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ABSTRACT: Many people simultaneously exhibit multiple diseases,
which complicates efficient medical treatments. For example, patients with
cancer are frequently susceptible to infections. However, developing drugs
that could simultaneously target several diseases is challenging. We present
a novel theoretical method to assist in selecting compounds with multiple
therapeutic targets. The idea is to find correlations between the physical
and chemical properties of drug molecules and their abilities to work
against multiple targets. As a first step, we investigated potential drugs
against cancer and viral infections. Specifically, we investigated
antimicrobial peptides (AMPs), which are short positively charged
biomolecules produced by living systems as a part of their immune
defense. AMPs show anticancer and antiviral activity. We use chemo-
informatics and correlation analysis as a part of the machine-learning
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method to identify the specific properties that distinguish AMPs with dual anticancer and antiviral activities. Physical—chemical

arguments to explain these observations are presented.

A constantly growing number of people simultaneously
suffer from multiple diseases or chronic conditions such
as diabetes, arthritis, hypertension, depression, asthma, and
many others.' Any combination of diseases and conditions
significantly complicates effective medical treatments. One of
the most striking examples is that certain types of cancer
reduce the number of immune cells available to fight
infections, so patients with these diseases may need treatments
for the infections as well as the cancer.”™* Moreover, medical
therapies that work against a specific disease can produce harsh
side effects that lead to other medical complications. For
example, certain treatments against cancer can also lead to a
weakened immune system and greater susceptibility to viral
infections.” Developing efficient drugs with multiple therapeu-
tic targets remains difficult.

We propose a new theoretical approach to assist in
developing new drugs that could be efficient against several
diseases. Our idea is that such compounds should exhibit a
specific spectrum of physical—chemical properties responsible
for such versatility, and this could help in the rational design of
new medicines. The goal is to identify the correlations between
the most relevant physicochemical features of potential drugs
and their abilities to work against multiple targets. For this

physical—chemical features that correlate with the dual action
of drugs allows us to better understand the underlying
microscopic mechanisms of complex biological processes and
provides specific directions for selecting new medical
approaches.

Cancer is defined as a set of genetic diseases characterized
by the uncontrolled growth of mutated cells that hijack the
resources from normal cells, invade healthy tissues, and might
even lead to the death of the organism.” It is typically triggered
by DNA mutations that result in the activation of growth-
promoting genes and the deactivation of tumor-suppressing
genes.” One of the negative effects of certain types of cancer is
the direct influence on the immune system™* that can make a
person much more susceptible to various infections.” Certain
cancer treatments also negatively affect the immune system
and can increase the likelihood of infection.” The unchecked
spread of cancer is terminal, but a simultaneous viral infection
could accelerate this fatal outcome.”” Recent studies suggest
that >60% of deaths of cancer patients are due to infections.'’
Infections can also disrupt cancer treatment, necessitating

reason, machine-learning methods that “learn” about these Received: December 28, 2023
correlations should be an important part of the specific Revised:  February 6, 2024
application of the proposed method. To illustrate our Accepted: February 7, 2024

approach, we present a first step in a procedure that
investigates compounds that simultaneously work against
cancer and viral infections. Analyzing the most relevant

© XXXX American Chemical Society

7 ACS Publications

1828

https://doi.org/10.1021/acs.jpclett.3c03624
J. Phys. Chem. Lett. 2024, 15, 1828—1835


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+Medvedeva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sofya+Domakhina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Catherine+Vasnetsov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+Vasnetsov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anatoly+Kolomeisky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.3c03624&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03624?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03624?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03624?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03624?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03624?fig=tgr1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

careful management to avoid interruptions and potential
fatalities.

Viruses are complex infectious pathogens that can enter
originally healthy cells and exploit their metabolic processes for
their replication.'’ They replace the fraction of the host cell’s
genome with their genetic material, and cell death occurs when
the newly replicated viruses (virions) burst out and cause the
host cell to undergo lysis.'>"? Viruses can be highly lethal
because they modify the host cell’s functions'* and immune
responses'> to facilitate rapid spread. Similar to cancer,
uncontrolled viral proliferation within a host can be fatal,
particularly when the immune system is already compromised
due to side effects of cancer treatments such as chemo-
therapy.'®'” Medical therapies that can simultaneously address
the dangers of both cancer and viruses are desired.

