0.9999, >0.05), (B). glucose (Glu) (p = 0.9997, >0.05),
(C©). lactate dehydrogenase (LD) (p = 0.8191, >0.05), (D). iron (Fe) (p = 0.9997, >0.05), and (E). phosphate
(Phos) (p = 0.9966, >0.05). The data inserted in the individual sub-figures are the mean =+ standard
deviation (SD) of the five volunteers, respectively (n = 5). The data analysis results did not show
that the concentrations of the individual analytes among the four tubes were statistically different
(p > 0.05). The error bars represent the standard deviation (SD).

4. Discussion

Blood collection tube components starting with the tube wall, and including rubber
stoppers, lubricants, anticoagulants, separator gels, clot activators, and surfactants, can all
affect the quality of the sample generated and subsequently the accuracy and precision
of laboratory tests [32]. Surfactants are usually low-viscosity silicone-based fluids used to
coat collection tubes to enhance the spreadability of blood in tubes during blood clotting
and act as a release agent to ensure the clean separation of clotted blood from the walls
during centrifugation, reducing “clots hang up”. In this study, we used several surfactants
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to coat both GBO and BD plain blood collection tubes which were used for testing the
blood clotting activity of RAPClot™ consistent with published studies. In this study, the
surfactant used was 20 pL of DC3771 at the concentrations of 0.25-0.5% used for preparing
per RAPClot™ prototype tube in which the findings showed that it did not affect either the
52238 assay or blood clotting activities for the assay of 31 analytes.

Hepes buffer has been widely used for protein purification and extraction as a stabilizer
of different proteins [33-36]. In the present study, Hepes was used for preparing the
RAPClot™ aqueous working solution which retained a high level of blood clotting activity.
However, when it was used for drying RAPClot™ under different temperature conditions
in two types of commercial plain tubes (GBO and BD), the blood clotting activity was
significantly reduced whether the tubes were coated with or without surfactant. In contrast,
the use of Gelofusine (GF) for preparing and drying the RAPClot™ working solution in
both the GBO and BD tubes retained both high enzymatic and blood clotting activities.
Therefore, GF was selected for use in the RAPClot™ prototype tubes. It was subsequently
found that the inclusion of 10% stabilizing sugar in the GF buffer optimized the recovery
and stability of the RAPClot™ tubes and was selected for further studies to optimize the
prototype formulation performance.

A requirement for blood collection tubes is that they can be stored for periods in excess
of 12 months in order to eliminate stability issues. Gamma-radiation (y-radiation) is a
method of choice and was first used for sterilizing disposable medical products in the
1960s [37,38]. Since then, over 50% of the disposable medical products manufactured in de-
veloped countries have been radiation-sterilized at doses varying from 17 to 50 kGy [38—40].
Here, we used y-radiation at the doses of 25-27.5 kGy to sterilize the RAPClot™ prototype
tubes. Even at the highest dose, we revealed a recovery of approximately 42% of the enzy-
matic activity and 53% of the plasma clotting activity in the RAPClot™ tube. While it is
evident that the metalloproteinase is sensitive to y-radiation, the use of the GF formulation
limits the loss of activity and retains the usefulness of RAPClot™ as an important additive
to blood collection tubes to enhance clotting to produce quality serum. The y-radiation-
sterilized RAPClot™ prototype tubes prepared in all six formations on day 14 post-radiation
were capable of clotting heparinized blood at a high dose of 8 U/mL within 5 min even
at concentrations as low as 0.26 mU/tube. These data demonstrated that y-radiation is
acceptable for sterilizing RAPClot™ prototype tubes. More recently, E-beam radiation
has also been employed to sterilize pharmaceutical packaging products [41]. It operates
by directing a continuous flow of electrons through the articles being sterilized [42]. We
also used E-beam at 25 kGy to sterilize RAPClot™ prototype tubes, finding that the tubes
retained up to 80% of the enzyme activity based on the 52238 assay, revealing that this form
of sterilization is an effective technology for developing the RAPClot™ prototype tubes.

The standard shelf life for blood collection tubes is 12 months from the time of manu-
facture [29,30]. Thus, in introducing any new blood collection tube into the market, this is
an important consideration for its commercial viability. Our results showed that RAPClot™
is stable in blood collection tubes prepared using a protective formulation and sterilized
with both Y-radiation and E-beam exposure. RAPClot™ stored in blood collection tubes at
room temperature in either wet or dried form (evacuated) was stable for periods of up to
3 years. The activity was comparable in both citrated and heparinized (8 U/mL) blood and
it was capable of withstanding temperatures of 50 °C for periods as long as 286 days. The
capacity to produce quality serum in the presence of anticoagulants is a big advantage over
the RST tube and Greiner BCA Fast Clot tube [4] to which thrombin is added and have been
found not to be suitable for serum preparation for patients on anticoagulants, especially
heparin [3]. The activity of the RAPClot™ tube was also maintained when exposed to
sterilization conditions at levels used commercially. While the more conventional method of
exposure to y-radiation sterilization reduced activity by 50%, exposure to E-beam radiation
only had minimal effects on its activity.

The results presented here demonstrate that RAPClot™ can be used to produce
RAPClot™ rapid serum prototype tubes that can meet the requirement of a new standard
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blood collection tube to clot blood samples including high-dose heparinized blood (8 U/mL)
within 5 min post-y-radiation or E-beam sterilization with a potential for long-term storage
stability at RT. Further clinical testing of spray-dried and irradiated RAPClot™ rapid serum
tubes is warranted.

While the RAPClot™ tube possessed the major characteristics required for a suitable
serum tube, it was also important that the presence of RAPClot™ did not lead to any inter-
ference with analytes tested in a clinical setting. Accordingly, we carried out two clinical
trials with five volunteers to test whether there was any interference with biochemical
analytes in these tubes. In the initial trial, the concentrations of five commonly measured
analytes: K, Glu, LD, Fe, and Phos by the three RAPClot™ tubes (RAP-Ir, RAP+Ir, and
RAP+Ir+HEP) were equal to those generated by the commercial SST tube. In a separate
clinical trial with the five participants, the concentrations of 33 biochemistry markers in
sera were generated from the two RAPClot™ tubes, which were not clinically different to
those generated from the commercial SST, RST, and PST tubes. In fact, the K and Gluc in the
serum from heparinized blood were closer to lithium heparin plasma. These data provide
strong evidence that the RAPClot™ prototype tube is suitable for routine laboratory use in
both non- and heparin-anticoagulated blood samples.

5. Conclusions

In conclusion, we have developed a novel blood collection tube (RAPClot™ rapid
serum prototype tube) that produces quality serum for analyte determination. We estab-
lished a stabilizing formulation that upon spray-drying as an additive in commercial plain
tubes and radiation using standard commercial methods and levels retained RAPClot™
enzyme and blood clotting activities when stored over periods of time required for commer-
cial viability including samples with very high concentrations of heparin. The experimental
data have demonstrated that a RAPClot™ containing clotting tube is a commercially com-
petitive product and has the potential to be the standard tube, eliminating the need for
the various serum/plasma tubes, e.g., SST, RST, BCA Fast, PST (gel or plasma separator
device), Na fluoride, and FC Mix due to its ability to clot all anticoagulated samples within
five minutes and consistently produce the highest quality serum and significantly minimize
sample quality related result errors with optimal TAT.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biom14060645 /51, Figure S1. Effects of surfactants used for coating GBO
white top plain blood collection tube on the activity of RAPClot™ in clotting wet recalcified citrated
whole blood; Figure S2. Activity of RAPClot™ (0.2 mU/tube) prepared in Hepes buffer containing
10% lactulose (10% lac) plus BSA (0.5% and 4%), dextran (0.5% and 4% Dex), Polyvinylpyrrolidone
(4% PVP), voluven (4% Voluv) and sorbitol (4% Sorb), respectively, compared with that prepared in
Gelofusine containing 10% lactulose (10% lac); Figure S3. Effects of BSA as an additional component
used for developing RAPClot™ blood clotting formulation on the activity of the wet RAPClot™
in clotting recalcified citrated whole blood; Figure S4. Activity of RAPClot™ recovered from the
RAPClot™ prototype tubes prepared in six formulations with or without y-radiation (27.8 kGy)
according to plasma clotting and $2238 assays; Figure S5. TEG® 5000 Thrombelastograph® Hemosta-
sis System; Figure S6. TEG assay showing the stability of RAPClot™ prototype-tube at dose of
0.30 mU/tube propared in one formuation with or without gamma radiation (25.7 kGy) stored for
64 days at room temperature in clotting the recalcified citrated whole bloods; Figure S7. Activity of
three-years RAPClot™ -prototype tubes in clotting 4 mL of recalcified citrated whole blood with or
without heparin at 8 U/mL; Table S1: RAPClot™ prototype tubes prepared in different formulations
with or without y-radiation were used for 52238 assay (Figure 2A); Table S2: RAPClot™ prototype
tubes prepared in six formulations with or without y-radiation were used for 52238, plasma and
blood clotting assay (Figure 2B-D; Figure S4); Table S3: Thirty-three analytes measured in serum
generated from five blood collection tubes: SST, RST, RAPClot™, RAPClot™ +Heparin(8 U/mL) and
PST prepared at 0 h after collection in the second trial. The data are the mean =+ standard deviation
(SD) of participants respectively (n = 5).
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Abstract: Neuropeptides are the main regulators of physiological, developmental, and behavioural
processes in insects. Three insect neuropeptide systems, the adipokinetic hormone (AKH), corazonin
(Crz), and adipokinetic hormone/corazonin-related peptide (ACP), and their cognate receptors, are
related to the vertebrate gonadotropin (GnRH) system and form the GnRH superfamily of peptides.
In the current study, the two signalling systems, AKH and ACP, of the yellow fever mosquito, Aedes
aegypti, were comparatively investigated with respect to ligand binding to their respective receptors.
To achieve this, the solution structure of the hormones was determined by nuclear magnetic resonance
check for distance restraint methodology. Atomic-scale models of the two G protein-coupled receptors were
updates constructed with the help of homology modelling. Thereafter, the binding sites of the receptors
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were identified by blind docking of the ligands to the receptors, and models were derived for each
hormone system showing how the ligands are bound to their receptors. Lastly, the two models were
validated by comparing the computational results with experimentally derived data available from
the literature. This mostly resulted in an acceptable agreement, proving the models to be largely
correct and usable. The identification of an antagonist versus a true agonist may, however, require
additional testing. The computational data also explains the exclusivity of the two systems that bind
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Chemical Models of Binding. only the cognate ligand. This study forms the basis for further drug discovery studies.
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tides and their cognate G protein-coupled receptors (GPCRs) are, respectively, structurally

® similar. Collectively, these signalling systems are related to the vertebrate gonadotropin-
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AKHs are primarily or exclusively produced in neurosecretory cells of the corpus
cardiacum (CC), and a major function is the mobilisation of energy reserves stored in the
fat body, thus providing an increase in the concentration of diacylglycerols, trehalose, or
proline in the haemolymph for locomotory active phases. Accordingly, the AKH receptor
(AKHR) transcripts are predominantly found in fat body tissue, where the AKH activates
the enzymes glycogen phosphorylase and triacylglycerol lipase, respectively [6-8]. As with
most endocrine regulatory peptides, additional functions, such as inhibition of anabolic
processes (protein and lipid syntheses), involvement in oxidative stress reactions, and egg
production inter alia are known, making AKH a truly pleiotropic hormone [9,10].

Crz is mainly synthesised in neuroendocrine cells of the pars lateralis of the proto-
cerebrum and released into circulation via the CC [11]. Although originally described as a
potent cardio-stimulatory peptide [12], Crz does not generally fulfil this role but is known
for other functions, such as involvement in the release of pre-ecdysis and ecdysis-triggering
hormones, reduction of silk spinning rates in the silk moth, pigmentation events (darken-
ing) of the epidermis in locusts as they transition to the gregarious phase, and regulation of
caste identity in an ant species [13-16].

The functional role of ACP is less clear. Previous studies had not found a clear-cut
function for this peptide in Anopheles gambiae and Rhodnius prolixus [17,18] until work
by Zhou et al. [19] claimed that ACP in male crickets (Gryllus bimaculatus) regulates the
concentration of carbohydrates and lipids in the haemolymph. This, however, could not be
verified in independent experiments (H.G. Marco and G. Gédde, unpublished observations).
In 2021, Hou et al. [20] reported the involvement of ACP in the regulation of lipid use during
long-distance flight in Locusta migratoria, specifically in the oxidation and transport of fatty
acids in the flight muscles. Most recently, a surprising sex-specific role of ACP in adult A.
aegypti was put forward by Afifi et al. [21]: in adult female mosquitos, abdominal glycogen
content decreased upon ACP injection, whereas no increase in free carbohydrates was found
in the haemolymph. In contrast, ACP had the opposite effect in adult mosquito males: no
change in the abdominal glycogen content but an elevation of circulating carbohydrates
was observed. There is, thus, a need for further investigation into the ACP signalling
system to ascertain the extent of functional overlap with the AKH system.

