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Abstract

Peptides are a re-emerged strategy to fight a plethora of diseases and their utility has been expanded to
new areas. Now sequence-based peptide design opens up new possibilities to develop peptidic
molecular entities. However, its methodological limitations (e.g., its inefficiency in designing large
peptides and that do not allow the analysis of post-traductional modification) limit their applicability
domain. In contrast, ligand-based molecular design approaches have demonstrated their extensive
applicability domain, although the peptide design-based in this method continues been not exploited. The
main limitation has been the complex molecular structure of peptides, which has not been studied using
classical fingerprints tuned for small organic compounds. Towards this end, MAP4 is a recently
developed universal fingerprint that allows quantifying the sequence/structure diversity of natural
products or peptides. As part of the peptide design, there is a current trend to develop predictive models
which are founded on the available structure-activity data available. Before developing such models, it is
essential to characterize in detail the structure-activity relationship and identify if any activity cliffs: subtle
structural modifications that have a large and unexpected effect on the biological activity. In this study,
we map the structure-activity landscape of an exemplary dataset with 165 peptides (anti-methicillin-
resistant Staphylococcus aureus peptides) using a similarity metric based on MAP4 fingerprint.

Specifically, we characterized the activity landscape of this data set, and we identified key amino acids
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(AAs) and structural motifs that play a key role in the activity of the anti-methicillin-resistant
Staphylococcus aureus peptides. To the best of our knowledge, this is the first chemoinformatics
approach to systematically explore the activity landscape of peptides emphasizing the quantification of
the structural similarity. The approach is general and can be extended to analyze the presence of activity
cliffs in any set of peptides. ldentifying activity cliffs has practical implications during the development of

predictive models.

Keywords: Activity landscape modeling, activity cliffs, chemoinformatics, chemical space, drug

discovery, MAP4, peptide design, structure-property (activity) relationships, Staphylococcus aureus.

Introduction

Peptides play important roles in plant and animal physiology targeting various proteins including growth
factors, ion channels, receptors, and enzymes. Many peptides exhibit a broad range of biological
activities, all valuable starting points to treat human disorders 3. The peptide space is vast; a peptide
sequence of length N could lead to 20N possible mutations solely with canonical residues. Adding the
post-translational modifications and the number of mutations becomes astronomical. It is not practical to
synthesize all sequences or even to investigate all functionally interesting variants. A central goal for
computational peptide design is to create novel sequences that carry the underlying properties of natural
peptides with defined structural and functional properties. Multiple bioinformatic approaches have proven
to be useful in accelerating peptide design learning either from their sequences or their tridimensional

*®_In addition, the automation of peptide synthesis on solid support or the heterologous

structures
expression of proteins across biological systems has reduced production costs, making peptide space
exploration accessible. These in silico methods are predominantly learning from primary sequences from
medium-large datasets, rather than their structures due to the high costs associated with solving
structures experimentally °. However, current sequence-based approaches do not systematically study

post-translational modifications (PTMs) that can significantly affect the physicochemical, chemical, or

biological properties of peptides ’.
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Historically, chemoinformatics and bioinformatics fields were considered independent between them.
However, both fields use computational methods to analyze and manipulate large datasets to identify
patterns and relationships in the data. The main historic difference is that chemoinformatics studies small
chemical structures (e.g. drugs and natural products), in contrast to bioinformatics which allows the study
of more complex molecules (e.g. peptides and proteins). But, in recent years new methodologies and
technologies have been reducing the gap between chemoinformatics and bioinformatics fields. For
example, new molecular representations based on atom-connectivity allow the systematic study of
complex molecules, that could be applied to mapping the structural diversity of peptides and may help to
understand the roles of PTMs in their physicochemical properties or biological activities ®.

Different computational strategies to develop peptides are based on the analysis of sequence

° However, the lack of data limits the use of

alignments and physicochemical similarity metrics.
alignment algorithms and the classification and prediction of secondary structures '°. Fortunately, in the
last ten years, new computational methods have contributed to decoding the structure-property
relationships (SPR) of peptides (P-SPR) 2. For example, new approaches that depend on the
sequence and/or features of peptides (e.g., machine-learning methods, the de novo design, linguistic
modeling, pattern insertion methods, and genetic algorithms) 3, are new research opportunities to
explore P-SPR and guide a new era of peptide-based drug design.

