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Abstract: Multidrug-resistant (MDR) bacteria represent a global public health threat, and antimicrobial peptides
(AMPs), derived from naturally occurring linear or cyclic peptides, can provide the solution. However, most AMPs
are sensitive to proteases and have poor pharmacokinetics. The EU-funded ERC Advanced Grant SPACE4AMPS
aims to identify new AMPs by applying the concepts of chemical space and ligand-based virtual screening, which
are well known for small molecule drug discovery, to the world of peptides. We create virtual libraries of peptides
and related molecules and use these approaches to select a few tens of compounds for synthesis and detailed
evaluation of antibacterial, toxicity and stability effects. Recent results and prospects of this ongoing project are

presented in this review.
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1. Introduction

Antimicrobial resistance (AMR) refers to the increasing occur-
rence of multidrug resistant (MDR) bacteria that cannot be treated
with available antibiotics, which is most frequently encountered
with ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseu-
domonas aeruginosa and Enterobacter spp.).I'l One key problem
of new antibiotics is that they are not economically profitable, in
part because their use should be restricted to avoid the emergence
of more resistance, such that their development has been aban-
doned by large pharmaceutical companies.!2!

Among new treatment options, antimicrobial peptides (AMPs)
represent a promising opportunity because resistance does not
easily arise against such compounds.3! Most AMPs are polyca-
tionic and partly hydrophobic sequences of approximately 10—40
residues in length that kill bacteria by destabilizing or permeabi-
lizing their membranes or by interacting with intracellular com-
ponents such as the ribosome.*! AMPs comprise linear peptides
expressed as part of the innate immune system of most organ-
isms, such as the human peptide LL-37,5! as well as a diversity of
cyclic peptides of microbial origin assembled by non-ribosomal
peptide synthetases and containing non-proteinogenic amino ac-
ids, typically D-enantiomeric residues, for example the last resort
antibiotic polymyxin B.[% Furthermore, many AMP-like synthetic
analogs ranging from short peptides and peptoids to large poly-
mers are being investigated as new antimicrobials.!”]

Our first project in AMP discovery was designed as an ap-
plication example for a combinatorial library decoding scheme
applicable to cyclic peptides, 8] which we used to discover hybrids
of the cyclic peptide antibiotics gramicidin S and tyrocidine A
using an agar-plate antibacterial activity assay adapted for one-
bead-one-compound libraries.[®) We later used this assay to test
another combinatorial library consisting of peptide dendrimers, 1!
where antimicrobial effects should be absent due to the lack of an
organized amphiphilic structure. Contrary to expectations, these
peptide dendrimers showed good antimicrobial effects and were
later optimized by sequence adjustments.[!!-13] Collaborations
with clinical microbiologists, including Andrea Endimiani at the
Institute of Infectious Diseases in Bern,!['4l and Thilo Kohler and

*Correspondence: Prof. Dr. J.-L. Reymond, E-mail: jean-louis.reymond@unibe.ch

Christian van Delden at the Faculty of Medicine in Geneva,[!5-16]
were essential to establish that our peptide dendrimers demon-
strated good activity against various MDR clinical isolates.

To identify truly interesting AMPs, we had to measure an-
timicrobial effects on multiple bacterial species and strains and
keep cellular toxicity in check, also monitoring the influence of
other key parameters such as the pH of the culture medium.[!7]
This meant that single-parameter high-throughput screening, as
we initially performed with combinatorial libraries to discover
active sequences against a background of inactive ones, was not
suitable. This led to the idea of adapting small molecule chemin-
formatics and the notion of chemical space, an area of intense
activity in our research group,[!8-201 to the world of peptides. These
computational tools would help us assemble virtual libraries and
evaluate them in silico to select small sets of AMPs for detailed
experimental evaluation. This avenue led to the program currently
supported by the ERC Advanced Grant SPAC4AMPS and is re-
viewed in this article.

2. Chemical Space, Ligand-based Virtual Screening,
and Visualization

A chemical space is a mathematical space occupied by mole-
cules in which distances represent similarities between molecules.
To identify interesting molecules for synthesis and evaluation,
one constructs a virtual library of possible molecules of interest,
which should be designed to be accessible by a selected synthetic
approach. One then places this virtual library in a chemical space
together with other known molecules of interest such as already
known bioactive compounds possessing desirable or non-desirable
profiles. One can then select compounds for synthesis and evalua-
tion according to their similarity or diversity within the library and
in relation to the known molecules. This simple procedure, known
as ligand-based virtual screening (LBVS), is commonly used in
small molecule drug discovery to improve the return on experi-
mental testing, typically increasing the hit rate of approximately
0.1% for random screening up to hit rates sometimes as high as
50% for sets of compounds pre-selected by LBVS.[21]