In the current study, we aimed to address this information gap by examining the AKH
and ACP signalling systems of A. aegypti which is an infamous disease vector for pathogens,
such as yellow fever virus (estimated to cause 200,000 cases of disease and 30,000 deaths
each year, with 90% occurring in Africa [22]), Dengue fever, chikungunya, and Zika, as
the latest addition to the spectrum of arboviruses, all of which summarily are responsible
for a great number of painful infections and death of people following virus transmission
from a mosquito bite [23]. A. aegypti was selected as a test case since there is already a
fair amount of data available from partial investigations into its neuropeptide systems.
Furthermore, knowledge of the interaction of bioactive ligands with their cognate receptors
is thought to be very helpful for drug research using the GPCRs as a target and aiming for
the development of selective bio-rational insecticides [24-26].

Historically, the A. aegypti peptides were first predicted from genomic work [27], and
the AKH and ACP precursors were then cloned, although the ACP was named Aedae-
AKH-II at the time [28]. The presence of mature Aedae-AKH-I and corazonin was shown by
direct mass profiling, but evidence of the ACP peptide was not found in brain or CC tissue,
possibly on account of a low concentration [29]. One Crz receptor (CrzR) and variants of
the AKHR and ACP receptor (ACPR) were cloned from A. aegypti [28,30,31]. Each receptor
was shown to be very selective, accepting only the cognate peptide, thus signifying that
there are three separate and independent endocrine systems active in this mosquito species.

Structure-activity relationship (SAR) studies supply information about how a ligand
interacts with its cognate receptor, especially which amino acid residue of the ligand is
important for this interaction. Thus, by replacing each residue successively with simple
amino acids, such as Gly or Ala, or by using bio-analogues (naturally occurring peptides
with one or two known differences from the endogenous ligand), the importance of each
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amino acid’s side chain can be probed with respect to functional or receptor binding
outputs. Such SAR studies were conducted on the AKH system in a few insects and a
crustacean either by measuring physiological actions in vivo [32,33] or in a mammalian
cellular expression system [34,35]. For A. aegypti very informative data sets exist on the AKH
and the ACP signalling system [36]: for the first time ever, SAR studies were performed
with an ACP ligand /receptor system, and it was clear that the chain length of the ligand
is important for receptor activation (no activity with 8 but with 10 amino acids), as well
as C-terminal amidation, and aromatic amino acids (Phe and Trp at positions 4 and 8,
respectively). A 400- to 500-fold loss of activity was measured when the N-terminal
pyroglutamate (pGlu) or Thr at position 3 was replaced individually by Ala. Replacements
at positions 2, 5, 6, and 7 were well tolerated, so it seems that they are not as intricately
involved in receptor activation. For the A. aegypti AKHR, it was shown that, in general,
the C-terminal portion of the AKH octapeptide, excluding the Trp at position 8, is not as
critical for activation as are N-terminal positions 2, 3, and 4; and a longer chain length from
ten amino acids appears permissible [36]. Hence, there is some information available on
ligand-receptor requirements for two of the three GnRH superfamily signalling systems of
A. aegypti.

In conjunction with nuclear magnetic resonance (NMR) data on the secondary struc-
ture of AKHs [37,38] and knowledge of the receptor sequence, molecular dynamics (MD)
methods can derive models of how the ligand interacts with its receptor [39-41]. Such
data are missing for the yellow fever mosquito and the ACP signalling system of any
insect. The current study, hence, investigates the properties of the ligands Aedae-ACP
(pPEVTFSRDWNA-NH;) and Aedae-AKH (pELTFTPSW-NH,;) by NMR spectroscopy in
SDS (sodium dodecyl-dys5 sulfate) micelle solution to determine their secondary structures,
models the interaction of the ligands with the respective receptor and evaluates the pre-
dicted models by using the published structure-activity data. Note that Aedae-ACP is the
same peptide sequence as in A. gambiae [1], and in many insect species [5]. Aedae-AKH is
not only endogenous in A. aegypti and in the alderfly, Sialis lutaria [42], but is also encoded
in the genome of L. migratoria [43] and Schistocerca gregaria [44]. In the context of examining
the AKH signalling system of the desert locust, the solution structure of Aedae-AKH was
previously determined along with the other two endogenous AKHs of S. gregaria [45]. This
supplies us with valuable comparative information.

2. Materials and Methods
2.1. NMR Spectroscopy

NMR samples were prepared by dissolving the dry peptides in 150 mM sodium
dodecyl-dys sulfate (SDS), 20 mM phosphate buffer pH 4.5, 0.05 mM TSP (trimethylsilyl-
propanoic acid), and 10% v/v D,0O, to reach a final peptide concentration of 2 mM. All
NMR spectra were obtained at 310 K on an 800 MHz Bruker Advance Il equipped with a
5 mm TCI cryoprobe. 'H homonuclear TOtal Correlation SpectroscopY (TOCSY) (mixing
time Tix = 80 ms) and Nuclear Overhauser Effect SpectroscopY (NOESY) (tmix = 150 and
300 ms) were acquired with 512 points and 1 k points in F1 dimension, respectively, and 4 k
points in F2 dimension, between 16 and 32 transients were accumulated with 1.5 s recycle
delay and multiplied with squared sine bell functions shifted by 90°. The 'H spectral
window was set to 9600 Hz. 13C-1H, Heteronuclear Single Quantum Coherence (HSQC) ex-
periments were performed with 256 points in F1 dimension and 4 k points in F2 dimension,
and 64 transients were accumulated with 2 s recycle delay. The *C spectral window was
set to 33,200 Hz. Non-uniform sampling 1>’N-'H HSQC experiments were performed with
25% of 128 points in F1 dimension and 4 k points in F2 dimension, 1024 transients were
accumulated with 1.5 s recycle delay. The 1°N spectral window was set to 3240 Hz.

All data dimensions were zero-filled to twice the respective Free Induction Decay
(FID) size. 'H chemical shifts were referenced to TSP at 0 ppm, and '3C and >N were
indirectly referenced to the 'H reference frequency. Data were processed in TopSpin
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(Bruker) and analysed using the CCPNmr analysis program [46]. Backbone and side chains
were assigned using all experiments.

2.2. Structure Calculations

The NOESY cross-peak assignments were used to generate distance restraints for
the structure determination. These distance restraints were supplemented with dihedral
angle restraints predicted with DANGLE [47] from Ho chemical shifts. A standard CNS
1.1-based protocol was employed using the ARIA 2.2 interface [48]. The 10 lowest energy
structures were refined in a water shell and evaluated with MolProbity [49].

2.3. Molecular Dynamics of Ligand

The output from the NMR structural calculations was used as input to GROMACS
version 2018.6 [50] for extended MD simulation in water and dodecyl phosphocholine (DPC)
micelle. For the water simulations, a box containing the peptide, chloride to neutralise any
charge and 7000 water molecules was constructed. The single-point charge water model
was used. For the membrane simulations, the lowest energy structure from the simulations
in water was placed in the centre of a 7 nm cubic box filled with approximately 10,000 water
molecules and a micelle of 50 DPC molecules [51]. The micelle was translated so that, using
periodic boundary conditions, half the micelle was at the bottom of the box and the other
half was at the top. Energy minimisation was carried out using the steepest descent method
for 10,000 steps to a tolerance of 10 k] mol~!. A series of constant pressure, temperature,
and number of particles (NPT) equilibration steps were performed to solvate the peptide
before the final MD simulation for 50 ns under constant temperature, volume and number
of particles (NVT) conditions at 300 K.

The OPLS-AA /L force field [52] was used to describe the molecule bond energies. All
bonds were constrained using the LINCS algorithm [53]. A cut-off of 1.0 nm was used for
van der Waals and electrostatic interactions. Following equilibration, MD was performed
for 50 ns at 300 K under NVT conditions. For each simulation, 100 snapshots were collected
over the course of the simulation. Cluster analysis of the resulting structures was performed
using the linkage algorithm of GROMACS with a cut-off of 0.1 nm on the backbone atoms.

2.4. Construction of Receptor Models, Ligand Docking and Molecular Dynamics

The primary sequence of the adipokinetic hormone/corazonin-related peptide recep-
tor, Aedes aegypti ACPR-I (Genbank MF461644; protein: AVA08868.1), was used to construct
the 3D structure of the receptor at the atomic level. The primary sequence of the Aedes
aegypti AKH receptor was taken from Genbank MF988326 (protein AV109459.1). Swiss-
Model [54] was used to search for target templates. For both receptors, the NMR structure
of active 3, androgenic receptor, 6kr8.1.A, was selected. For the inactive or ‘open’ model of
Aedae-ACPR the 5D5A X-ray crystal structure of the 3, androgenic receptor at 100 K was
chosen. For Aedae-AKHR the Xray structure 6tpk was selected as a template of the inactive
conformation. The same website was then used to construct 3D models of the receptors,
based on these two templates. The resulting structures were imported into Maestro 13.1 [55]
for visualisation, ligand docking, and MD calculations. The proteins were first prepared
using the Maestro Protein Preparation Wizard, and the quality of the models was checked
with Ramachandran plots. The Maestro Glide module was used with SP-Peptide precision
to find the best poses of the ligand in the receptor binding pocket. The pose with the
best glide score was used for MD simulation. For this the receptor/ligand construct was
imbedded in a (1-palmitoyl-2-eleoyl-3-phosphocholin) (POPC) membrane, neutralised with
Cl™ and solvated with SPC water, using the membrane setup of Desmond [56]. Molecular
dynamics was performed using Desmond and the free energy of binding was calculated
using MM /GBSA (Prime version 2019, Schrodinger, LLC, New York, NY, USA, 2019).
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3. Results and Discussion
3.1. Aedae-ACP NMR Results

For small and partially folded peptides with affinity for lipid membranes, NMR is a
very well-suited structural technique compared to cryo-EM or X-ray techniques which rely
on ordered or large homogenous copies of folded molecules. The NMR assignments and
chemical shift of Aedae-ACP in SDS micelle solution are given in Table 1. Some ideas of
the secondary structure and flexibility of the peptide can be obtained by comparing these
chemical shifts to those of the same residue in a random coil environment [57,58]. These
chemical shift indices are plotted in Figure 1a. Both the Hy and HN protons are consistently
shifted up-field suggesting some type of turn structure [59]. This is consistent with the
review of Tyndall et al. [60] of over 100 mammalian GPCR ligands, which all had a turn
structure. The chemical shift indices are also consistent with our results for members of the
AKH family, such as Melme-CC [61], Declu-CC [61], Dappu-RPCH [40], Schgr-AKH-II [40],
Anoga-HrTH [39] and including Aedae-AKH [39].

Table 1. NMR assignments for Aedae-ACP in SDS micelles 2.

Residue N H HA HB HG CA CB CG Others
1 Glu - - 442 253,196 2.36 * 59.7 284 32.3
2 Val 120.0 796 4.11 1.97 0.88,0.78 626 33.0 217,212
3 Thr 1177 793  4.36 4.10 1.08 614 70.6 21.5
4 Phe 1223 8.02 470 3.19,3.01 57.9 400 HD7.24, HE 720, HZ 7.10, CD 131 8,

CE131.2,CZ129.4

5 Ser 1169 8.01 440 3.83,3.75 585 643

6 Arg 1211 774 410 141,152 1.33* 559 307 27.3 NE 124.4, HD12.89, HD22.93,

HE 6.87, CD 43.5
7 Asp 1192 8.05 458 262,250 - 39.2 -
NE 128.7, HD1 7.22, HE1 9.82,
8 Trp 1220 771 452 321,326 579 297 H%3770%?/gf)21212575,,%%2 Z2515 ,6,
CZ2114.5,CZ3121.1,CH2 124.3
9 Asn 1203 8.02 461 265,248 ND2 112.4, HD2a 6.67, HD2b 7.32
10 Ala 1240 771 413 1.31 528 19.6

2 2 mM peptide in 150 mM SDS micelles. Experiments were run at 310 K and referenced to TSP. * Identical
chemical shift for both protons. - Not observed.