Antimicrobial peptides (AMPs), produced by most living
organisms as part of their immune defense, have been
proposed recently as potentially powerful antibiotic drugs
that might also be useful in the fight against other diseases.
They exhibit broad-spectrum activity against various pathogens
while maintaining low toxicity toward the host organism’s cells,
which can mean fewer side effects of potential treatment."®
These properties are hypothesized to be due to the
amphipathic nature of AMPs;'? i.e., these biopolymers have
spatially separated hydrophobic and hydrophilic segments.
Specifically, the cationic regions of the AMPs can assist them
in binding to the anionic lipids in the pathogen’s cell
membrane through electrostatic interactions and thus
selectively disrupting pathogen but not host cells.”” Con-
currently, the hydrophobic regions of the AMPs enable them
to break into the cellular membranes or to enter the
pathogenic cell and disrupt their functions with a limited
likelihood of inducing resistance,”’ ultimately inhibiting
pathogenic cell replication and leading to cell death.”” Cancer
cell membranes contain anionic lipids that can be targeted by
AMPs.>*** Certain AMPs can also target the distinct cell
surface receptors and acidic microenvironment of cancer
cells.”> ™" These observations suggest that AMPs might be
effectively utilized in fighting both cancer and viral infections.

Experimental studies found that AMPs with antiviral or
anticancer abilities are relatively short (20—30 amino acids
long),” and they can easily adapt a-helical or -sheet
conformations upon electrostatic interaction with the cell
membranes.””’' These characteristics have been further
investigated through computational studies as part of efforts
to efficiently screen thousands of known AMPs as potential
drug candidates against cancer and viruses. In addition, various
machine-learning approaches have been developed to predict
whether an AMP would demonstrate only anticancer or only
antiviral activity.”>>° Furthermore, machine-learning-based
feature selection approaches have been implemented to
identify the most important physical—chemical properties
associated with the functioning of AMPs against viruses or
cancer.”” However, very little is known about the features of
AMPs that are associated with simultaneous dual anticancer—
antiviral activity, although such possibilities have been
mentioned.””” There is a huge advantage in finding such
AMPs because of the reduced toxicity, lower probability of
resistance development, and weaker side effects. This would
also potentially lead to more efficient chemotherapy treatments
without interruptions due to infections.

To understand the molecular mechanisms of functioning of
AMPs as potential drugs, it is important to note that not all
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molecular properties might be equally relevant for under-
standing and predicting activity against viruses and cancer. It is
reasonable then to utilize a feature selection, which is the
process of reducing the number of redundant properties and
retaining only relevant ones for a subsequent theoretical
analysis. In this paper, we utilize the least absolute shrinkage
and selection operator (LASSO) model that performs feature
selection by identifying the most significant physicochemical
properties (e.g., the correlation between amino acids in
hydrophobicity) that contribute to a peptide’s activity against
viruses and cancer. The selected features can then be used as
inputs to a model, such as the support vector machine (SVM),
to predict whether a peptide is active against viruses and
cancer. The SVM learns the association between the selected
features and the peptide type (antiviral, anticancer, or dual
activity) using a subset of data, known as the training data set.
The remaining data, termed the test data set, are used to
evaluate the SVM’s ability to predict the peptide type using the
selected features corresponding to each peptide in the test data
set. This process facilitates the development of robust and
accurate models for peptide classification. By combining
feature selection (LASSO) and classification (SVM), we can
construct robust predictive models, better guiding experimen-
tal work, validating hypotheses, or even leading to the
discovery of new AMPs. This approach can simultaneously
improve our understanding of the physicochemical properties
of peptides and make predictions about peptide behavior.

The most important part of our theoretical method is
identifying the physicochemical properties of AMPs related to
their dual anticancer—antiviral actions. For this purpose, a list
of anticancer and antiviral AMPs was obtained from the
Antimicrobial Peptide Database (APD).*” We then extracted
1547 physical—chemical features utilizing the propy package®'
in Python for every peptide. This package contains a very large
number of physicochemical properties collected from different
experimental sources. Note that these properties are not
independent, and many of them correlate with each other. This
information was utilized in the SVM classification models to
predict the AMP type (anticancer, antiviral, and dual activity)
to “learn” about the most important physical—chemical
properties of peptides associated with their functioning. The
details of these features, the propy Python package, the SVM
classification model, and the details of the computational
analysis are presented in the Supporting Information.