Recently, computational drug design approaches have been used to decode the physicochemical and
sequence-activity relationships on peptides ***°. However, has yet to be a reported study describing the
relationship between small structural changes and their specific biological activity.

Additionally, physicochemical properties are used to compare, filter, and classify molecular structures
of pharmaceutical interest. However, the main limitation of physicochemical properties is that these do
not describe structural conformations, small chemical changes, or fold peptide differences. But, using

1318 could be

consensus similarity metrics (that consider physicochemical and structural approaches)
implemented to complement the description and comparison between peptide structures using e.g.,
considering different peptide features: 3D structure, topology, backbone structure, drug-like properties,

amino acid sequence, molecular fingerprints, etc.). From a conceptual point of view, a combination of

descriptors and structural representations commonly used in chemoinformatics and bioinformatics would
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provide a comprehensive picture of the peptides *’. For example, Plisson et al. recently demonstrated
that it is possible to predict properties and design new peptide structures from the consensus description
of known peptidic information . In that work, the authors remark that “not all similar peptides conserve
necessarily similar properties”. Such a highlight is related to the concept of “activity cliff’ *°: a pair of
compounds (e.g. peptides) with high structural similarity but large and unexpected potency difference.
Recently, analysis of activity cliffs has been used to decode structure-activity relationships of linear and
circular peptides against different endpoints *>**. Also, the presence of activity cliffs in data sets reduces
the performance of predictive models %, including the recent machine and deep learning models %.

This study discusses a new approach to aid in exploring and describing the activity landscape of
peptides. As a case study, we use an exemplary data set of 165 peptides with reported activity against
methicillin-resistant Staphylococcus aureus (MRSA) strains (one of the most important endpoints to
developing new drug candidates according to the WHO) ?*, including identifying anti-MRSA peptide
activity cliffs. To this end, we employed an atom-connectivity fingerprint recently developed and well-

suited to represent peptides. Finally, we discuss an interpretation of the peptide activity cliffs.

Methodology

Data set
To analyze the landscape of anti-MRSA peptides, we collected a total of 165 peptides sequences from

the Antimicrobial Peptide Database *

, of which 59 examples (~35%) have a half minimum inhibitory
concentration (MICsg) value measured against clinical isolation of MRSA strains. In total, 106 peptides

(~65%) have MICsg, value reported against at least one of the 34 characterized MRSA strains. We
transformed all MICs, values to a negative decimal listed logarithm scale as follows: (-log MICs). The
values range from 3.89 to 6.69 and are listed in Supplementary material - Table S1 alongside the peptide

sequences and SMILES representations. In some cases, the same peptide has been evaluated against

different strains, we only kept the lower value of (p)MICso.
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Activity landscape modeling

We studied the activity landscape of these peptides through two approaches that are frequently used
with small organic compounds: Structure-Activity Similarity (SAS) map and the Structure-Activity
Landscape Index (SALI). Both approaches are explained hereunder.

A (SAS) map is a low-dimension graph for analyzing the structure-activity relationships (SAR) of the
compound dataset. SAS maps are one of the early approaches to studying activity landscapes and
rapidly identifying activity cliffs. Activity cliffs are pairs of compounds with high structure similarity but
significantly different biological activity *°.

SAS maps are based on systematic pairwise comparisons of the compounds in a data set. A general

schematic representation of a SAS map is presented in Figure 1.
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Figure 1. Graphical representation of a Structure-Activity Similarity (SAS) map (A) and an extension of a SAS map
(B). A SAS map is based on a pairwise comparison of each compound on a data set. Each data point in the graph
in the map represents a pair of compounds. SAS map is based on the activity differences of the pair of compounds
against a specific biological endpoint, and their molecular distance. (A) Map with four regions: | identifies pair of
compounds with low activity difference and low molecular distance (also called scaffold or R- hopping, o similarity
cliffs); Il represents pair of compounds with low activity difference and higher molecular distance (smooth SAR
cases); Il represents pair of compounds with higher activity differences and higher molecular distance ( activity
cliff); and IV represent pair of compounds with a discontinuous SAR ° . (B) An extension of the conventional SAS

map (extended SAS map) implemented in this study adds the molecular weight differences as a new axis.