The NMR chemical shifts can also be used to estimate the flexibility of the peptide [57].
The results (Figure 1b) show that the peptide is quite flexible with an order parameter (S?)
ranging from 0 to only 0.36. A perfectly ordered (rigid) structure has an S? of 1. The Aedae-
ACP order parameter results are the same as those found for Aedae-AKH (S? = 0.1-0.3) [45],
Schgr-AKH-II (S% = 0.1-0.4) [45] which are similar to that of the crustacean member of the
AKH family, Dappu-RPCH (S? = 0.1-0.25) [40]. However, the order parameter contrasts
with the rigid conformations of a number of insect AKHs; Melme-CC (S? = 0.85) [61], Declu-
CC (S% =0.7-0.9) [61], Locmi-AKH-I (S? = 0.9) [45] and Anoga-HrTH (S? = 0.7-0.8) [39]. As
expected, Aedae-ACP is more ordered in the middle of the peptide than at the termini. The
NMR-derived root mean square fluctuation (RMSF) of the Aedae-ACP backbone (Figure 1c)
also shows that the peptide is flexible, with RMSF values ranging from 3.5 to 8.7 A. The
RMSF values of the more rigid Melme-CC [61], Declu-CC [61] and Anoga-HrTH [39] range
from 0.3 to 1.7 A. In contrast, Dappu-RPCH has RMSF values ranging from 5 to 8 A [40].
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Figure 1. NMR results for Aedae-ACP in SDS micelle solution. (a) Hy and NH random coil NMR
chemical shift deviations; (b) $% order parameter; and (c) NMR root mean square fluctuations.

The NMR restraints were used to search the conformational space of Aedae-ACP. The
resulting structures were grouped according to the similarity of their backbone conforma-
tion. The root conformer of the largest cluster was placed in a solution with a DPC micelle
and MD was performed for 50 ns. Figure 2a shows an overlay of the largest cluster. This
cluster is extended at the C-terminus but has a 3-turn around threonine at position 3 from
the N-terminus. This conformation had no restraint violations and agreed with the NMR
chemical shift results.
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Aedae-ACP

Aedae-AKH

Figure 2. (a) Overlay of the largest cluster (49 members) from a 50 ns MD simulation of Aedae-ACP
in DPC micelle solution. For clarity, every 10th snapshot is shown; (b) Comparison of Aedae-ACP
and Aedae-AKH.

3.2. Structural Comparison of Aedae-ACP and Aedae-AKH

Previously, we had determined the solution structure of Aedae-AKH as one of the
locust AKHs, using NMR-restrained molecular dynamics [45]. Here we compare the
predominant solution conformations of Aedae-ACP and Aedae-AKH (Figure 2b). Aedae-
AKH has a more linear structure than Aedae-ACP, which has a pronounced f-turn at
Thr®. This B-turn brings Phe* and Trp® onto the same side of the peptide. In contrast,
Aedae-AKH has a proline at position 6, which introduces a turn, and again, brings Trp® to
the same side as Phe*. Hence, these two peptides have the same orientation of Phe* and
Trpg, albeit from different mechanisms. It is well known that these two aromatic residues
are the most conserved AKH/ACP ones in AKH and ACP peptides, and are reportedly
essential for receptor activation [8,44]. It is noted, however, that these two peptides are
very flexible. The S? order parameter of both Aedae-ACP and Aedae-AKH is only 0.36.

3.3. Aedae-Receptor Homology Modelling

Homology modelling was used to construct two 3D models of each of the Aedae-
ACP and Aedae-AKH receptors. Two templates were used for each receptor, one with
the receptor in an active state (X-ray structure 6kr8.1.A) and one with the receptor in an
inactive state (X-ray structure 5D5A for Aedae-ACPR and 6tpk for Aedae-AKHR). The
quality of all 4 models was tested using Ramachandran plots. Each had torsion angles
in the disallowed region of conformational space, but these outliers disappeared upon
MD optimisation of the models. Both Aedae-ACPR and Aedae-AKHR have the conserved
residues, typical of the rhodopsin superfamily of GPCRs, namely (using the Ballesteros
and Weinstein numbering system [62]): N150, D250 p2.59, €325 the DR350x motif (DRY for
the AKHR and DRC for ACPR), W50, P550, F644 the CWxPY motif (CWxP®°Y), and the
NPxxY”?3 motif. These conserved residues are essential for maintaining the structure of
the receptors and for their activation. Figure 3 shows the optimised structures of the two
receptor models [63].
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Figure 3. Overlay of two structures of Aedae-ACPR: (a) Side view, red = active state (6kr8); blue = in-
active state (5D5A); (b) Top view highlighting the different positions of ECL2, yellow = inactive state;
purple = active state; and (c) Ionic lock, distance between Glu?? and Arg205. Inactive (5D5A) 5.56 A,
active (6kr8) 13.5 A. Note how H3 and H5 have moved away from each other upon activation.

Blind docking was performed on each of the ligands and receptor models of Aedae-
ACPR. In each case the same binding pocket was found, which corresponded to the
binding region found for the Dappu-RPCH [40], Melme-CC [61], Declu-CC [61], Schgr-
AKH-II [45] and Anoga-HrTH [39] receptors. Glide scores ranged from —6.6-—16.9. The
docked structures with the highest glide scores were placed in a POPC membrane and MD
performed for 200-2200 ns.

3.4. Aedae-ACPR Models

The two homology models of Aedae-ACPR are given in Figure 3a,b. Essentially, their
backbone structures are the same except for small, but essential, relative movement of the
helices. Also, the orientation of ECL2 and ICL3 are different. In the active state, ECL2 lies
over the binding pocket, preventing the egress of the ligand. At the same time, ICL3 moves
away from the G-protein binding site. In the inactive state, ECL2 moves to the side allowing
the ligand access to the binding site, and ICL3 projects further from the membrane.

A more noticeable difference in the two models is shown by the ionic lock between
Arg?% and Glu®” (Figure 3c). In the inactive model, the lock is closed with an inter-residue
distance of 5.56 A, while in the active model, the lock is open with an inter-residue distance
of 13.5 A. Aedae-ACPR also has a number of other switches found in class A GPCRs. These
include the DRC switch, the tyrosine toggle switch, and the hydrophobic connector shown
in Figure 4.

Water is integrally involved in the action of GPCRs. The crystal structures of B2AR all
have internal water molecules, and it has been postulated that these waters are necessary
for ligand and G-protein binding [64]. A plot of water density (above bulk) in the active
model of Aedae-ACPR is shown in Figure 4d. In the figure, water is clustered, internally, at
both ends of the receptor where the ligand and G-protein bind.
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Figure 4. Aedae-ACP 6kr8 model: (a) DRC switch; (b) Tyrosine toggle switch; (c) hydrophobic
connector switch; (d) Water density (above bulk) map of ACPR.

3.4.1. Aedae-ACP Docked to Aedae-ACPR

With the generated Aedae-ACPR models, ligand docking was performed to study
specific interactions, for the first time, between an ACPR and its peptide ligand, Aedae-
ACP. Figure 5a shows the protein root mean square deviation (RMSD) of the 6kr8 (active)
model of Aedae-ACPR with Aedae-ACP docked. The blue curve is the displacement of the
receptor C atoms relative to the starting structure and the red curve is the ligand heavy
atom displacement relative to the receptor. The ligand-heavy atoms move ~3 A from their
original position to their final position. This happens in the first 0.5 ns of the simulation.
The C atoms of the receptor, being larger, take ~40 ns to adopt their final position. Note
the two curves run essentially parallel to each other, indicating that the ligand does not
move relative to the receptor. The model is well equilibrated as the RMSD does not change
over time.

The RMSF of the C atoms of the active receptor model is shown in Figure 6a. Apart
from ICL3, which fluctuates 4.8 A, there is very little change in the conformation of the
receptors. The conformation of the trans-membrane helices remains fairly rigid. Protein
residues that interact with the ligand are shown as vertical green lines. Aedae-ACP interacts
with ECL1 and the adjacent residues of H2 and H3. Another two regions of ligand / protein
contact are ECL2, H5, H6, and ECL3. The RMSF profile of Aedae-ACPR is similar to those
found for several AKH insect receptor models [40].

The RMSD profile of the 5D5A (inactive model) model (Figure 5b) is very different.
Here, the ligand and the receptor continue to move throughout the 2.2 ps simulation.
Essentially the inactive conformer is slowly changing into the active conformer. This is
shown by the change in RMSD between the inactive and active models over time. Note,
however, that the protein continues to move but the ligand settles down, indicating that it
is in the correct binding orientation at the start of the simulation.

The RMSF of the C, atoms of the 5D5A receptor model (Figure 6b) shows a similar
pattern to the 6kr8 model, albeit with larger fluctuations of ICL3. The ligand interacts with
the same region of the protein as the 6kr8 model.
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The RMSF of the ligand (Figure S1) shows how the ligand atoms interact with the
protein and their entropic role in the binding event. Here the protein-ligand complex
(Aedae-ACPR-Aedae-ACP) was first aligned onto the protein backbone and then the RMSF
of the ligand atoms was calculated, so that the RMSF indicates the movement of the ligand
within the receptor binding pocket. The RMSF of both models is very similar. There is
very little fluctuation (~1 A) of the ligand backbone and sidechains, except for Phe* and
Arg®. The ACP N-terminus of the active model fluctuates more than that of the inactive
model. This is because the ACP C-terminus projects into the core of the receptor, while the
N-terminus is towards the extra-cellular region of the receptor. The C-terminus of both
models has ~2.5 A fluctuations. Of interest is the lack of motion of Trps, which indicates
that it is tightly bound in the active site. These results indicate that the ligand does not
move substantially in the binding pocket.

Figure S2 gives more detail about which ACP receptor residues interact with Aedae-
ACP. Here protein contacts with the ligand are normalised over the trajectory such that
a value of 1.0 means that the contact is maintained for 100% of the simulation. Since
a particular residue may have more than one contact, values above 1 are possible. The
interactions are also categorised by type: H-bond, hydrophobic, ionic, and water bridges.
In the inactive state, Aedae-ACP has multiple, short-term, interactions with its receptor.
However, only a few are persistent: Asn?’* has a persistent H-bond and water bridge with
the ligand; and Arg'® forms a H-bond for 30% of the simulation, a hydrophobic interaction
for 50% of the simulation, and a water bridge for the entire simulation. Also, there are
H-bonds and water bridges with the receptor: Pro?®® and Pro?®” H-bond to the ligand for
the entire simulation; Val?4® has a water bridge to the ligand.
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Figure 5. Protein RMSD during MD simulation of Aedae-ACP bound to Aedae-ACPR: (a) 6kr8 model;
and (b) 5D5A model.

174



Biomolecules 2024, 14, 313

4.8
4.2 A
3.6
3.0 A

H1
24 H2 H3 H4 H6 H7

AR AR AR AR an AR AR
H5

RMSF (A)

[rea | | EcL1 | [ | | EcL2
18 T | Sm——

1.2 9

0.6

0 50 100 150 200 250 300
Residue Index

6.4

5.6 1

4.8 A
AR AR AR AR AN 7)) Rn
—
= H1 H2 H3 Ha H5 o 7

IICL] | | ECL1 | | IcL2 | | ECL2
3.2 1 [—="] [——1

RMSF (

2.4 4

1.6

0.8

0 50 100 150 200 250 300
Residue Index

Figure 6. Protein RMSF of Aedae-ACPR + Aedae-ACP: (a) 6kr8 model; and (b) 5D5A model.

In the active state, Aedae-ACP has 14 persistent contacts with the receptor (Figure S2a).
Asn?*, Arg'®, and Val?*¢ contacts are still present, but there are now persistent contacts
with Asp153 ; Ala’88 Leu!? and Ser!®® on H3; Asn?®; GIn?*, Phe201, Met2%?, and Cy5277 on
ECL2; and Trp350, Tyr357, Thr®7 and Tyr360 on H6. Since this is the first modelling and in
silico docking of ACPR and ACP as ligands, we have no other comparisons for discussion.
However, a study on a GPCR from the stick insect Carausius morosus (touted as an AKHR
but without empirical evidence) also noted that residue Arg!'3732 is critical for AKH
binding to the putative AKH receptor [65]. In the ligand docking of desert locust AKHs to
the cognate AKHR model, Arg of Schgr-AKHR was also found to be instrumental /involved
in the binding of Schgr-AKH-II [45].

The simulation interaction diagram (SID) gives details of which ligand atoms interact
with the receptor. In Figure 7 the interactions between Aedae-ACP and Aedae-ACPR are
colour-coded such that H-bonding is depicted in purple, while n-cation interactions are
shown in red. For the duration of the simulation, contacts between the ligand and receptor
are formed and broken. This is recorded as a % of the simulation time. Only interactions
that persist for more than 30% of the simulation are shown. The surface of the receptor
is shown as a solid line, again colour coded, polar, hydrophobic, etc., according to the
nature of the receptor residues. The active model (Figure 7a) has many interactions with
the central residues of the ligand. The serine OH, H-bonds to GIn?*, Met2%?, and Val?*¢
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for the entire simulation. The SID of the active model has a number of water molecules in
the binding site, which Yuan et al. [64] have postulated are essential for receptor activation.
These water molecules bridge between the ligand and the receptor. Interestingly, Trp® of
Aedae-ACP, which is postulated to be essential for binding, interacts with Arg!'®” in both
ACP receptor models. The inactive model (Figure 7b) does not have as many interactions
between the ligand and receptor but does have several internal H-bonds, which help to
maintain the conformation of the ligand.
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Figure 7. Simulation interaction diagram Aedae-ACPR + EVIFSRDWNAamide: (a) 6kr8 model;
and (b) 5D5A model. A schematic of detailed ligand atom interactions with the protein residue
interactions that occur more than 30.0% of the simulation time.