Because the traditional SVM compares only two classes of
objects at any time, known as positive (1) and negative (0), in
this work, the SVM was used to consider pairs of classes for the
three most relevant cases: (1) antiviral but not anticancer
activity (0) versus anticancer but not antiviral activity (1), (2)
antiviral but not anticancer activity (0) versus both antiviral
and anticancer activity (1), and (3) anticancer but not antiviral
activity (0) versus both antiviral and anticancer activity (1). In
the next step of the machine-learning analysis, we reduced the
number of features using the LASSO method (as explained in
detail in ref 42 and the Supporting Information) and repeated
the prediction procedure with the SVM models. Using these
machine-learning methods, we explicitly estimated the
correlations in the system.

Various statistical metrics have been utilized to evaluate the
prediction performance of our method. First, we used a
parameter called accuracy, which measures the number of
correct predictions, and its values lie between 0 (worst possible
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prediction performance) and 1 (perfect prediction perform-
ance)

TP + TN
ny (1)

where #, is the total number of samples being predicted, TP is
the number of accurate predictions for the positive class (class
label of 1), and TN is the number of correct predictions for the
negative class (class label of 0).

Next, we explored a parameter called recall, which measures
the number of correct predictions but in a less biased way than
accuracy (its values are also between 0 and 1)

TP
TP + FN

accuracy =

recall =
2)
where FN is the number of incorrect predictions for the
positive class (class label of 1). The third utilized parameter is
called the area under the curve (AUC), and it provides a
measure of correct and incorrect predictions

AUC = =2

FP ©)
where FP is the number of incorrect predictions for the
negative class (class label of 0). Finally, we also explored a
parameter known as Matthews’ correlation coefficient (MCC),
which is similar to other correlation coefficients (its values are
between —1 and 1)

_ TP X TN — FP X EN
/(TP + FP)(TP + EN)(TN + FP)(TN + EN)
(4)
Next, as explained in detail in the Supporting Information,
we evaluated predictions of our theoretical procedure for

comparison of different classes of peptides, and the results of
our analysis are listed in Table 1. One can see that a reasonable

MCC

Table 1. Performance Predictions of the Models for
Different Cases”

no. of

analysis features accuracy recall AUC MCC

antiviral (0) vs anticancer 1547 0.72 0.61 0.61 0.38
1) 24 079 075 075 053
anticancer (0) vs antiviral 1547 0.76 0.55 055 021
and anticancer (1) 7 083 070 070 0.0
antiviral (0) vs antiviral and 1547 0.75 0.67 0.67 044
anticancer (1) 18 0.81 078 078  0.60

“The numbers next to the type of peptide (0 or 1) refer to the class
label assigned to each type of peptide, which is relevant for
interpreting the feature importance in the feature selection results.

accuracy can be achieved if all available physical—chemical
properties are used in the analysis (accuracy ~ 0.72—0.76).
However, using a smaller subset of the total number of
features, for example, 24 in the antiviral versus anticancer AMP
analysis, could improve the accuracy (accuracy ~ 0.79—0.83).
For this reason, hyperparameter tuning has been applied to the
feature selection models to determine the optimal subset of
properties in which the lowest number of features corresponds
to the highest accuracy. Table 1 presents the comparison of
prediction performance between the baseline all-features-
included SVM models and the selected-features SVM models
(after hyperparameter tuning and feature selection are
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applied). As one can see, the accuracy of the selected-features
SVM models was always higher than that of the all-features
SVM models. Using only a few properties also decreased the
likelihood of overfitting of data.

The selected physical—chemical features are determined
through hyperparameter tuning to minimize the error (or
maximize the accuracy) in predicting one class or another in
the SVM model. In this procedure, additional constraints have
been added to minimize the number of selected features to
increase the interpretability of the model. The idea here is that
the anticancer and antiviral activities of peptides can be
improved more efficiently by changing only a few physical—
chemical features of the peptides that are known to be
associated with antiviral and anticancer activity, and it is more
difficult to change many features at once. The complete
procedure and results of hyperparameter tuning are explained
in detail in the Supporting Information.