SAS maps generated in this study represented all 13,533 pairwise comparisons between the 165

peptides of the dataset. The map calculated structure similarity with the MAP4 fingerprint 2* and the

MinHashed distance function proposed by Capecchi et al ?’, represented on the X-axis. The activity
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difference (i.e., the difference between them and the pMICs, values of the pair of peptides) was plotted
on the Y-axis. The molecular weight differences between each pair of peptides are plotted on the Z-axis.
The data points in the SAS maps were further colored by their SALI value. This index quantifies the

activity landscape using the expression proposed by Guha and Van Drie ?*2° (Equation (1)):

(1) SALIi,j= |Ai-Aj|/ 1-sim, j)

where Ai and Aj are the activities of the i and j molecules, and sim(i, j) is the similarity coefficient between
i and j. Herein, sim(i,j) was computed with the MAP4 fingerprint and the MinHashed distance function.
The SALI values were further mapped onto the SAS map using a continuous color scale from blue (low

SALI values) to red (high SALI values that are associated with activity cliffs).

Chemical space of anti-MRSA peptides

A visual representation of the chemical space of anti-MRSA peptides was constructed using a Treemap
(TMAP). TMAP allows the visual representation of many chemical compounds through the distance
between the clusters and the cluster’'s detailed structure through Local Sensitive Hashing (LSH) forest
data structure, enabling c-approximate k-nearest neighbors (k-NN) *. MAP4 fingerprints for peptides
were encoded using the MinHash algorithm. The number of nearest neighbors, k = 50, and the factor
used by the augmented query algorithm, kc = 10, were used to develop the TMAP graphs. The activity
values were represented using a color scale from red (most active peptide; 6.69 pMICsg) to blue (most

inactive peptide; 3.89 pMICs).

Results

Data set description

We collected 165 anti-MRSA peptides from APDO03 alongside their pMICs, values. Most peptides were
identified from amphibians (55 / 34%), followed by bacteria (32 / 20%), and arthropods (17 / 10%) - see

Figure S1-A in the Supplementary material.

Regarding the types of structures reported in the set of peptides analyzed (Figure S1-B), the

predominant structure (34%) in them is the alpha helix. The primary method used to elucidate the
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structure of anti-MRSA peptides with known structures was nuclear magnetic resonance (23 / 14% -
Figure S1-C in the Supplementary material). Also remarkable is that a representative portion of the
structures (41 / 25%) of the peptides studied herein are predicted computationally, and more than half of
the peptidic structures of this data set have not been associated with any experimental or predicted

structure (94 / 57%).

Activity landscape modeling

Figure 2-A shows an extended SAS map annotated with SALI values of 13,376 pairwise comparisons
between the 165 peptides, which facilitates the identification of activity cliffs. Namely, the extended SAS
map allows the identification of pairs of peptides with high structural similarity as determined by
MAP4/MinHashed distance function (similarity > 0.40) but with a large anti-MRSA activity difference
(PMICs, difference > 0.90), and with low molecular weight difference (MW difference < 150). With these
criteria, we select, as representative examples, five peptide pairs (1 - 5 in Figure 2-A).

Sequence alignment of the peptide pairs 1 - 5 (Figure 2-B) confirms that these pairs of peptides have
comparable amino acid sequences (from 0.13 to 0.61). However, the distance calculated based on their
peptide chemical structure does not necessarily have a linear relationship with the identity of peptide
sequences (Figure 2-C). This observation suggests that the MAP4 fingerprints are helpful to compare the
chemical structures of the peptides in addition to the AA sequence. Nevertheless, the 2D and 3D
alignments of AA typically used in bioinformatics provides additional and intuitive information to decode
the P-SPRs. For example, peptide pair 1 (Figure 2-C) shows a low fingerprint-based similarity (0.131) in
contrast with their sequence-based identity (100%). This data suggests that the fingerprint-based
similarity could be highly sensitive to small structural changes in short peptides (< 20 AA). In contrast,
the peptide pairs 2 - 5 exhibit good relationships between their fingerprint-based similarity and their
sequence-based identity (0.43 vs. 69%; 0.55 vs. 55%; 0.57 vs. 57%; 0.61 vs. 52%, respectively). This
suggests that our fingerprint-based similarity metric could be useful to quantify the similarity between

medium-large peptides (> 20 AA).
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Figure 2. Structural and sequence similarity of the dataset of 165 anti-MRSA peptides studied in this work. A)
Modified (extended) structure-activity similarity map; each sphere represents a pairwise comparison of the
chemical structure (quantified by means of MinHassed distance/MAP4 fingerprints), activity difference, and
molecular weight difference. The spheres are colored according to the SALI values using a continuous scale
from low values (blue) to high values (red). B) Sequence alignment of representative peptide activity cliffs; C)