The strength of the ligand-receptor binding is best measured by the free energy of
binding (AGpinq) averaged over the course of the trajectory. The free energy of binding of
Aedae-ACP bound to the active model of Aedae-ACPR is —137 + 10 kcal mol !, but only
—88 + 9 kcal mol~! for the inactive model of Aedae-ACPR. It is the closing of the receptor
around the ligand that is responsible for the increased binding energy.
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3.4.2. Residue Scanning of Aedae-ACPR

The best way to validate a computational receptor model with simulated ligand
docking is to follow up with experiments involving the physical GPCR, its cognate ligand,
and a variety of other ligands that may be more- or less-suited for interacting with and
activating the GPCR according to the modelled data. In the case of Aedae-ACPR and
Aedae-ACP, receptor functional activation studies were completed 5 years ago in vivo
in a mammalian cell line and the ECsj (the concentration of the ligand that produces
50% of the maximum response) was recorded in a typical SAR study via the well-known
bioluminescence reporter assay [36]. In the current study, hence, we tried to replicate those
experimental results computationally by using our generated Aedae-ACPR models and
simulating ligand docking with the same series of ACP analogues used by Wahedi et al. [36]
in their heterologous expression of Aedae-ACPR. Computationally, the ligand-receptor
binding strength was measured by the free energy of binding (AGpi,g) and so an inverse
relationship between AGying and ECsp was expected between these two parameters.

Figure 8 shows the computational results of sequentially replacing the residues of
Aedae-ACP with an alanine: substitution of Val?, Thr®, Phe?, Ser?, Arg6, and Asn? all
decreased the affinity slightly relative to the native peptide. On the other hand, mutation of
Asp’ increased the binding affinity, while mutation of Trp® decreased the binding affinity
by 19 kcal mol~!. Also shown in Figure 8 are the ECs( values taken from Washedi et al. [36]
as a comparison to our computationally derived results—note that ECsy values could not
be calculated in the case of ACP analogues with Ala* and Ala® substituted for Phe* and
Trp®, respectively, for those substitutions resulted in very little to no detectable activation
of Aedae-ACPR even at a peptide dose of 10 tM. An inverse relationship between AGying
and ECs is evident for the Ala-substituted ACP analogues, except for the Ala* and Ala’
mutations (Figure 8). This indicates that the proposed model may be virtually correct with
a few possible complications. Further modelled results show a good correlation: Aedae-
ACP (native ligand) and the Ala’ substituted ACP has the lowest ECs values and the
highest binding affinities, while the replacement of Trp® with Ala, had the lowest binding
affinity thus, fitting with the receptor assay data of an inactive peptide even at a very
high dose. This begged the question as to why the modelled/calculated binding affinity
failed to predict the experimental loss of activity upon replacement of Phe* by alanine. In
fact, this is not the first occurrence, for the same mismatch was previously established in
the simulated residue scanning of the octapeptide Dappu-RPCH with Ala* substitution
for Phe? and activation of Dappu-RPCHR [40]. In the same vein, the Ala” mutation of
Aedae-ACP had the highest binding affinity in the current study (Figure 8), whereas this
analogue had only the same level of receptor activation in receptor assays as the Ala?, Ala®,
and Ala® mutants [36] (Wahedi et al. 2019). Evidently, ligand binding is only one of the
steps that may lead to receptor activation or not. This notion of a ligand binding without
activating the receptor and the subsequent signal transduction cascade is borne out by
pharmacological studies with inhibitors (antagonists) and when simply considering the
idea of drug “efficacy”, loosely defined as the size or strength of a response produced by
a particular agonist in a particular tissue [66]. Thus, just because a ligand has affinity it
does not necessarily mean that it will have efficacy; for example, a simple antagonist will
have affinity but an efficacy of zero. When it comes to drug studies, the ability to bind to a
receptor may determine the ability to produce a response and to some extent the size of
that response; however, the two are seldom linked in a linear fashion [66]. We, therefore,
conclude that certain changes to the peptide ligand may result in binding with the ACPR
but not in activating the receptor and that our proposed in silico models are not fully able
to distinguish between receptor binding and ligand efficacy. It is advisable, therefore, to
use complementary methodologies to rigorously test model predictions. A point in the
case can be found in Jackson et al. [67] where a computationally predicted antagonist of a
locust AKHR was, indeed, proven to be a competitive inhibitor of AKH through the use of
in vivo biological assays.
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Figure 8. Free energy of binding and ECs values for a series of alanine mutations of Aedae-ACP
binding to Aedae-ACPR.

Analysis of the current data shows that, although Trp® is 79% buried within the recep-
tor, mutation to Ala® leads to an increase in solvent-accessible surface area (Agaga = 90 A2).
It is also interesting to note that Trp® has a surface complementarity of 0.88 where a com-
plementarity of 1 means the two surfaces match perfectly and 0 means the two surfaces
have no complementarity.

Wahedi et al. [36] further tested the receptor activation ability of a number of other
synthetic and natural analogues of ACP, and those same analogues were modelled and
docked to the Aedae-ACPR models in the current study. C-terminal amidation was found
to be critical for receptor activation. MD of the non-amidated peptide with the inactive
receptor model had free energy of binding some 50 kcal mol~! greater than the amidated
peptide. This is mainly due to the very strong H-bonding between the free acid and
Asp!3. On the other hand, binding to the active model was ~20 kcal mol ! less stable than
native ACP. This is the same binding as the Trp® mutation. In the bioassay, both Trp® and
C-terminal amidation were essential for receptor activation.

MD of pETFSRDWNA-NH,, an internally truncated ACP by deletion of valine in the
second position, had free energy of binding ~30 kcal mol ! less than native ACP and, so by
analogy with [Ala®]ACP and ACP[COOH], is predicted to be inactive. These results of the
current study, indeed, corroborate the receptor assay findings of [36].

3.5. Aedae-AKHR Models

The AKHR of A. aegypti has never before been modelled. Here, we attempted to
remedy this and to use the information to determine whether there could be cross-activity
between AKHs and ACPs. The overlay of the two models (active and inactive) of Aedae-
AKHR is shown in Figure 9. The two structures are very similar but the transmembrane
helices of the 6kr8 (active) model are twisted relative to the 6tpk (inactive) model. This
opens the intracellular side of the active receptor model and closes the extra-cellular side.
At the same time the extra-cellular loops move, as shown in Figure 9b. ECL1 does not move.
In the inactive model, ECL2 and ECL3 are positioned away from the central axis of the
receptor, allowing free access of the ligand to the binding site. In the active model, ECL2
and ECL3 have moved over the top of the receptor preventing the ligand from leaving.
This is particularly so for ECL2. At the same time, the orientation of the helices and loops
on the intracellular side of the receptor are different (Figure 9c¢). In the inactive model the
helices and loops close the binding site of the G-protein, while in the active model, ICL1
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and ICL3 have opened up allowing the G-protein free access. This movement of the helices
and loops is typical of GPCR activation [63].
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Figure 9. Aedae-AKHR: (a) Overlay of two models, inactive-green, active-red; (b) Top view showing

extracellular loops blue = ECL1, yellow = ECL2, and purple = ECL3; and (c) Bottom view showing
intracellular loops. Blue = ICL1, yellow = ICL2, plum = ICL3. For clarity, the clipping plan has been
set so that only to top or bottom half of the receptor is shown.

Like Aedae-ACPR, Aedae-AKHR has a number of switches. There is the conserved
DRY motif on TM3 but there is no conserved Glu®3? on TM6. Instead, there is a lysine
which can H-bond to Arg*>*.

Figure S3a shows the protein RMSD of the 6kr8 (active) model of Aedae-AKHR with
Aedae-AKH docked. The blue curve is the displacement of the receptor C atoms relative
to the starting structure and the red curve is the ligand heavy atom displacement relative
to the receptor. The ligand-heavy atoms move ~2 A from their original position to their
final position. This happens in the first 0.5 ns of the simulation. The receptor C atoms
have not settled down even after 300 ns.

The RMSF of the C atoms of the active receptor model is shown in Figure S4a. The
conformation of the trans-membrane helices remains fairly rigid. The loop regions fluctuate
~2 A, except for ICL3, which fluctuates ~5.2 A. Protein residues that interact with the ligand
are shown as vertical green lines. The ligand interacts with ECL1 and the adjacent residues
of H2 and H3. The ligand also contacts receptor residues in ECL2, H5 and H6, and ECL3.
The RMSF profile of Aedae-AKHR is like that of Aedae-ACPR and all other AKH receptors
we have studied [37,38,45,61].

The RMSD profile of the 6tpk (inactive model) model (Figure S3b) is different. Here,
both the ligand and the receptor settle down very rapidly and then do not change position
for the rest of the simulation. This is different from the Aedae-ACPR simulation, where
the inactive model continued to change conformation for 2.2 us. The receptor and ligand
curves run essentially parallel to each other, indicating that the ligand is not moving relative
to the receptor. The model is well equilibrated as the RMSD does not change over time.

The only notable difference between the C, atom RMSF profile of the 6tpk (inactive)
and 6kr8 (active) receptor models of Aedae-AKHR, (Figure 54) is the large fluctuations
of ICL2. This is the loop that moves to trap the ligand in the receptor binding site. The
ligand interacts with the same region of the protein as the 6kr8 model. In both models,
ICL3 moves substantially to allow the G-protein access to the receptor.
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Aedae-AKH does not move substantially in the binding pocket of Aedae-AKHR, as
shown by the ligand RMSF (Figure S5). In the 6kr8 model of Aedae-AKHR, the backbone
atoms of docked Aedae-AKH, do not fluctuate significantly. There are ~2 A fluctuations
of all the side chain atoms, except for Trp® and possibly Phe*. The lack of motion of Trp?
indicates that it is tightly bound in the active site. The ligand atom fluctuations in the 6tpk
model are greater than in the 6kr8 model. The largest variation was seen in the Phe* side
chain atoms. There is also substantial variation in the N-terminal atoms.

Figure S6 shows which receptor residues interact with the ligand, while Figure S7
shows which ligand residues interact with the receptor. Combining these two diagrams,
the details of the receptor-ligand interactions become apparent. In the two models of the
Aedae-AKH receptor, the ligand, Aedae-AKH, binds to the same region of the receptor, but
the details of the interaction are different. In the active model, Trp'* on helix 2 H-bonds to
Pro®(CO) for the entire simulation. In the inactive model, Trp!3? still H-bonds but now to
Trpg, with which it also has a 7-7t interaction. In both models, Asn?3® on H5 interacts with
Val? of the ligand. These are the only two common receptor residues, in the two models,
that bind to the ligand. All the other receptor-binding site residues are displaced slightly in
the two models. Thus, in the active model, Asn?*® on ECL2, H-bonds to Thr®>(CO), while in
the inactive model, Thr??* on ECL2, H-bonds to Thr3(CO). Ser?!® on H6 of the active model
has a water bridge with pE(CO) of the ligand, while in the inactive model, Trp?!” H-bonds
to Val>(CO) and has a -7 interaction with Phe* and Tyr®'®, and H-bonds to Phe*(NH) and
Ser’(CO). In addition, in the active model, Tyr?>3 on ECL2 has multiple interactions with
ligand Phe?; Lys*? on H7, H-bonds to Thr’(OH) and has a water bridge with Phe*(CO);
and Arg'> on H3 H-bonds to Thr®(OH). The similarity of binding of the active and inactive
Aedae-AKHR models is reflected in their free energy of binding. For the active model,
AGping is —137 £ 10 kcal/mol~!, while for the inactive model, it is —121 + 8 kcal/mol 1.

In the Ballesteros and Weinstein numbering system, Arg!'>® is denoted 3.32 and cor-
responds to Arg?® of the stick insect (Carausius morosus) AKH receptor and Arg!'?” of
Schgr-AKHR. In the stick insect, Arg269 was found to be critical for ligand binding [65], and
in Schgr-AKHR, Arg!?”, H-bonds to Schgr-AKH-1I [45]. In addition, Iyison et al. [65] found
very stable interactions between the ligand and GIn”3%, and Tyr®>! and m-7t stacking to
Phe33¢ and Trp®> of the stick insect putative AKHR. We do not find the interaction between
residue 3.36 and the ligand but there is a hydrophobic interaction between residue 6.59
(Trp317) on Aedae-AKHR and Phe* of Aedae-AKH and residue 7.35 (GIn®*') and Thr3(OH).
There is also H-bonding and a water bridge between residue Lys33%73¢) and Thr>(OH) of
Aedae-AKH. In the inactive model of Aedae-AKHR, Glu!3026D binds to Thr®(CO). In the
stick insect residue, 2.61 corresponds to Glu?**, which binds to Carmo-HrTH-1.