The main results of our theoretical analysis are presented in
Figure 1, which shows the relative importance of specific
physical—chemical properties for each type of peptide
(anticancer, antiviral, and dual activity) based on the sign
and magnitude of the coeflicient estimated for the given
feature. For each analysis, any peptide in class 0 is associated
more closely with the properties that exhibit negative
coeflicients, while peptides in class 1 are more closely
associated with the properties that exhibit positive coefficients.
To be more specific, let us consider Figure la in which the
antiviral peptides are labeled as class 0 and the anticancer
peptides as class 1. This means that the physical—chemical
properties with negative coefficients better identify the antiviral
AMPs while the physical—chemical properties with positive
coeflicients better identify the anticancer AMPs.

The higher magnitude of the coefficient suggests that this
feature is assigned a greater importance by the model in
distinguishing one type of peptide from another, but one
should also note that while the linear weights provide a
measure of the model’s estimation of a particular feature, the
real-world ability of a given metric to explain the differences
between two classes may not be solely determined by these
weights. Other factors, such as the data set characteristics and
the overall model architecture, might also play a crucial role in
assessing the reliability of a feature’s contribution to class
differentiation.

As one can see in Figure la, our theoretical analysis suggests
that the most important feature for distinguishing the antiviral
peptides is labeled as NK, which is a dipeptide composition
referring to the fraction of specific amino acid pairs in a specific
order (in this case N, asparagine, followed by K, lysine) in the
sequence. Some other dipeptide compositions such as LW (L,
leucine, followed by W, tryptophan), GY (G, glycine, followed
by Y, tyrosine), and QY (Q, glutamine, followed by Y,
tyrosine) also distinguish the antiviral peptides, although to a
lesser degree. The anticancer peptides are distinguished the
most by the dipeptide compositions KY (K, lysine, followed by
Y, tyrosine) and FK (F, phenylalanine, followed by K, lysine).

Our computational procedure identifies the correlations with
specific physical—chemical properties, allowing us to discuss
the microscopic origin of these observations. More specifically,
our method indicates the preference for both antiviral and
anticancer peptides to contain lysine (K) amino acids in
dipeptide composition features. This finding is consistent with
previous studies that have found an abundance of lysine in
single-amino acid and dipeptide composition features
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Figure 1. Relative importance of different physicochemical properties
in distinguishing different classes of AMPs: (a) for AMPs with
antiviral but not anticancer activity from AMPs with anticancer but
not antiviral activity, (b) for AMPs with anticancer but not antiviral
activity from AMPs with dual-action activity, and (c) for AMPs with
antiviral but not anticancer activity from AMPs with dual-action
activity. The properties labeled with two letters correspond to
different dipeptide combinations, as explained in the text. Other
properties are specified in the Supporting Information.

associated with antiviral and anticancer peptides.**~** More-
over, a greater fraction of K residues in hydrophilic regions has
been already associated with more selective activity against
cancer.”” This result is not surprising given the aliphatic, polar,
and positively charged nature of this amino acid. This amino
acid can also be viewed as amphipathic, because it
simultaneously contains the charged side chain and the
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hydrophobic tail. In addition, lysines easily establish hydrogen
and covalent bonding. All of these properties make lysine very
important for antiviral and anticancer peptides because they
allow AMPs to associate better and enter the cell membranes,
which is a crucial task in their functioning.

Similar analysis can be done to identify the physical—
chemical properties that distinguish anticancer AMPs from
dual-action AMPs (Figure 1b). Peptides with only anticancer
activities are distinguished by a specific hydrophobic property
called GearyAutoHydrophobicity27 (explained in the Support-
ing Information). At the same time, the dual-action peptides
can be distinguished well by dipeptide composition features
VP (V, valine, followed by P, proline) with the highest
magnitude of the coefficient and FR (F, phenylalanine,
followed by R, arginine) with a slightly smaller coefficient.