Summary characterization of selected peptide pairs. SALI: Structural-Activity Landscape Index.

Visualization of chemical space

In addition to the extended SAS map, we explore the anti-MRSA peptide landscape using a TMAP
(Figure 3). A TMAP shows the [J-nearest neighbors of each peptide (represented with a sphere) using as
distance metric the MAP fingerprint and the MinHashed algorithm. Namely, the TMAP facilitates the
identification and intuitive visualization of compounds (e.g., peptides) structurally related. For example,
the pair of peptides AP02565 and AP02566 (pair 1 in Figure 2) have a 100% of AA sequence identity
and are plotted close to each other. Note, however, that the pair of peptides do not have exactly the
same coordinates since the distance that is measured in a TMAP does not depend on the % identity of
AA but on an alternative representation that depends on structural fingerprints (vide supra). In contrast,

the pair of peptides AP02565 and AP02567 (pair 2 in Figure 2) are structurally different e.g., 69% of AA
8



sequence identity and 0.43 fingerprint-based similarity, and are plotted farthest apart as compared to the

peptide pair 1.

Figure 3. TMAP of 165 anti-MRSA peptides studied in this study. Each sphere represents a peptide, and the
distance between each sphere represents the structural relationships between them. Each sphere was
colored using a scale of red (higher pMICsq values; higher anti-MRSA activity) to blue (lower pMICsy values;

lower anti-MRSA activity). Dotted squares indicate the most active anti-MRSA peptides.

Interestingly, the peptide pairs 1 - 5 have a medium-to-high structural similarity (AA sequence identity
between 52% - 100%) but are associated with a large change in their pMICs, values. However, the
fingerprint-based similarity values (as measured with MAP4) do have positive correlations with identity
values (R? = 0.66, Figure S3 in the Supplementary material). This observation suggests that fingerprint-
based similarity measures complement the insights derived from sequence alignments, but do not
replace them. Namely, it is possible to use the small structural/sequence changes in peptides to help
rationalize the P-SPR.

Figure 3 illustrates the most active peptides reported with anti-MRSA activity (e.g., AP00505,

AP02816, AP01320) that could be used as starting points to design novel active peptide derivates. In



addition, existing peptides that are constantly inactive could be used to decode the features related to

the inactivity against MRSAs *2.

Overview of anti-MRSA peptides sequence alignments

Alignment analysis of the 165 anti-MRSA peptides resulted in a consensus sequence
(“FLKKLLKLLGKLL” - Figure S2 in the Supplementary material) which is characterized by being rich in
Leucines (Leu - L) and Lysines (Lys - K). The consensus sequence has a net charge of +4 and a 62%
hydrophobic ratio **. The consensus sequence has been related to high anti-MRSA activity. However, it
also has been associated with hemolytic properties due to the presence of the “LKL”, “KKLL” “LKKL”"
motifs *7°,

We also study the sequence alignment of the twenty most active peptides within our dataset shows a
consensus sequence ("GCRANKGACRAKKCKSHGGRGGKCF" - Figure S4 in the Supplementary
material), having a high net charge of +8.25 %73 and 32% hydrophobic ratio. We remark on the presence
of four cysteines (Cys - C) in the peptide sequence, which contributes to the stability of the tertiary
structure *. The presence of four cysteines is also observed in anti-MRSA peptidic sequences, for example in
peptides AP03010, AP03022, and AP03311 in Figure 4 (vide infra).