3.5.1. Comparison of Aedae-AKH Bound to Aedae-AKHR and Schgr-AKHR

In addition to being found in the yellow fever mosquito, Aedes aegypti, Aedae-AKH is
also found in the desert locust, Schistocerca gregaria. The conformation of Aedae-AKH is
similar when bound to the two receptors Aedae-AKHR and Schgr-AKHR (Figure 10a,b).
The binding pocket of Schgr-AKHR consists of a cleft running across the top of the extra-
cellular domain of the receptor between helices 2, 6, and 7 and extracellular loops 2 and 4.
Aedae-AKH fits into this cleft with the central portion of the peptide fitting into the binding
pocket and the two termini pointing outwards (Figure 10d). The AGy;q of Aedae-AKH to
Schgr-AKHR is —88 kcal /mol~!. This contrasts with Aedae-AKH binding to Aedae-AKHR,
where the N-terminus of the ligand extends into the receptor with Trp® at the surface of
the receptor (Figure 10c). This different orientation of the ligand in the binding pocket of
Schgr-AKHR and Aedae-AKHR is the reason for the much higher free energy of binding of
Aedae-AKH to Aedae-AKHR. It may also account for the promiscuity of Schgr-AKHR [45].
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Figure 10. Conformation of Aedae-AKH bound to (a) Aedae-AKHR, and (b) Schgr-AKHR. The
binding pocket of (¢) Aedae-AKHR and (d) Schgr-AKHR shows the different orientations of the
Aedae-AKH in the two receptors.

3.5.2. Binding of Natural Arthropod AKH Analogues to Aedae-AKHR

To test and validate our Aedae-AKHR receptor models, we modelled the docking
of various AKH analogues to the receptor, including the native octapeptide Aedae-AKH
(pPELTFTPSWamide). Once again, we modelled insect bioanalogues (i.e., naturally occurring
AKH ligands), as well as specifically modified ligands, that were previously tested in an
in vitro functional Aedae-AKH receptor activation assay by Wahedi et al. [36]. In this way
(as for our ACPR models above), we could directly compare and assess the accuracy of the
computationally generated ligand-receptor (Aedae-AKHR-1A) models. Several authors
have found an aromatic residue at position 8 to be essential for AKH receptor activation
and the biological activity of AKH peptides. We have simulated this by replacing Trp®
with alanine. The results show a much-reduced binding of the mutated analogue, with
a Apinding of —89 kcal mol !, compared to —120 kcal mol~! for the native peptide. The
main reason for this difference in binding energy is the lipophilic interaction of Trp®. In the
native Aedae-AKH peptide, Trp® sits in a lipophilic pocket of the Aedae-AKHR created
by Trp'®, Trp!33, Phe?®, and Leu!?. The Ajipo for this is —30 kcal mol~!. For the Ala®
mutation, Ay, is —23 keal mol~! and the ligand has a completely different orientation
in the binding pocket (Figure S8). There is no interaction with Arg!>. Thus [Ala8]AKH
does not interact with the receptor residues necessary for activation. This mutation was
not tested by Wahedi et al. [36], but a designed, synthetic analogue of Lacol-AKH, Lacol-
AKH-7mer (pELTFTSS-NH;), was tested in the receptor bioassay and found to be only
7% active at the highest concentration of 10 uM tested. Thus, this peptide did not activate
Aedae-AKHR. Since Lacol-AKH-7mer differs from [Ala®]Aedae-AKH in being C-terminally
truncated (no Trp®) and having Pro® replaced by Ser®, we also simulated the binding of this
7-mer peptide to Aedae-AKHR. Here a Apjnding of only —78 keal mol~! was obtained, a
difference of some 43 kcal mol~! less compared to native Aedae-AKH. Interestingly, the
7-mer form of Lacol-AKH had a better solvation energy (16 kcal mol ') than Aedae-AKH
but a poorer Coulombic (—27 kcal mol~!) and van der Waals (—24 kcal mol~?) interaction.
Lacol-AKH also had a weak interaction with Arg!™.

To better understand the importance of N-terminal residues, Wahedi et al. [36] mea-
sured the activity of Erysi-AKH, a peptide that occurs naturally in the dragonfly Erythemis
simplicicollis. This peptide differs from Aedae-AKH at position 3 (threonine to asparagine
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exchange). This substitution resulted in a 310-fold reduction in the receptor activity study.
The Apinding Of Erysi-AKH was calculated in the current study to be 38 kcal mol ! less
than Aedae-AKH. Further substitution at position 2 (leucine to valine) as the peptide
code-named Libau-AKH, a natural peptide isolated from the dragonfly Libellula auripennis,
resulted in an activity of 1.7-fold less than Erysi-AKH. Docking of Libau-AKH to Aedae-
AKHR had free energy of binding 1.7 kcal mol ! less than Erysi-AKH. An AKH from the
firebug, Pyrrhocoris apterus (Pyrap-AKH), also has two amino acid substitutions relative
to Aedae-AKH (N°® and N7 vs. T? and S) and relative to Libau-AKH (L2 and N7 vs. V2
and S7). In the Aedae-AKHR activation bioassay, Pyrap-AKH was found to be more active
than Libau-AKH but less active than Aedae-AKH and Erysi-AKH. Our simulation results
are at odds with this observation. The Apinging of Pyrap-AKH was —153 keal mol~!, which
is even more stable than Aedae-AKH. In all, Pyrap-AKH has 9, 11, and 12 kcal mol !
more favourable Coulombic, lipophilic, and van der Waals energies with the Aedae-AKH
receptor than Aedae-AKH. Hence, based on the free energy of binding alone, Pyrap-AKH
should be more active than Aedae-AKH. Looking at the details of Pyrap-AKH binding,
however, it is oriented differently in the binding pocket to Aedae-AKH. It does not interact
with the same receptor residues identified previously as essential for receptor activation,
which is why it is not active in the receptor assay. On the other hand, there is a very
stable interaction between the mutated asparagine in position 7 and the receptor residues
Arg!3, Tyr3®, Tyr310, GIn?™, and Tyr?¥. It is this strong H-bonding between Asn” on the
ligand and the five receptor residues that accounts for the large free energy of binding.
This dichotomy again illustrates the disconnect between binding affinity and activity as
discussed above.

The importance of proline in position 6 was tested using Hipes-AKH-I from the
sphingid moth, Hippotion eson. This peptide has the same sequence as Aedae-AKH, except
that the proline in position 6 is changed to serine. In the receptor bioassay, Hipes-AKH-I
had a very similar activity to Aedae-AKH and hence Wahedi et al. [36] concluded that
position 6 is not very important for receptor activation. In our simulation, Hipes-AKH had
free energy of binding of —85 kcal mol~!, which is better than Lacol-AKH and Erysi-AKH
but is less than Aedae-AKH; this result concurs with that of Wahedi et al. [36]. Hipes-AKH
does bind to Arg!>3, previously identified as essential for activity.

Finally, Wahedi et al. [36], used the AKH analogue, Tabat-AKH, from the black horse-
fly, Tabanus atratus, where glycine is substituted for serine at position seven, to test the
importance of this position. Here they found that Tabat-AKH was 30% more active than
Aedae-AKH. Our simulation results, however, show that, while Tabat-AKH has very simi-
lar interactions with the receptor as Aedae-AKH, its free energy of binding to the receptor is
only 0.5 kcal mol ! better. Given the standard deviation in the free energies of binding, this
result is in accord with the bioassay results. Also, Tabat-AKH does interact with Arg153.

3.6. Docking of Aedae-AKH and Aedae-ACP to the Non-Cognate Receptor

Aedes aegypti has two well-characterised signalling systems with the ligands AKH and
ACP. The ACP system appears to be more prescriptive than the AKH system in that it does
not tolerate shorter peptides, whereas the AKH system is activated by a decapeptide [36].

The selectivity of Aedae-ACPR and Aedae-AKHR for their cognate peptides was
checked by cross-binding of Aedae-ACP to Aedae-AKHR and Aedae-AKH to Aedae-
ACPR. Docking of Aedae-AKH to Aedae-ACPR resulted in multiple poses with glide
scores ranging from —8.7 to —2.3. Contrary to all other studies on AKH peptides, here
the peptide did not have a 3-turn but only a kink at proline. The ligand was not found
in the receptor binding site but across the opening with the Trp® residue projecting into
the binding site (Figure S9a). MD of the docked ligand had a free energy of binding
of —129 + 6 kcal mol 1, which is a rather high free energy of binding. The simulation
interaction diagram shows that AKH binds strongly to residues Arg'®”, Glu'®, Tyr!®?,
Asn?”%, Arg?®, Tyr3®, and Thr?*’. These are all Aedae-ACP receptor residues outside
the binding pocket we had established with Aedae-ACP (see above). The N-terminal
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pyroglutamic acid of Aedae-AKH had water bridges to a number of Aedae-ACP receptor
residues (364, 367, and 368) and the tryptophan side chain sits in a positively charged
pocket. All these interactions make for strong ligand /receptor binding but in the wrong
place for receptor activation.

Aedae-ACP docks to Aedae-AKHR with glide scores ranging from —10 to —4. The
best pose had a AGpjnding 0f —80 keal mol~!, which is low. The ligand is oriented with the
C-terminus projected inside the receptor and the N-terminus pointing out of the binding
pocket (Figure S9b). The ligand interacts with receptor residues Ser®'3, Tyr316, Asn3%,
Asn®?, GIn328 and GIn33l. None of these residues are essential for receptor activation.
Hence the simulation results predict that Aedae-ACP should not activate Aedae-AKHR.

Both docking attempts are pointing clearly to two independent signalling systems
with no overlap.

4. Conclusions

In this study, homology modelling was used to construct 3D models of the AKH and
ACP receptors from the yellow fever mosquito, Aedes aegypti. At the same time, NMR-
constrained MD was used to determine the preferred conformation of Aedae-ACP in a
lipid micelle environment. The structure of Aedae-ACP, together with our previously
determined structure of Aedae-AKH, were then used to identify the ligand binding pockets
of their respective receptors.

Aedae-ACP was found to have a pronounced B-turn at Thr®, which brought Phe* and
Trp® onto the same side of the peptide. This conformation was stabilised by intramolecular
hydrogen bonds. Aedae-AKH had a more linear structure, but a proline kink at position
6 also moved Trp® to the same side as Phe*. Phe* and Trp® are reportedly essential for
receptor activation, so it is interesting that these two residues had the same orientation,
albeit arising from different mechanisms, in both ligands.

The structure of both receptors was typical of class A, GPCRs, with 7 transmembrane
helices and an eighth helix lying in the plane of the membrane’s inner surface. Each had a
disulfide bridge between helix 3 and ECL2 and the conserved residues typical of this class
of receptor. The requisite switches and locks were found except that Aedae-ACPR had a
DR33°C motif instead of the normal DRY motif.

The binding pocket of Aedae-ACPR comprised residues from all the helices, except
helix one, and ECL2. Ser!¥43-39) defined the bottom of the binding pocket with ECL2 closing
the top. In the inactive model, ECL2 lay to the side allowing the ligand access to the binding
pocket, and then moved over the ligand upon receptor activation, preventing egress of
the ligand.

Ligand residue substitution studies show that strong ligand-receptor binding is a
necessary but not sufficient condition for receptor activation. It appears that binding to
Arg!™3 is also essential for receptor activation of both Aedae-ACPR and Aedae-AKHR. This
is the same residue that was postulated to be essential for the activation of the stick insect
(C. morosus) and the desert locust (S. gregaria) AKHRs. Docking studies also showed why
cross-activation of Aedae-ACPR and Aedae-AKHR by Aedae-ACP and Aedae-AKH is
not possible.