Similarity between molecules can be quantified by compar-
ing molecular properties, which are then used as dimensions for
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the chemical space. For example, molecular weight and polarity
define a 2-dimensional chemical space in which a specific area
defines oral bioavailability for small molecule drugs.?223! [n a
related approach, we have used simple descriptors of molecular
structure called MQN (Molecular Quantum Numbers), including
counts for different atom types, bond types, polar groups and ring
structures, to construct a 42-dimensional chemical space suitable
for global classification of chemical structures.24-261 Although
such simple chemical spaces may be used for LBV S, 27l more de-
tailed similarity comparisons are in most cases necessary, typical-
ly using extended connectivity fingerprints,[?8-291 or by comparing
molecular shape and pharmacophores either via 3D-models,3031]
or via molecular fingerprints computed from the structural for-
mula.[32-34]

In our first implementation of cheminformatics to discover
AMPs, we created small virtual libraries of bicyclic peptides
consisting of lysines and leucines as functional residues and a
pair of cysteines to close the rings by thioether ligation to N-ter-
minal electrophiles. We used a chemical space computed from a
pharmacophore fingerprint to sample these virtual libraries for
sequences featuring diverse distributions of lysines and leucines,
a parameter expected to be key for activity, and later to refine ini-
tial hits by identifying nearest neighbors.3%-361 This project led to
the discovery of several interesting bicyclic peptides, for example
bp6S, a short bicyclic AMP with good activity against various
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Gram-negative bacteria. This bicyclic peptide featured a mem-
brane disruptive amphiphilic a-helical structure as evidenced by
circular dichroism and X-ray crystallography (Fig. 1a).371 In a
parallel project, we used the same approach to optimize the amino
acid sequence of an AMP dendrimer, similarly sampling various
distributions of lysines and leucines as functional residues across
dendrimer branches.!38-3]

Visualization by dimensionality reduction usually helps to
understand a chemical space. For simple descriptor spaces such
as MQN, principal component analysis (PCA) can be used since
the first two principal components usually cover over 70% of
the data variability. This method was also suitable in the above
mentioned AMP projects to visualize the distribution of our bicy-
clic peptides and peptide dendrimers in their chemical space, as
exemplified for the similarity map representing a virtual library
of 4.6 million bicyclic peptides from which bp65 was identified
(Fig. 1b).[3536.381 For higher dimensional spaces such as those cor-
responding to substructure fingerprints, non-linear dimensional-
ity reduction methods such as similarity mapping, 40411 t-SNE
(t-distributed stochastic neighbor embedding),l*2l UMAP (uni-
form manifold approximation and projection),*3] or TMAP (tree-
map),[*¥ are required to obtain interpretable representations. For
example, we used similarity mapping to produce an interactive
3D-map of the chemical space of large molecules such as pep-
tides and macrocycles in the ChEMBL database reflecting simi-
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Fig. 1. Chemical space guided exploration of peptides and natural products. (a) Structure, CD spectrum and X-ray crystal structure of the bicyclic
AMP bp65 showing its a-helical amphiphilic conformation. (b) PCA (Principal Component Analysis) map of the pharmacophore chemical space
representing the virtual library of 4.6 million bicyclic peptides from which bp65 was identified, color-coded by the number of cyclic residues from 2

(blue) to 18 (magenta), and focused visualization of the 15t and 2" round

of compounds that were synthesized and tested in this library. (c) A TMAP

of natural products from the COCONUT database computed by MAP4 similarity and color-coded by the origin of the natural products.
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larities computed with a shape and pharmacophore fingerprint.[43]
In a related project, we produced a map of natural products using
the TMAP algorithm computed from similarities calculated with
MAP4, a molecular fingerprint performing particularly well for
virtual screening (Fig.1c).[#6-481 One can also visualize similarities
between pairs of drug molecules according to different similarity
measures simultaneously in form of a TMAP by using methods
of reaction informatics. 9!

3. Peptide Diastereomers and Peptide-peptoid
Hybrids

The studies mentioned above provided convincing evidence
that a chemical space analysis based on simple molecular finger-
prints could guide the discovery and understanding of AMPs and
natural products and comforted us to plan a broader discovery
campaign along these lines. In one of the SPACE4AMPS proj-
ects, we are exploring the chemical space of peptide diastereo-
mers. In an initial study, we had found that solid-phase peptide
synthesis using racemic amino acids provided stereorandomized
(sr-) peptides in excellent yields and purities, which were in-
distinguishable for the homochiral sequence except in terms of
optical and biological properties, providing insights into their
mechanism of action.’! For example, stereorandomization
allowed us to show that AMP dendrimers have an intrinsically
disordered bioactive conformation.31 On the other hand, we
found that typical amphiphilic a-helical AMPs became inactive
when stereorandomized.