The results for identifying physical—chemical properties that
distinguish antiviral AMPs from dual-action AMPs are
presented in Figure lc. One can see that the most important
feature of antiviral peptides is the correlation between amino
acids in mutability at distances of 22 amino acids apart.
Mutability here refers to the degree to which an amino acid has
been replaced by another amino acid at the same position in a
protein sequence throughout evolution.***’ Other important
features include several dipeptide compositions such as AG (A,
alanine, followed by G, glycine), FC (F, phenylalanine,
followed by C, cysteine), and SC (S, serine, followed by C,
cysteine), as well as the property related to hydrophobicity.
The most important for distinguishing dual-action peptides is
the correlation between amino acids in steric hindrance at
distances of 21 amino acids apart. Steric hindrance refers here
to the phenomenon in which the presence of large or bulky
functional groups in an amino acid, such as sizable R groups,
restricts the flexibility of the protein chain.>”>" This can limit
the protein’s ability to fold into specific secondary structures
like o helices, which can play a role in the mechanisms by
which amino acids interact with cancer and viral cells.””>'
Other important features for dual-action peptides are dipeptide
compositions such as WA (W, tryptophan, followed by A,
alanine) and GQ (G, glycine, followed by Q, glutamine).

Our theoretical analysis indicates that there are other
physical—chemical properties beyond the dipeptide composi-
tions that are important for distinguishing different types of
AMPs, and these are described in detail in the Supporting
Information. At the same time, the analysis clearly shows the
dominant role of several specific dipeptide compositions in
distinguishing AMPs with dual action (Figure 1b,c).
Identifying specific features that correlate most with the dual
action is critically important for clarifying the molecular
mechanisms of potential drugs.

The advantage of our theoretical approach is that we can not
only identify dipeptide compositions as the most relevant
physical—chemical properties for characterizing dual-action
AMPs but also specify which specific combinations of residues
are the most important. We found that the antiviral AMPs
distinguish themselves from the anticancer AMPs by having a
preference for VL double residues and R single residues. At the
same time, the anticancer AMPs distinguish themselves from
the antiviral AMPs by preferring WL, QA, CA, and FK double
residue combinations. However, the dual-action AMPs are
associated with a stronger preference for VP, FR, and VL
residue combinations as compared to those of the anticancer
peptides, and the dual-action AMPs are associated with a
stronger preference for EK and KI as compared to those of the
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antiviral peptides. These results are consistent with previous
studies,””***® which connected the anticancer peptides with
dipeptide compositions consisting of hydrophobic leucine (L),
phenylalanine (F), tryptophan (W), and alanine (A), while the
antiviral peptides are connected with dipeptide compositions
consisting of cationic arginine (R), anionic glutamic acid (E),
and hydrophobic isoleucine (I) and valine (V).>>

The interesting observation from our analysis is that the
dual-action peptides prefer certain dipeptide compositions,
such as FR or VL, that can be viewed as additive combinations
of amino acids that are more relevant to antiviral activity (R
and V) with amino acids that are more relevant to anticancer
activity (L and F). This “additivity” is easy to understand from
the point of view that dual-action AMPs must have two main
functions, against viruses and tumors, and it might be explored
for developing more efficient dual-action AMPs. Thus, our
theoretical method suggests a concept of additivity that might
be explored in designing new drugs with multiple targets,
especially if these targets are “orthogonal” to each other, i.e., do
not affect each other much.

Another important observation from our analysis is that the
antiviral peptides in particular seem to prefer the cationic R
and Y residues, and this agrees with previous studies that
arginine is an important amino acid for antiviral activity.”” The
larger fraction of R residues could also be associated with the
greater flexibility of antiviral peptides. It is known that the
peptides based on magainin-2 were found to be more flexible
when the amino acid arginine (R) was at position 10 in the
sequence than when tryptophan (W) was at the same
position.>” It was argued that this is due to the arginine
allowing for kinking, while tryptophan made the peptide stiffer
and less flexible. The flexibility of AMPs might also be
important for their antiviral functioning, because it could allow
them to associate with a larger number of protein receptors,
blocking viruses from associating with them.

Our results also show that dipeptide features with V, valine,
are more frequently associated with the antiviral and antiviral—
anticancer AMPs compared to just anticancer AMPs, and this
agrees with existing studies. Specifically, we predicted that VL
(valine, V, followed by leucine, L, in the amino acid sequence)
is a selected feature with a stronger impact on the antiviral
peptides and the antiviral—anticancer peptides than on the
anticancer peptides (Figure 1la,b), while the dipeptide
composition features with V are absent from the analysis of
antiviral versus dual-action AMPs in Figure lc. This is likely
because dipeptide composition features with V are important
for both the antiviral peptides and antiviral—anticancer
peptides.