In summary, these results suggest that the structural similarity calculations based on MAP4 fingerprint
and MinHashed function help to explore the activity landscape of peptides. Methods such as extended
SAS maps and SALI enable the landscape study of 165 anti-MRSA peptides rapidly uncovering small
changes in structures associated with large modifications in the pMICs, values. Though this methodology
is general and could be adapted to study any other properties of peptides, i.e., P-SPR. We remark that
TMAPs are useful to visualize different features of the properties landscape of peptides (and other small
molecules). However, we need to consider that TMAPS, as other visualization methods, highly depend
on the structural representation (e.g., molecular fingerprint), and it is sensitive to the relative size of
peptides that are compared. Thus, we recommend using only TMAP visualization when the peptide size

is comparable.
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Discussion

P-SPR is a re-emerged and important topic, now it is possible to synthesize them on a large scale and
generate analog series from an interesting initial sequence. But, the synthetic methods have been
updated more rapidly than the peptide design area. Although different efforts to reduce this
methodological gap have been developed, it remains challenging to fully decode the P-SPR since it can
be highly complex in nature. Interestingly, peptides could resolve a large list of clinical, biological,
chemical, pharmacological, alimentary, and agrochemical current issues **®**. For this reason, it is
important to use novel approaches to quantify and understand, as much as possible, their SPR.

Activity and property landscapes have been extensively studied, however, most of the studies are
focused on small organic molecules. This fact could be explained by the lack of a proper fingerprint to
represent peptides. However, bioinformatics approaches allow the identification of activity cliffs using
uniquely the sequence alignment of peptides. Parallelly, in the last years, chemoinformatics approaches
(e.g. molecular similarity metrics) based on topologies, connectivity, tridimensional features, and
molecular properties offer a new alternative to study in depth more complex molecules *°, like peptides.
Additionally, a previous study using different fingerprints (e.g. MACCs keys, ECFP4, ECFP6, and atom
pairs) allowed the construction of peptide landscapes but using unique peptides with the same number of
amino acids *°. In contrast, this work shows an application of methods typically used in chemoinformatics
to study small organic molecules to study the P-SPR using the concept of activity (property) landscapes.

The anti-MRSA peptide landscape explored in this work (Figure 2-A) indicates a total of 20 (~0.16%)
peptide pairs in quadrant | (scaffold or R- hopping peptides); 9204 (~68.8%) in quadrant Il (smooth SAR
peptides); 4150 (~31.02%) in quadrant Ill (peptide activity cliffs, like pairs 2 - 5); and 2 (~0.02%) in
guadrant 1V (peptides without a with a discontinuous SAR, like pair 1). Namely, most of a third part of the
peptide pairs have considered activity cliffs, which could limit the model ability of these data sets to be
used to develop a predictive model of anti-MRSA activity.

We point out that it is possible to establish a direct SAR based on pairwise comparisons. For instance,
in the peptide pair 1 (Figure 2), the terminal phenylalanine (Phe / F) could be associated with their
biological activity difference. This is in agreement with X-ray diffraction studies that indicate that the

terminal Phe on peptide structures improves the stability of helical conformation *’. Furthermore, He et al.
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confirm that the activity of antimicrobial peptides depends on the stability of their helical structure “.
Therefore, the protocol presented here to describe the activity landscape of the 165 anti-MRSA peptides
was capable of identifying small peptide differences involved in their activity.

Another key example that reflects the impact of one unigue AA change on the peptide
structure/sequence is the peptide activity cliff 2 (AP02565 - AP02567, Figure 2), which suggests a key
role of asparagine (Asn - N). Their tridimensional model (as generated with PEP-FOLD) (Figure 4)
reflects the impact of this AA change on the stability of the helical peptide structures. Additionally,

quantum methods confirm this observation and remark on the importance of Asn on peptide reactivity *°.

Figure 4. Conformational differences between selected peptides studied in this work. Each peptide is
represented with a different color; red (AP02565), green (AP02566), blue (AP02567), yellow (AP03010), cyan
(AP03022), and orange (AP03311). The tridimensional representation of each peptide was modeled by PEP-
FOLD *°.

