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found in almost all living organisms. They are promising alternatives to conventional antibiotics

due to their broad-spectrum activity and reduced susceptibility to resistance. Experimental studies
have shown that combinations of AMPs can act synergistically, achieving enhanced antibacterial effi-
cacy at lower total concentrations in combination than individually. However, despite its prevalence,
AMP synergy has until recently been lacking a unifying mechanistic and predictive framework. In
this review, we combine the latest theoretical, computational, and experimental advances to present

a novel quantitative framework that views AMP synergy as a consequence of cooperative membrane

association. Chemical-kinetic models of AMPs association to bacterial membranes show that favor-

able intermolecular interactions between different AMP species accelerate their binding, enhancing

antibacterial activity. Within this framework, an effective interaction parameter, AE, emerges as

a quantitative descriptor of cooperativity linking microscopic interactions to macroscopic synergy
metrics such as minimal inhibitory concentrations (MIC). Extensions of this approach rationalize the
enhanced efficacy of heterogeneous multi-AMP mixtures and clarify the specific case of AMPs associ-
ating to each other as hetero-oligomers before binding to the bacterial membranes. Complementary

statistical and machine-learning analyses further demonstrate that synergistic AMP combinations

are characterized by physicochemical complementarity rather than similarity, enabling prediction

of synergy from sequence-derived features.

The review demonstrates that AMP synergy can be

quantitatively described and potentially rationally designed using a combined chemical-kinetic and
statistical machine-learning approach, providing a foundation for systematic development of effective
and resistance-resilient multi-AMP therapeutics.

1 Introduction

The rapid emergence and global spread of antimicrobial resis-
tance represents one of the most serious threats to modern
medicine. ™™ Classical antibiotics, which are typically small or-
ganic molecules that target specific cellular biochemical path-
ways, have been successful in eliminating bacteria for decades.®
However, their widespread and prolonged use has also led to
the rapid evolution of resistant bacterial strains through spon-
taneous mutations and horizontal gene transfer 71U As a result,
the efficacy of existing antibiotics continues to decline, while the
pipeline of new antimicrobial agents remains very limited. 1214
These alarming trends have stimulated an intensive search for al-
ternative antibacterial strategies.m
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Antimicrobial peptides (AMPs), also known as host defense
peptides, have emerged as promising candidates to complement
or replace conventional antibiotics.27*21l AMPs are peptides pro-
duced by multicellular organisms as part of their innate immunity
defense against external infections.22%23 They are characterized
by a high density of positively charged cationic residues and a
substantial fraction of hydrophobic amino acids, typically clus-
tered together, allowing them to act against a broad spectrum
of pathogens, including bacteria, fungi, viruses, parasites, and
cancer cells, 1212112628 Importantly, AMPs exhibit selective toxic-
ity: they preferentially target bacterial cells while remaining rela-
tively safe to host tissues.2231 In contrast to antibiotics, bacterial
resistance to AMPs is generally less likely, making them attractive
candidates for long-term antimicrobial therapies.

Despite these advantages, the clinical translation of AMPs faces
several challenges. Although resistance to individual AMPs is
rare, it is still possible, and long-term AMP exposure can
induce toxic side effects, including hemolytic activity and inflam-
mation. 1833 Consequently, strategies that minimize dosage while
preserving antibacterial efficacy are crucial for development of
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novel medical antibacterial therapies. One such strategy is the
use of combinations of AMPs rather than single peptide agents.

A growing body of experimental evidences demonstrates that
combinations of two or more AMPs frequently exhibit synergistic
(positive cooperativity) antimicrobial activity, meaning that the
total peptide concentration required to inhibit bacterial growth is
substantially lower than that needed when each peptide is applied
individually. 2242745 Well-established examples include combina-
tions of temporin A and temporin B peptides, which individ-
ually display limited antimicrobial activity but when combined
with temporin L peptides exhibit strong synergy against Gram-
negative bacteria.4% Synergistic effects have also been observed
in various AMP mixtures targeting planktonic bacteria, biofilms,
and antibiotic-resistant strains, as well as in many others multi-
peptide cases.4#47 However, combinations of AMPs can also be
antagonistic (negative cooperativity), with higher concentrations
of each AMP type required to eliminate bacteria in combination
compared to individually.48 There are also additive (neutral co-
operativity) cases when bactericidal concentrations are identical
for each type of AMP regardless of whether it is alone or in a
mixture.42