The results of this NMR-MD study are the first of its kind to give more insight into the
adipokinetic hormone/corazonin-related peptide signalling systems of the yellow fever
mosquito, Aedes aegypti, and is novel in providing a plausible comparison between the two
similar receptors (ACPR and AKHR) and the reason why they bind and are activated by
their respective cognate ligand and are not activated by the non-cognate ligand. Having
validated the receptor models it should now be possible to search for or design, species-
specific, molecules that may act as insecticides. Furthermore, the current results put into
question those studies that indicate that the ACPR may be activated by AKHs or that the
AKHR is activated by ACP.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom14030313/s1, Figure S1: RMSF of Aedae-ACP aligned onto
the two Aedae-ACPR protein models. Figure S2: Protein interaction fraction Aedae-ACPR + Aedae-
ACP: (a) active model, and (b) inactive model. Figure S3: Protein RMSD: (a) Aedae-AKH docked to
Aedae-AKHR_6kr8 (active), and (b) Aedae-AKH docked to Aedae-AKHR_6tpk (inactive). Figure S4:
Protein RMSF: (a) Aedae-AKH docked to Aedae-AKHR_6kr8, and (b) Aedae-AKH docked to Aedae-
AKHR_6tpk. Figure S5: Ligand RMSF: (a) Aedae-AKH docked to Aedae-AKHR_6kr8, and (b) Aedae-
AKH docked to Aedae-AKHR_6tpk. Figure S6: Protein-ligand contacts: (a) Aedae-AKH docked to
Aedae-AKHR_6kr8, and (b) Aedae-AKH docked to Aedae-AKHR_6tpk. Figure S7: Ligand-Receptor
contacts: (a) Aedae-AKH docked to Aedae-AKHR_6kr8, and (b) Aedae-AKH docked to Aedae-
AKHR_6tpk. Figure S8: Binding pocket of active Aedae-AKHR model bound ligand: (a) Aedae-AKH,
and (b) [Ala8]Aedae-AKH. Figure S9: (a) Aedae-ACPR showing binding of Aedae-AKH (red). For
comparison, the orientation of the active peptide Aedae-ACP (orange) is shown. For clarity H6 is not
displayed. W8 is displayed as ball and stick, and (b) Aedae-AKHR with Aedae-ACP docked. For
clarity, the helices in front of the ligand are not shown.
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Abstract: Background: Glioblastoma (GBM) is the most common brain tumor with an overall survival
(OS) of less than 30% at two years. Valproic acid (VPA) demonstrated survival benefits documented
in retrospective and prospective trials, when used in combination with chemo-radiotherapy (CRT).
Purpose: The primary goal of this study was to examine if the differential alteration in proteomic
expression pre vs. post-completion of concurrent chemoirradiation (CRT) is present with the addition
of VPA as compared to standard-of-care CRT. The second goal was to explore the associations between
the proteomic alterations in response to VPA /RT/TMZ correlated to patient outcomes. The third
goal was to use the proteomic profile to determine the mechanism of action of VPA in this setting.
Materials and Methods: Serum obtained pre- and post-CRT was analyzed using an aptamer-based
SOMAScan® proteomic assay. Twenty-nine patients received CRT plus VPA, and 53 patients received
CRT alone. Clinical data were obtained via a database and chart review. Tests for differences in
protein expression changes between radiation therapy (RT) with or without VPA were conducted for
individual proteins using two-sided t-tests, considering p-values of <0.05 as significant. Adjustment
for age, sex, and other clinical covariates and hierarchical clustering of significant differentially
expressed proteins was carried out, and Gene Set Enrichment analyses were performed using the
Hallmark gene sets. Univariate Cox proportional hazards models were used to test the individual
protein expression changes for an association with survival. The lasso Cox regression method and
10-fold cross-validation were employed to test the combinations of expression changes of proteins
that could predict survival. Predictiveness curves were plotted for significant proteins for VPA
response (p-value < 0.005) to show the survival probability vs. the protein expression percentiles.
Results: A total of 124 proteins were identified pre- vs. post-CRT that were differentially expressed
between the cohorts who received CRT plus VPA and those who received CRT alone. Clinical factors
did not confound the results, and distinct proteomic clustering in the VPA-treated population was
identified. Time-dependent ROC curves for OS and PFS for landmark times of 20 months and
6 months, respectively, revealed AUC of 0.531, 0.756, 0.774 for OS and 0.535, 0.723, 0.806 for PFS for
protein expression, clinical factors, and the combination of protein expression and clinical factors,
respectively, indicating that the proteome can provide additional survival risk discrimination to that
already provided by the standard clinical factors with a greater impact on PFS. Several proteins of
interest were identified. Alterations in GALNT14 (increased) and CCL17 (decreased) (p = 0.003 and
0.003, respectively, FDR 0.198 for both) were associated with an improvement in both OS and PFS.
The pre-CRT protein expression revealed 480 proteins predictive for OS and 212 for PFS (p < 0.05), of
which 112 overlapped between OS and PFS. However, FDR-adjusted p values were high, with OS (the
smallest p value of 0.586) and PFS (the smallest p value of 0.998). The protein PLCD3 had the lowest
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p-value (p = 0.002 and 0.0004 for OS and PFS, respectively), and its elevation prior to CRT predicted
superior OS and PFS with VPA administration. Cancer hallmark genesets associated with proteomic
alteration observed with the administration of VPA aligned with known signal transduction pathways
of this agent in malignancy and non-malignancy settings, and GBM signaling, and included epithelial-
mesenchymal transition, hedgehog signaling, 116 /JAK/STAT3, coagulation, NOTCH, apical junction,
xenobiotic metabolism, and complement signaling. Conclusions: Differential alteration in proteomic
expression pre- vs. post-completion of concurrent chemoirradiation (CRT) is present with the addition
of VPA. Using pre- vs. post-data, prognostic proteins emerged in the analysis. Using pre-CRT data,
potentially predictive proteins were identified. The protein signals and hallmark gene sets associated
with the alteration in the proteome identified between patients who received VPA and those who did
not, align with known biological mechanisms of action of VPA and may allow for the identification
of novel biomarkers associated with outcomes that can help advance the study of VPA in future
prospective trials.

Keywords: glioma; radiation; proteomic; valproic acid; HDAC inhibitor

1. Introduction

Glioblastoma (GBM) is the most common and the most aggressive brain tumor [1].
The current standard of care involves maximal surgical resection followed by concurrent
radiation therapy (RT) and temozolomide (TMZ), followed by adjuvant TMZ [2]. The
prognosis in GBM remains poor, with an overall survival (OS) of less than 30% at two years.
Several therapies [3] have been studied to improve outcomes beyond the chemoirradiation
(CRT) Stupp regimen, which was the first to result in improvement in OS by adding TMZ to
RT [2]; however, while some benefits were described in some, none of these attempts have
made an appreciable impact on OS. Valproic acid (VPA) has been one of the agents studied
in this context, given its use as an antiepileptic agent in glioma patients who often present
with seizures. Its activity as an HDAC inhibitor [4-6], its use as an antiepileptic agent [7-9],
its association with improvement in survival [7,8,10-13], as well as its value given the
cost of care [14], have made VPA an attractive agent of study [15-18] and the subject of
several reviews [19-21]. Several studies have revealed potential anti-tumor effects via
several cancer hallmark pathways, including angiogenesis, DNA repair, stemness, cellular
reprogramming, apoptosis, and the epithelial-to-mesenchymal transition [22-25], including
synergism in conjunction with TMZ [26,27]. The precise mechanisms of action that may
underlie possible improvements in outcomes have, however, remained ill-defined even
as a relationship between VPA dose [9,22,28,29] and duration [30] emerged that may well
explain discordant outcome results in meta-analyses [11,31] given the use of seizure dose
VPA as compared to high-dose VPA [17] and treatment duration as well as evolving seizure
management over time transitioning from VPA to increase use of Levetiracetam [9,31-33].
The addition of VPA to concurrent RT/TMZ in patients with newly diagnosed GBM in
our previous phase II trial was well tolerated, resulted in a favorable toxicity profile, had
no late effects (neurological, pain, and blood/ bone marrow toxicity and mostly grade
1/2 and only two grade 3/4 toxicities), and improved outcomes (median OS 29.6 months
(range: 21-63.8 months) [15-17]. The analysis of the proteomic alteration signatures post
chemoirradiation in conjunction with OS was previously described [34]. In this study,
we aimed to determine whether differential alteration in proteomic expression pre- vs.
post-completion of concurrent chemoirradiation (CRT) is present with the addition of VPA
to CRT, and if present, link proteomic alteration to both OS and PFS, and the biological
mechanisms of action of VPA via prognostic and predictive protein signals.
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2. Materials and Methods
2.1. Patients

Twenty-nine patients who received concurrent valproic acid (VPA) were compared to
53 patients who received CRT alone. All patients had pathology-proven GBM (diagnosed
2005-2013) and were enrolled on NCI NIH IRB-approved protocols. The patients who
received concurrent high-dose VPA were treated on the open-label, NCI NIH phase 2 study
(NCTO00302159). To be included in this analysis in the VPA class, the patients needed to
have received >1 week of VPA as per the original analysis [17] and have biospecimen
obtained amenable to proteomic analysis. Patients who received CRT alone needed to
have documented tissue diagnosis of glioblastoma and have received standard of care
concurrent chemoirradiation defined as 59.4-60 Gy in 30-33 fractions with concurrent
TMZ on natural history protocols (NCT00027326, NCT00083512). Blood biospecimens
obtained before and after CRT completion were included in the study. In the patients who
received VPA, this was initiated one week before the first day of RT at 10 to 15 mg/kg/day
and subsequently increased up to 25 mg/kg/day over the week before RT. Analysis of
their initial outcomes and late toxicity was previously published [15-17]. Serum samples
were screened using the multiplexed, aptamer-based approach (SOMAScan® assay) to
measure the relative concentrations of 7596 protein targets (7289 human) for changes
in expression using approximately 150 ul of serum [35,36]. Clinical data (age, gender),
tumor characteristics (location, MGMT methylation status), management-related factors
(extent of resection), radiation therapy volumes (GTV T1, GTV T2), recursive partitioning
analysis score (RPA) [37], and outcomes (PFS, OS) were obtained or derived (RPA) from the
protocol database and electronic health record with GTV T1, GTV T2, generated per ICRU
report 83 [38] obtained from the radiation therapy treatment planning (contoured on the T1
gadolinium sequence of the MRI scan employed for RT planning per standard guidelines).

2.2. SomaLogic SOMAScan® Assays

Serum samples were obtained before initiation of CRT (average seven days, range
(0 to 23)) and following completion of CRT (average seven days, range (—1 to 30)) with
the time between pre- and post-sample acquisition averaging 49 days (range 27-83 days).
Following the acquisition, samples were frozen at —80 for an average of 3442 days (range
800-5788 days) and then defrosted and screened using the aptamer-based SOMAScan®
proteomic assay technology for changes in the expression of 7000+ protein analytes [35,36].
SOMAScan® data were filtered to remove non-human and non-protein targets, resulting in
7289 aptamers targeting 6386 unique gene symbols. RFU values reported by SOMAScan®
were log2-transformed.

2.3. Data Process

There were 7596 proteins on the chip. We selected 7289 human proteins for the subse-
quent analyses. There were 82 patients with data before CRT (PRE) and post-completion
of CRT (COT (Completion of Treatment)). Log base 2 (COT/PRE) represented the protein
expression change between after-treatment and pre-treatment conditions.

2.4. Class Comparisons

Tests for differences in clinical characteristics and protein expression changes between
CRT with or without VPA were conducted using two-sided t-tests, considering p-values
of <0.05 as significant. Adjustment for age, sex, and other clinical covariates was performed
separately when appropriate. The Benjamini and Hochberg method was used to estimate
the false discovery rate [39]. Hierarchical clustering of significant differentially expressed
proteins was carried out using BRB-ArrayTools Dynamic Heatmap [40].

2.5. Gene Set Enrichment Analysis

Fifty Cancer Hallmark gene sets were downloaded from MSigDB. Gene Set Enrichment
analyses were performed in BRB-ArrayTools [40]. The Kolmogorov—-Smirnov (KS) tests
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are applied separately to each of the 50 gene sets. A gene set is considered significant if its
corresponding KS re-sampling p-value is below the specified threshold (p-values < 0.05).
GSEA with adjustments for age and sex were performed.

2.6. Survival Analysis

In the previous iteration of proteomic sample analysis in this cohort, univariate and
multivariate Cox analysis was carried out for OS [34]. This iteration aimed to examine
potential differential protein alteration pre- vs. post-CRT, seeking to define protein ex-
pression between patients who received VPA and those who did not. Univariate Cox
proportional hazards models were fit to test individual protein expression change levels for
association with both OS and PFS. Regression coefficients from these models were tested
using a two-sided Wald test, considering p-values < 0.05 as significant. First, we examined
the association between the expression of individual proteins and survival in unadjusted
and adjusted analyses. Using protein expression changes above and below 0 Kaplan—-Meier
survival curves were plotted using the R statistical package [41].