Surprisingly, we found that In65, the linear AMP analog of
bp65, which is a-helical and amphiphilic, retained part of its
antibacterial activity but showed strongly reduced hemolysis as

the stereorandomized sequence sr-In65. Therefore we set out to
investigate single diastereomers of this sequence, an approach
which has been investigated in part for other AMPs to tune their
properties, however not in a systematic manner.5!) We found that
a-helicity and antibacterial activity are maintained and hemoly-
sis reduced in selected diastereomers of In65 with up to 40% of
the residues with mixed chirality, such as In69, dln69, HPS and
HP7, while serum stability is very often improved, opening an
obvious avenue for optimizing the activity/toxicity ratio and sta-
bility (Table 1).1521 We are currently collecting additional data to
understand the stereochemistry-property profile of AMP In6S, as
well as of other related natural AMPs. To support these studies,
we have recently reported MAPA4C, a chiral version of our MAP4
molecular fingerprint which encodes stereochemistry and allows
the analysis of the chemical space of peptide diastereomers.[5
Interestingly, none of the existing models of AMP folding and
activity considers residue chirality as a variable and reliable data
are almost entirely missing, rendering the problem both challeng-
ing and groundbreaking.

In a second project we are investigating the replacement of
amino acids by their peptoid equivalents to form peptide-peptoid
hybrids. In a peptoid residue, the side chain is attached to the
a-amino group and the a-carbon is free, which suppresses both
chirality and the hydrogen bond donor of the peptide bond. Pep-
toids follow different folding rules compared to peptides and
may also exhibit antibacterial properties.[>*5] Introducing one or
several peptoid units in an AMP is expected to alter its folding
and potentially its mechanism of action. In a preliminary study
dedicated to linear and dendritic peptoids, we have discovered
hybrids such as EB1, EBS or EB6 which retain the membrane

Table 1. Helicity, antimicrobial activity and hemolysis of bp65 and its linear analogs.
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(%)" MIC (ug/mL)* (ng/mL)

bp65 *KKLLKCLKCLL 46 n.d. 8 4 16 8 16.5
In65 KKLLKLLKLLL 73 4 2-4 2-4 4 4 125
sr-In65  KKLLKLLKLLL 10 4 4 4 16-32 8 1000
In69 kkLLkLLKLLL 61 4 8 2-4 8 16 1000
dIn69 KK11K11K11l1l 59 0.5-1 2-4 2 4 2 250
HP1 KKkLLKLLKLLL 73 2 4 4 4-8 2 <15.6
HP2 KKLLKLLKLLL 69 4 4 4 2-4 4 <15.6
HP3 KkLLkKLLKLLL 69 2 4 2 8 2-4 <15.6
HP4 KkL1KLLKLLL 46 2-4 2-4 2-4 2 2-4 <15.6
HPS kKLLKLLKLL1 90 0.5 2 0.5 2 2 62.5
HP6 KKLLK11lKLLL 29 2 8 4 64 16 500
HP7 kkLLKLLKLL1 60 0.5 2 0.5 4 2 125
EB1 kKLLKLLKLL1 30 2 4 2 8 8 1000
EB5 kk11kLLKLLL 24 2 4 2 >32 8 1000
EB6 kkLLKLLKLLL 41 2 4 2 8 8 250
EB9® KkLIK1LKL1L 11 2 4 16 >32 32 >2000

30ne letter code for amino acids, L-amino acids in capital letters, b-amino acid in lowercase boldface, stereo randomized positions are
underlined, and peptoid residues in lowercase italics boldface. For bp65, * is the 3,5-dimethyltolyl group thioether ligated to the cysteine
residues, see Fig. 1. PValues are corresponding to data recorded by circular dichroism for the condition 5mM DPC in 7 mM PB buffer
pH 7.4. °Minimum Inhibitory Concentrations (MIC) were determined after incubation in Mueller-Hinton (MH) broth pH 7.4 for 16-20 h at
37 °C. Values represent two independent duplicates MIC determinations by 2-fold serial dilution. n.d. = not determined. YMinimum
Hemolytic Concentration (MHC) measured on human red blood cells in PBS (pH 7.4) after 4 h incubation at room temperature, by serial
2-fold serial dilution. In65 and related peptides have a molecular weight of MW = 1321 Da, such that for this series pg/mL, which is the
standard unit for MIC or MHC values in microbiology, corresponds approximately to pM. ®MIC values for EB9 were measured in diluted

(12.5 %) MH medium.
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disruptive and partially the folding character of the parent peptide.
This study also uncovered hybrids such as EB9 which do not act
by membrane disruption but rather kill bacteria by entering the
cells and aggregating their intracellular content (Table 1).[56-58
We are currently investigating macrocyclic peptide-peptoid
sequences designed as analogs of antibacterial natural products
using a genetic algorithm> which exhibit promising antibacterial
effects and no detectable toxicity on human cells.