The importance of VL residue combinations can be
understood from the following arguments. Valine (V) is an
aliphatic, nonpolar amino acid with intermediate polarizability
associated with f-strand secondary structures. Leucine (L) is
also an aliphatic, nonpolar amino acid with intermediate
polarizability, but it is mostly associated with a-helical
structures. The difference between leucine and valine in
secondary structures is related to another selected feature
associated with the dual-action peptides compared to the
anticancer peptides, the higher frequency of secondary
structure transitions between single amino acids from the a
helix to the f strand (see the Supporting Information). The
difference in the secondary structures can contribute to the
greater flexibility of the peptide molecules.”*>” The presence of
VL residue combinations in the peptide can increase the
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amphipathicity if this pair of amino acids is clustered between
hydrophobic and hydrophilic clusters.

Considering biophysically similar dipeptides WL and LW,
the differences observed in their significance for antiviral and
anticancer activities likely originate from their specific
placement within the peptide sequences. For instance, in the
WL dipeptide, W (tryptophan) could be adjacent to a
hydrophobic region, while L (leucine) could be near a
hydrophilic region. Altering the order of this dipeptide to
LW might impact the overall peptide structure and,
consequently, its function. The weights observed in the
model are influenced by a combination of factors, including
the composition of amino acids, the context of the sequence,
and the tendencies toward certain secondary structures.
Furthermore, the orientation of the peptide and the precise
positions of these dipeptides within the sequence can affect
their interaction with membranes.**™%'

In this Letter, we introduce a new theoretical procedure that
could help rationally design medical drugs with multiple
targets. More specifically, as a first step of the procedure, we
investigated what physical—chemical properties are most
relevant for identifying AMPs that can simultaneously act
against viruses and cancer. The theoretical method combined
correlations and chemoinformatics analysis as part of machine-
learning investigations to predict the most relevant properties
associated with dual-action peptides. Theoretical analysis also
suggested that several strategies can be effectively utilized in
the rational design process. For example, we introduced and
illustrated the concept of additivity as a possible strategy for
targets that are very different from each other.

Furthermore, the method allowed us to determine the
dominant effect of dipeptide residue compositions that clearly
distinguish the dual-action peptides. While we are not able to
clarify the microscopic details of the mechanisms of AMPs, we
can speculate about the possible origin of the dipeptide effects.
Antiviral and anticancer peptides can exert their inhibitory
effects by interacting with specific structures or proteins on the
surfaces of viruses and cancer cells, respectively. Dipeptide
motifs within these peptides might also play a crucial role in
recognizing and interacting with components of these cells. For
example, dipeptide motifs in antiviral peptides can assist in
disrupting the function of envelope proteins on the surface of
viral cells that are important for the entry of viruses into host
cells, potentially preventing that entry.”’** In addition,
dipeptide motifs can interfere with fusion proteins involved
in enveloped viruses merging their envelope with the host cell
membrane during entry into the host cell, preventing
successful entry.® Certain dipeptide motifs might also
enhance the cell-penetrating ability of anticancer peptides.®”**
Once inside cancer cells, dipeptide motifs may facilitate
interactions with intracellular proteins or organelles, contribu-
ting to the disruption of essential cellular processes. For
example, dipeptide motifs have been involved in the binding to

mitochondrial proteins, leading to the induction of apopto-
. 67,69
sis.
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While the proposed theoretical procedure might be useful in
selecting new drugs with multiple targets, as illustrated in our
analysis, it is important to discuss its limitations and
shortcomings (also discussed with more technical details in
the Supporting Information). First, it implicitly assumes that
there is a 1:1 correspondence between the multitarget activities
of the drug and certain physical—chemical properties that they
exhibit. However, this might not be always the case because the
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complexity of underlying mechanisms might lead to the
appearance of some random correlations under specific
conditions. In other words, the correlations might not be
universal. More microscopic information about how drugs
function is needed. Second, our method relies on the existence
of some molecules that already possess dual functions, so that
the machine-learning methods can “learn” from them.
However, in many situations, there are no such drugs or the
information is very limited, and the predictions made with the
help of machine learning might be not reliable. In addition,
there is always a danger of overfitting the limited amount of
data. Furthermore, in our analysis of anticancer—antivirus
peptides, we did not distinguish different types of cancer and
viruses that might exhibit very different mechanisms of action.
However, despite these issues, the proposed method provides a
clear physical—chemical approach to finding new drugs with
controlled properties.
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