Two models were employed to examine whether alteration in the protein expression
with the administration of VPA can provide additional survival risk discrimination to
that already provided by the standard covariates and, if so, to evaluate how much risk
discrimination power the protein expression can add to the clinical covariates. To test
the combinations of expression changes of proteins that could predict survival, we used
the Lasso Cox regression method [42,43] implemented in BRB-ArrayTools [40]. To avoid
overfitting due to the initial supervised selection of proteins to define the prognostic index,
we used 10-fold cross-validation. A log-rank statistic is computed to assess whether the
association of expression data to survival data is statistically significant. The significance
of the log-rank statistics is determined by the permutation test. In the combined model,
permutation test is performed by shuffling expression profiles while preserving survival
data and covariates. Cross-validated Kaplan-Meier curves and log-rank statistics are
generated, yielding a p-value that assesses whether expression data significantly enhances
risk prediction compared to covariates. Cross-validated time-dependent ROC curves
were employed for the model containing standard covariates and including both standard
covariates and protein expression to evaluate whether the expression data provide more
accurate predictions than those provided by standard clinical covariates in the case without
separate test data [44].

Based on the pre-CRT protein measurement, predictiveness curves were plotted for
each significant protein that is predictive for VPA response (p-value < 0.005) to show the
survival probability vs. the protein expression percentiles [45]. Based on the cross point
of the predictiveness curves, any new samples/patients would thus be evaluated for the
superior response given the addition of VPA treatment. Furthermore, Kaplan—-Meier curves
were generated for both VPA groups using the stratified data in the low-/high-score cohorts
in OS and PFS, respectively.

In summary;, this study primarily focused on analyzing protein expression changes
induced by treatment, with the exception of predictive protein identification using the
pre-CRT measurement. The data analysis workflow is visually represented in Figure 1B
and the models with mathematical formulas are available as supplementary materials in
Supplementary File S1.
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Figure 1. (A) Patient cohort breakdown by gender, methylation status and valproic acid (VPA)
administration. (B) Data analysis workflow.

3. Results
3.1. Clinical Features Comparison between VPA and Non-VPA Cohort

Twenty-nine patients received VPA, and 53 received CRT alone (Figure 1A). MGMT
methylation status was 9/29 (31%) vs. 12/53 (23%) methylated, 8/29(28%) vs. 23 /53(43%)
unmethylated, and 12/29(41%) vs. 18/53(34%) unknown, for VPA vs. non-VPA cohorts,
respectively (Figure 1A) and MGMT methylation status was not statistically significant
between the two cohorts (Table 1). VPA patients were statistically different from non-VPA
patients with respect to age, extent of resection KPS, RPA, and RT technique (Table 1), with
VPA patients being younger (mean age 52 vs. 58, but similar range 31-71), enriched in GTR
resection status and fewer biopsies and superior KPS and RPA.
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Table 1. Clinical covariate comparison of patients who received concurrent CRT vs. patients who

received CRT plus VPA.
T VeAAdmmswmton N jValue
Total cohort n = 82 (%) 53 (64.6) 29 (35.4)
Age (mean (SD)) 58.06 (10.54) 52.34 (9.60) 0.018
Age Range 31-70 31-71
Gender = Male (%) 39 (73.6) 21 (72.4) 1
Location
Periventricular or Cortical = Periventricular (%) 22 (41.5) 6 (20.7) 0.097
Hemisphere 0.614
Left 23 (43.4) 15 (51.7)
Right 29 (54.7) 14 (48.3)
Both 1(1.9) 0 (0.0
Extent of Resection 0.04
GTR 15 (28.3) 16 (65.2)
STR 31 (58.5) 12 (41.4)
Biopsy 7(13.2) 1(3.4)
MGMT status 0.361
methylated 12 (22.6) 9 (31.0)
unmethylated 23 (43.4) 8 (27.6)
unknown 18 (34.0) 12 (41.4)
KPS 0.014
60-80 14 (26.4) 3(10.3)
90 24 (45.3) 12 (41.4)
100 10 (18.9) 14 (48.3)
Unknown 5(9.4) 0 (0.0
RPA 0.019
3 5(9.4) 9 (31.0)
4 29 (54.7) 17 (58.6)
5 16 (30.2) 3(10.3)
Unknown 3(5.7) 0 (0.0)
RT volumes
GTV T1 (cc) 0.437
<20 cc 13 (24.5) 11 (37.9)
20-40 cc 19 (35.8) 9 (31.0)
>40 cc 21 (39.6) 9 (31.0)
GTV T2 (cc) 0.152
<10 cc 8 (15.1) 0 (0.0
10-50 cc 13 (24.5) 8 (27.6)
50-100 cc 15 (28.3) 8 (27.6)
>100 cc 17 (32.1) 13 (44.8)
RT Technique <0.001
3D 15 (28.3) 9 (31.0)
IMRT 18 (34.0) 20 (69.0)
Arc 20 (37.7) 0 (0.0

3.2. Clinical Factors Survival and Progression-Free Survival Analysis

In the VPA cohort, MGMT methylation status and RPA were statistically significant for
OS. On univariate analysis, MGMT unmethylated status and RPA class 4 were associated
with adverse outcomes (HR 3.2 and 2.86, respectively) (Supplementary Table S1). RPA was
the only clinical feature statistically significant for PFS.
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When combining VPA and non-VPA cohorts on Cox regression analysis (Supplemen-
tary Table S2, Figure S1) age, RPA, MGMT status, GTV T1, cortical vs. periventricular
location, either hemisphere vs. bilateral disease, tumor location, and the administration of
VPA were statistically significant for OS. The administration of VPA resulted in superior OS
(p = 0.011) in Kaplan—-Meier analysis (Supplementary Figure S2A). Age, BMI, RPA, MGMT
status, cortical vs. periventricular location, tumor location, and the administration of VPA
were statistically significant for PFS. The administration of VPA resulted in superior PFS
(p = 0.015) in Kaplan-Meier analysis (Supplementary Figure S2B).

3.3. Differentially Expressed Proteins VPA vs. No VPA

The protein signal was not affected by the time in the freezer from collection to analysis
(Supplementary Figure S3 showing a signal for proteins GALNT14 and SKP1). Differentially
expressed proteins were examined between two classes: patients who received CRT alone
(class 0) and patients who received CRT plus VPA (class 1) (Figure 2, Table 2). One hundred
twenty-three proteins were identified that were altered pre- vs. post-CRT between the two
classes. T-test results for the number of significant proteins between classes were adjusted
for the impact of clinical covariates (Table 2). Similar numbers of significantly differentially
expressed proteins were identified when adjusting for clinical variables compared to the
unadjusted model (row #1) except for tumor location, wherein multiple categories were
present with few samples in each category. Overall, this indicates that the results are
globally not confounded by clinical covariates, including MGMT status (the last two rows),
which are very similar (57 vs. 59) (Table 2). Hierarchical clustering of the 124 differentially
expressed proteins revealed distinct proteomic clustering in the VPA-treated population
(Figure 3, Supplementary Figure S4A,B display the gene names for the top (Figure S4A) and
bottom cluster (Figure S4B), respectively) with significance level unadjusted p < 0.001 and
FDR-adjusted p-value below 0.058 for all identified proteins (Supplementary File S2). Of
the proteins statiscally significant for OS (GALNT14, CCL17, CTSV, ACP6, BMP6, SLITRKS,
MSTN, NPTX1, ICAM4, SLITRKS), the top 10 displayed in Table 3 sorted in ascending order
by OS FDR (all proteins displayed in Supplementary File S2), GALNT14 and CCL17 were
the only two proteins with an FDR of 0.198 (Table 3). For PFS, GALNT14, ACP6, FBLN?,
ALB, SLITRKS5, TLNRD1, GNS, FCGRT, STAP1 and PRTG were stastically significant; the
FDR, however, was 0.232 or higher for all proteins (Table 3, Supplementary File S2).

Table 2. The number of significant proteins in different class comparisons adjusted by clinical covariates.

Class Comparison Class 0 Class 1 Adjusted by # of Significant Proteins (p < 0.001)
VPA VPA =0 (53) VPA =1 (29) 124
VPA VPA =0 (53) VPA =1 (29) age (>65) 109
VPA VPA =0 (53) VPA =1 (29) sex 128
VPA VPA =0 (53) VPA =1 (29) GTV-T1 (median) 127
VPA VPA =0 (53) VPA =1 (29) Resection type 134
VPA VPA =0 (53) VPA =1 (29) KPS 110
VPA VPA =0 (53) VPA =1 (29) RPA 108
VPA VPA =0 (53) VPA =1 (29) Radiation Technique 89
VPA VPA =0 (53) VPA =1 (29) GTV-V2 (median) 125
VPA VPA =0 (53) VPA =1 (29) Infiltration 104
VPA VPA =0 (52) VPA =1 (29) Hemisphere 120
VPA VPA =0 (51) VPA =1 (28) BMI (median) 114
VPA VPA =0 (53) VPA =1 (29) Location 83
VPA with known MGMT VPA =0 (35) VPA =1 (17) 57
VPA with known MGMT VPA =0 (35) VPA =1 (17) MGMT 59
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Figure 2. Volcano plot of class comparison of patients who received chemoirradiation (53 samples,

class 0) and patients who received chemoirradiation plus VPA (29 sample, class 1) for the 7289 measured
proteins using log2(cot-pre) data. Blue dots indicate the 124 differentially expressed proteins in the VPA-
treated population with significance level unadjusted p < 0.001 and FDR-adjusted p-value below 0.058.
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Figure 3. Hierarchical clustering of 124 significantly differentially expressed proteins between patients
treated with CRT and concurrent VPA vs. CRT. Supplementary Figure S4A,B display the protein
names for top (Figure S4A) and bottom cluster (Figure S4B), respectively.
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3.4. Survival Models for OS and PFS

To evaluate whether clinical covariates can predict survival, three statistically signif-
icant clinical variables identified in the univariate analysis, i.e., age, GTV-T1, and VPA,
were included in a multivariate Cox model for overall OS and PFS, respectively (Supple-
mentary Table 52 and Figure S1). The other covariates not retained were RPA (“unknown”
status was significant), MGMT status (unknown in 34% and 41% of the non-VPA and VPA
cohorts, respectively), hemisphere vs. bilateral disease, and location (too few samples in
each category). To examine whether protein expression provides additional survival risk
discrimination to that already provided by the three clinical covariates, protein signals
identified as significantly differentially expressed between VPA and non-VPA (Supplemen-
tary File S2) were included in survival models for OS and PFS and Lasso regression was
used to build the survival risk prediction models. Landmark times were selected based on
the clinically observed and published literature median survival and progression times for
GBM [46—48]. Cross-validated time-dependent ROC curves for OS and PFS for landmark
times of 20 months and 6 months, respectively, were generated revealing AUC of 0.0.531,
0.756, 0.774 for OS and 0.535, 0.723, 0.806 for PFS for protein expression, clinical covariates
and the combination thereof, respectively, indicating improved risk discrimination power
with the addition of protein expression to the clinical covariates. A more significant impact
on PFS as compared to OS was observed (Figure 4). As shown in Supplementary Figure S5,
the cross-validated Kaplan—-Meier curves and log-rank tests indicated that protein-only
models were not statistically significant for OS or PFS, clinical covariates were significant
for both OS and PFS, and combined models versus covariates only model were not signifi-
cant for PFS or OS (Supplemental Figure S5). GALNT14, ACP, SLITRK5 and CCL17 were
associated with both OS and PFS (Table 3). Among the above four proteins, GALNT14 was
retained in univariate Cox proportional hazard models with an increased pre- vs. post-CRT
value associated with improved OS and PFS (Table 3, Figure 5). We experimented with a
survival model employing GALNT14 without other protein signals; however, this did not
improve AUC (Supplementary Figure S6).
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Figure 4. Time-dependent ROC curve for overall survival (OS) (A) and progression-free survival
(PFS) (B) prediction model. (A) OS by proteins, covariates and combination of proteins and covariates.
(B) PFS by proteins, covariates and combination of proteins and covariates.
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Figure 5. Kaplan—-Meier curves for overall survival (OS) (A) and progression-free survival (PFS)
(B) by difference in GALNT14 expression pre- vs. post-completion of chemoirradiation.

3.5. Protein Signals Predictive of VPA Response

The pre-CRT protein expression was analyzed for predictive proteins and, with p < 0.05,
revealed 480 proteins associated with OS and 212 associated with PFS, of which 112 overlapped
between OS and PFS (Supplementary File S3). PLCD3, VARS1, CYREN and KIR2DL4 emerged
as predictive protein signals with p < 0.005 for both OS and PFS. For PLCD3, a higher score
predicting superior OS and PFS with VPA administration (p < 0.0005) and a robust differential
survival probability vs. the protein expression percentiles (Figure 6).
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Figure 6. Predictiveness curves for the PLCD3 protein for (A) OS and (B) PFS and KM survival curves
for high- and low-score groups. Vertical grey line indicates crossing point/threshold percentile of
30% and 27% for OS and PFS respectively.
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3.6. Pathway Analysis

Cancer hallmark genesets associated with VPA administration were analyzed. They
identified several pathways related to the signal transduction pathways of VPA in malig-
nancy and non-malignancy settings as well as tumor proliferation and migration, including
the epithelial-mesenchymal transition (EMT), hedgehog signaling, 116 /JAK/STAT3, co-
agulation, NOTCH, apical junction, xenobiotic metabolism, and complement signaling
(Supplementary Table S3). EMT had the most significant number of matched proteins (150).