4. Machine Learning

In the AMP discovery projects discussed above, we used a
pharmacophore chemical space to analyze focused virtual libraries
of up to several million possible bicyclic or dendritic peptides and
selects a few tens of sequences for synthesis and evaluation. The
only prior information taken from known AMPs was the choice
of lysine and leucine as functional residues and the approximate
overall size expected for an active AMP. However, a much larger
and more detailed source of information is available in the form
of the sequence and activity of thousands of documented AMPs,
which have been collected in various databases. Such information
can be used to train neural networks, which can then generate and/
or classify peptides as potential AMPs.[€061]

We have tested the feasibility of this machine learning (ML)
approach to discover non-hemolytic antimicrobial peptides,[©2] as
well as non-hemolytic anticancer peptides,!93! exploiting activity
and hemolysis data from the database of antimicrobial activity and
structure of peptides (DBAASP).[641 While both projects deliv-
ered the expected active and non-hemolytic sequences, they also
revealed the limit of this approach, namely the difficulty to iden-
tify sequences that are significantly different from the database
sequences used for training, and more surprisingly the inability
of current ML models, including alphafold2, to correctly predict
the degree of a-helicity of short peptides. This is disappointing
because the degree of a-helicity of short amphiphilic peptides,
as measured experimentally by circular dichroism (CD), corre-
lates nicely with their membrane disruptive activity in our vari-
ous projects.[32:62.63] Most recently we also evaluated the large lan-
guage model GPT-3.5 for its ability to predict AMP activity and
toxicity, as measured by hemolysis. Our study showed that this
model does not perform as well as a simple chemical space clas-
sification using our MAPAC fingerprint (Fig. 2).191 Currently, we
are exploiting ML models to support the optimization of several
AMP series, training our models with our own experimental data.
This approach follows a general trend in chemistry to use ML on

0.8 A x 3 I x 4

0.4 - 1

0.0 - : -

ROC AUC
Accuracy
Precision

Recall
F1

) sk d)
RSN INE

o Inactive
o Active
-3 !}_' o
AT
&
B
o
Lo
i
ol
® Non-Hemolytic

® Hemolytic

23V sl o S
. Pl sbeoin s
P Dy T A
4 o~ NS L &
TR I RN
SO T AR A
A AN

I I = I .
\
I I 1 @ GPT-3.5 Turbo
I " | eRNN
I 1 MAP4C SVM
Features SVM
S g g =
2 < o

Fig. 2. Classification and chemical space coverage of AMPs from the DBAASP database. Results of the 5-fold cross-validation study aimed at vali-
dating the following models: MAP4C SVM: support vector machine trained with the molecular fingerprint MAP4C, Features SVM: support vector ma-
chine trained with the fraction of helical residues and hydrophobic moment of the peptides, RNN and GPT-3.5 turbo: recurrent neural network and
large language model trained with the linear sequence of the peptides written as single letters. The performance measures, given in fraction (maxi-
mum = 1), are measured for the predictions of (a) antimicrobial activity and (b) hemolysis. An AUC of 0.5 indicates a model performing no better than
random chance, whereas the higher the value of each performance metric, the better the model performance. TMAP computed using MAP4C color-

coded by antimicrobial activity (c) or hemolysis (d) data.
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relatively small but well-defined sets of compounds and their as-
sociated data.[o]

5. Conclusion and Outlook

Our current SPACE4AMPS project exploits the concept of
chemical space as well as machine learning to guide the discovery
of new antimicrobial peptides and peptoids inspired from natural
products. These computational tools are essential to properly ex-
ploit the available structural diversity of peptide-like compounds,
which is often neglected, such as the chemical space of diastereo-
mers, sequence isomers, and peptide-peptoid hybrids under inves-
tigation here. The project’s success depends on our ability to syn-
thesize and test the molecules identified in our virtual chemical
spaces, which for this project is straightforward using solid-phase
peptide synthesis, a robust technology also available for GMP
manufacturing due to the current popularity of peptide drugs.[¢7]
Any active AMP can be readily resynthesized, produced in gram
scale, and made available to collaborating groups for implementa-
tion in projects, several of which are currently ongoing.[68]
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