Although the predicted tridimensional structures of the peptides forming activity cliffs are similar (pairs
3 (AP03010 - AP02656); 4 (AP03010 - AP03022); and 5 (AP03010 - AP03311 in Figures 2 and 4), their
values of volume of accessible surface area are different which suggest changes in their solubility (Table
S2 in the Supplementary material). Such differences could be associated with changes in their biological

activity ?°. Additionally, the differences between the cationic area 3512

(involved in the membrane
interaction on MRSA strains) of each peptide pair could be associated with their variations in biological

activity (Table S2 in the Supplementary material).
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These results indicate the dependency of the activity cliffs with the descriptors used to quantify the
similarity between pairs of peptides **. For example, if one uses the volume of the accessible surface
area instead of the MAP4 fingerprint as a descriptor, then the peptide pairs 2 - 5 would no longer be
considered activity/property cliffs. Namely, these results indicate that the anti-MRSA activity does not
depend uniquely on the peptide sequence and the features encoded on MAP4 fingerprints. The anti-
MRSA activity also depends on other criteria, like the tridimensional similarity and the physicochemical
properties. We remark that the selection of the molecular representations is a crucial step to decoding
correctly the P-SPR.

During the past five years, the concept of SPR has been adapted to design and develop novel
peptidic entities. The concept of P-SPR has been used to design and develop lipopeptides, and cyclic

54,55

peptides , and to decode the membranolytic mechanism of different kinds of peptides *°. However,

there are complex challenges to resolve towards consolidating the in silico peptide design area **4%*%*"
Principally, the limited access to quality data and the balance of active and inactive reports are difficult
the generation of new information and knowledge. However, methods that prioritize the selection of the
most representative structure could resolve (almost in part) this issue. Additionally, the implementation of
the “Structure-Sequence-Property relationships” concept on peptides is a key step forward to exploiting
the potential of peptide data. Besides, the biological issues (i.e., immunogenicity, proteolytic degradation,
permeability, and toxicity) have been shallowly explored.

Current methodologies that have been used to study P-SPR have limitations, and the activity
landscape approximation presented in this work is not an exception. The fingerprint-based similarity
(using MAP4 and the MinHassed distance) is a new method to explore and describe the landscape of any
property in peptides. However, the results of this study suggest that this methodology could be high-
sensitive to structural changes on peptides with less than 20 AA, which could limit their applicability, and
remarks on the importance to develop new molecular representations focused on peptides. For this
reason, we recommend using multiple criteria and methodologies to understand the P-SPR: activity land.
complementing this method using classical alignment sequence analysis, and 3D approximation to help

understand the P-SPR. In this regard, the present work contributes to establishing a helpful workflow

based on structure similarity metrics to explore P-SPRs and quickly identify peptide activity cliffs.
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Conclusions

This work presents a new method to explore and describe the landscape of any property of peptides
based on the MAP4/MinHashed distance function. We construct and discuss the activity landscape of
165 anti-MRSA peptides. For the case study, it was concluded that: 1) the fingerprint-based similarity
values (as measured with MAP4/MinHashed distance function) have a positive correlation with the
sequence-based identity values (R? = 0.66) suggesting that fingerprint-based similarity measures
complement the insights derived from sequence alignments, but do not replace them; 2) around 31% of
paired anti-MRSA peptides were consider activity cliffs. These findings point out the challenge of this
data set to develop predictive models.

As part of this work, we introduced the extended SAS map (using molecular weight differences
values of each peptide pair) that facilitated the rapid identification of peptide activity cliffs. The fingerprint-
based similarity using MAP4 is a good addition to starting a new peptide design/development campaign.
However, as basically any in silico approach, each one has advantages and limitations. Therefore,
activity landscape analysis should be in combination with classical sequence alignment, and
physicochemical descriptors to explore in detail the SPR in peptides.

The main perspective of this work is to apply fingerprint-based similarity calculations to develop
consensus virtual screening protocols (i.e., based on 2D and 3D structure similarity, chemical properties
similarity, and sequence identity) to identify peptide structures with specific properties and apply the
methodology present in this work to curate peptide datasets previously to use to develop artificial

intelligent methods to predict peptide’s properties.

Supplementary material

Figure S1. Descriptive analysis of the 165 anti-MRSA peptides studied in this work; Figure S2.
Alignment analysis of the 165 anti-MRSA peptides studied in this work; Figure S3. Correlations of
identity values and fingerprint-based similarity values; Figure S4. Alignment analysis of the 20 most
potent anti-MRSA peptides; Table S1. Anti-MRSA peptides dataset; Table S2. Physicochemical

properties of representative anti-MRSA peptides.
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