4. Discussion

The ability to evaluate proteomic changes in a cohort of patients, such as the one in
this study, represents a unique opportunity to analyze the impact of an additive component
to the standard-of-care CRT by, in this case, examining the effect of VPA administered
as part of a prospective protocol. We have previously shown that the patient population
treated with concurrent VPA in this trial [17] had superior outcomes as compared to those
described in the literature [15] and in modern-day trials [46-48], with an acceptable toxicity
profile [16]. We have previously reported on the global proteomic alteration identified
pre- vs. post-CRT in GBM [34]. The current analysis aims to define the effect of VPA
administration on the proteome pre- vs. post-CRT in GBM compared to patients who
received standard-of-care CRT alone.

In this study, we identified differential proteomic expression between patients who
received CRT and those who received CRT plus VPA with 124 proteins differentially
expressed, indicating that the effects of VPA provide a sufficiently enriched proteomic
signal. We note that the sample size employed in this study [49,50] compares favorably
with previous studies of similar scope [51], aligning with the design of similar studies that
employ large-scale data [52] (Supplementary Table S4). We also note that serum sample
acquisition before and after CRT is feasible despite the time range from collection to analysis
(2003-2015), with time spent in storage ranging from 2 to 15 years. The proteomic signal
remains robust, unaffected by storage, and significantly altered to capture intervention
with VPA and CRT. The analysis of the proteomic signal revealed that protein expression
was distinctly clustered in the patients who received VPA. This is interesting given that
although this is a large-scale proteomic data set, it still represents only a tiny subset of
the proteome overall, and it is presumably impacted by innumerable competing factors:
clinical factors, medications, and other factors that have yet to be proteomically defined.

We found that in the OS and PFS models, the proteomic signal conferred additive risk
discrimination power as compared to the proteome or the clinical data in isolation, and this
was more pronounced for PFS in the context of VPA treatment. This is logical given that
the signal alteration resulted from pre- vs. post-CRT proteome, which would more likely
impact PFS since it represents a “closer” outcome endpoint to sample acquisition compared
to OS, which occurs later. OS is also subject to multiple other factors, including further
resection, additional systemic management, patient performance status, and comorbidities.
It should also be noted that the ability to capture and interpret progression as an endpoint is
limited and, thus, PFS remains flawed with clinical information limited by inconsistencies
(clinical, radiographic, or both); hence, presumably, PFS remains relatively insensitive.
Based on this analysis, employing proteomic alteration with validation in larger cohorts
may be possible to identify more robust signals and better predict progression.

The GALNT14 protein was identified in both protein and protein-plus-covariate mod-
els, and was significant for both OS and PFS, with an increase following CRT and VPA
treatment, measured as an improvement in OS and PFS and thus prognostic for both.
GALNT14 is a member of the polypeptide N-acetylgalactosaminyltransferase (GALNT)
family comprised of enzymes that catalyze mucin-type O-glycosylation of proteins. Al-
terations in components of this family have been associated with several hallmarks of
cancer, including migration, proliferation, and treatment resistance [53,54]. GALNT14 has
been expressed in multiple cancers altering several biological functions, and was recently
described as an emerging marker capable of predicting outcomes [53]. Previous data
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have shown that GALNT14 correlates with Apo2L/TRAIL sensitivity in pancreas cancer,
non-small-cell lung cancer, and melanoma cell lines, with overexpression increasing re-
sponse to treatment by leveraging O-glycosylation to mediate apoptosis-initiating protease
caspase-8 [55], decreasing resistance to apoptosis. The impact of altered O-glycosylation
by members of the GALNT family is wide-ranging, as recently described in genome-wide
analyses, and under- and over-expressed genes likely exhibit different effects on different
cancers [54]. The role of GALNT14 in glioma has not been described, nor has its role as
part of the human proteome and, thus, requires more research and validation. However,
alternation in this protein in our study appears to correlate to the administration of VPA
and survival. VPA, as noted, impacts multiple signaling pathways [21], and its mechanism
as a radiation modifier has yet to be fully understood. Our study is the first to connect
GALNT14, an emerging oncologic marker, to VPA administration, GBM biology, and the
human proteome. Additional markers were identified (Supplemental material File 4). CTSV
(Cathepsin V), ACP6 (Acid phosphatase 6, lysophosphatidic), BMP6 (Bone morphogenetic
protein 6), MSTN (Myostatin), SLITRK6 (SLIT and NTRK like family member 6), ICAM4
(Intercellular adhesion molecule 4 (Landsteiner-Wiener blood group), NPTX1 (Neuronal
pentraxin 1) and SLITRKS5 (SLIT and NTRK like family member 5). All these proteins have
relevance to cancer (Supplemental material File 4), while BMP6, MSTN, SLITRKS5 and 6
and ICAM4 and NPTX1 have specific relevance to GBM with, in the case of SLTGK5 and 6
and NPTX1 having been linked to neural tissue and neurodegeneration respectively.

PLCD3 emerged as one of the most statistically significant predictive proteins by
p-value for both OS and PFS, in addition to VARS1, CYREN, KIR2DL4 all with p < 0.005
for both OS and PFS. PLCD3 had a higher value before CRT associated with the improved
outcomes with the administration of VPA, and this bears further investigation, as do the
additional predictive proteins identified in this study. Several predictive proteins identified
have connections to known pathways in cancer, including PLCD3 (phospholipase C delta3),
VARSI (Valyl-tRNA synthetase 1), CYREN (Cell cycle regulator of NHE]), KIR2DL4 (Killer
cell immunoglobulin-like receptor 2DL4) and SKP1(S-phase kinase-associated protein 1),
and have a direct link to GBM [56,57] (Supplemental File 4). PLCD3 connects to PI3K
(Phosphatidylinositol-4,5-bisphosphate 3-kinase) and EGFR, which are both critical in
GBM, with PI3K signaling exhibiting heterogeneous signaling that is the subject of ongoing
investigation [58,59]. Notably VARSI may relate to seizure presentation and management
in the context of GBM, while CYREN likely relates to radiation and chemotherapy man-
agements given its association with non homologous end joing DNA repair pathways.
KIR2DL4 has been implicated in cancer in relationship to the immune microenviroment
and is subject to evolving mangement avenues for targeted cancer immunotherapy (Sup-
plemental File 4). SKP1 is the most significant predictive protein for OS and a transcription
regulator with significant connections to molecular pathways in cancer and GBM specifi-
cally [60,61]. In its interaction with {3-transducin repeat-containing E3 ubiquitin-protein
ligase (3-TrCP), itself a substrate recognition subunit for the Skp1-Cullin1-F-box protein E3
ubiquitin ligase, it has been implicated in tumorigenesis and regulation of pathways with
B-TrCP suppressing progression and cell migration in glioma. It has also been reported
to induce chromosome instability via cyclin E1 in other cancers [62]. Additional proteins,
including AGR3, APPL1, CCL17, CLU, and FBLN?, are all supported by data in GBM, with
their role an ongoing research interest [63—67].

The statistically significant proteins identified in this study and hallmark gene sets
associated with the alteration in the proteome observed between patients who received
CRT plus VPA and those who received CRT alone align with known biological mechanisms
of action of VPA as an HDACi [21], including effects on apoptosis [28,68], DNA repair and
damage response [23], signaling via Notch and TGF [30], BMP [69,70], NF-«B and STAT?3 [6]
(Figure 7, Supplementary Figure S7) [71]. Understanding the effect of VPA by exploiting
observed proteomic alteration may allow for understanding the benefit observed with its
administration in glioma patients and identifying novel biomarkers that can help advance
the study of VPA in future prospective trials to improve outcomes.
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Figure 7. Ingenuity Pathway Analysis (IPA) overlaying the alteration of 124 differentially expressed
proteins onto the NF-«B and STAT3 pathways showcasing the effect of GALNT14 and CCL17. (QIA-
GEN Inc., https:/ /www.qiagenbioinformatics.com/products/ingenuitypathway-analysis, accessed
on 24 July 2023 [71]).

This study’s limitations include the small cohort and retrospective nature of the study,
given the comparison with patients who did not receive VPA and were not treated on
trial. The outcomes were superior to real-world data and thus may not be representative.
The data set was missing MGMT in 37% of patients, and IDH status was unavailable.
The data can not be validated with additional cohorts since no such cohorts are treated
with high-dose VPA and available proteome, and large-scale proteomic data are lacking.
Moreover, while adjusting for clinical covariates in the prognostic models, the potential
interactions among these covariates were not incorporated. This omission could introduce
bias if significant interactions exist and are associated with survival outcomes. Future
directions include building prediction models wherein we will explore several techniques
to mitigate class imbalance [72]. There are also additional impacts of other factors on the
proteome, including steroids, thrombosis, and medications that are not captured in the
clinical classification, and these can impact the analysis and interpretation. We also do not
know if the changes in the proteome stem from the tumor or from normal tissues, or if the
changes observed are representative of cause or effect.

5. Conclusions

Differentially expressed proteins were identified in a large-scale proteomic panel car-
ried out before and post-completion of CRT with the addition of high-dose VPA. GALNT14
and CCL17 were identified as potential prognostic markers based on their expression
changes between pre- and post-treatment proteomic profiles. Additionally, PLCD3, SKP1,
VARS], CYREN, and KIR2DL4 were found to be potentially predictive biomarkers solely
from the expression levels in the pre-treatment proteomic profile. Those findings were sup-
ported by existing data in cancer with several proteins specifically reported on in GBM with
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growing associations to treatment resistance or response. The predictive and prognostic
ability following measurement in serum in GBM patients with the addition of VPA to the
standard-of-care CRT is novel, as is the identification of several proteins that, collectively
or individually, may be explored as biomarkers. Predictive markers may point to biological
risk groups that may benefit from administering VPA to result in superior outcomes. Given
these findings, VPA benefits from additional studies in prospective trials.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/biom13101499/s1. File S1: Survival models with mathematical formulas;
File S2: The 124 differentially expressed proteins in the VPA-treated population; File S3: Pre-CRT
protein expression analyzed for predictive proteins showing the 112 proteins overlapped between OS
and PFS; File S4: Additional identified proteins in the reanalysis post data correction; Figure S1: Forest
plot for covariates for overall survival (OS) and progression free survival (PFS); Figure S2: KM curves
for OS (A) and PFS (B) for the administration of VPA; Figure S3: Protein signal vs. time in freezer from
collection to analysis in days for. (A) GALNT14, statistically significant for OS and PFS in Cox analysis
and survival. (B) SKP1, predictive for response to VPA in prediction model; Figure S4: Figure 3
displayed as the two separate zoom-in figures with gene names to represent the top (A) and bottom
(B) clusters of proteins in the original heatmap; Figure S5: Kaplan Meier curves for survival (OS) (A-C)
and progression free survival (PFS) (D-F) with patient population risk stratified (high(red), low (blue))
by protein expression (A,D), covariates (B,E) and combination of protein expression and covariates
(C,F) Protein data is based on the results from 124 significantly differentially expressed proteins from
class comparison between patients treated with CRT and concurrent VPA vs CRT. Figure S6: Time-
dependent ROC curve for overall survival (OS) (A) and progression free survival (PFS) (B) prediction
model based on GALNT14; Figure S7: GALNT14 and CCL17, the two proteins associated with OS
with FDR 0.104 with potential function between two major signaling pathways driven by TGF and NF-
kB. (QIAGEN Inc., https:/ /www.qiagenbioinformatics.com/products/ingenuitypathway-analysis)
accessed on 24 July 2023 [71]; Table S1: Patient characteristics table and cox regression analysis of
clinical covariates in the VPA cohort; Table S2: Cox analysis for overall survival (OS) and progression
free survival (PFS) with hazard ratio and p-value for VPA and no VPA patients.; Table S3: Cancer
Hallmark GeneSets associated with Valproic acid (VPA) administration; Table S4: Results of online
sample size calculation tool to calculate the minimum sample size for PFS and OS. References [73-92]
were cited in Supplementary Materials.
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Abbreviations

CRT Concurrent Chemoirradiation

EMT Epithelial-Mesenchymal Transition

GBM Glioblastoma

GTVT1l Gross Tumor Volume on T1 Gadolinium-Enhanced MRI Sequence
GTV T2 Gross Tumor Volume on T2 FLAIR Signal Sequence

MGMT  O6-Methylguanine-DNA Methyltransferase

(O] Overall survival

PFS Progression-Free Survival

RPA Recursive Partitioning Analysis
RT Radiation Therapy

T™MZ Temozolomide

VPA Valproic Acid

WHO World Health Organisation
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