Although AMP cooperativity is now widely recognized as a ro-
bust and reproducible phenomenon, with the synergy being quan-
tified empirically, the underlying mechanisms are less clear. 444>
In particular, there is no broadly accepted picture that explains
why certain AMP combinations are synergistic while others are
not, how synergy scales with the number and type of peptides
involved, or which molecular parameters control the transition
between synergy, additivity, and antagonism. Moreover, predic-
tive approaches capable of identifying specific synergistic AMP
combinations against specific pathogens remain quite limited.

We discuss here a novel theoretical framework that shows
how synergistic antimicrobial activity in AMP combinations might
emerge from cooperative membrane association. It is based on a
hypothesis that effective intermolecular interactions between dif-
ferent AMP species can accelerate their collective association with
bacterial membranes, leading to faster bacterial killing. This co-
operativity is quantified using effective chemical-kinetic models
that could be applied to experimentally measurable quantities,
such as bactericidal concentrations of each AMP type alone versus
in combination. Furthermore, the same mechanistic framework
provides a foundation for predicting specific synergistic AMP com-
binations based on physicochemical complementarity using statis-
tical and machine-learning methods.

2 Antimicrobial Peptides

2.1 Structural and physicochemical features of AMPs

Antimicrobial peptides are relatively short biopolymeric
molecules, typically consisting of approximately 10-50 amino
acids.20B01 A defining feature of most AMPs is their predomi-
nantly cationic nature, with net charges commonly ranging from
+2 to 411,224 arising from a high abundance of positively
charged lysine and arginine residues.”>">” It is important to
note that not all AMPs are cationic. Certain AMPs are anionic
and contain predominantly negatively charged residues=82,
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Furthermore, AMPs usually contain a substantial number of
hydrophobic amino acids, approximately 50% of the sequence
composition, and hydrophobic residues are tend to cluster
together.®? These physicochemical characteristics give rise to
amphipathic architectures, in which cationic and hydrophobic
residues are spatially segregated either along the primary se-
quence or upon secondary structure formation.®Y Amphipathicity
also plays an important role in AMPs functioning as antibacterial
agents.

AMPs exhibit significant diversity in sequence, length, sec-
ondary structure (a-helical, §-sheet, mixed, or disordered), and
physicochemical profiles.®2 Importantly, numerous studies have
shown that antimicrobial activity correlates more strongly with
global physicochemical properties, such as charge density, hy-
drophobicity, amphipathicity, and flexibility, rather than with pre-
cise amino acid sequence or structural motifs.3"0> These obser-
vations suggest that AMP functions may be governed by universal
collective physicochemical properties, which could partially ex-
plain the high variability in AMP types and structures.

2.2 Membrane selectivity

Many AMPs demonstrate the ability to selectively target bacterial
membranes while sparing the membranes of host cells. This selec-
tivity arises primarily from fundamental differences in membrane
composition between prokaryotic and eukaryotic organisms. 22166
Bacterial membranes are enriched in negatively charged phos-
pholipids, creating a strong electrostatic attraction for cationic
peptides. In contrast, eukaryotic cell membranes are largely zwit-
terionic and contain high levels of cholesterol, which significantly
reduces peptide binding and membrane disruption. In addition,
electrostatic interactions may drive the initial association of AMPs
with bacterial membranes, while hydrophobic interactions fa-
cilitate further peptide insertion and membrane perturbation.22
These physicochemical principles underlie the broad-spectrum ac-
tivity and selectivity of AMPs and form the basis for most mecha-
nistic models of AMPs functioning. 17721

2.3 Mechanisms of bacterial killing

It is known that AMPs exhibit a variety of antibacterial mech-
anisms. However, the membrane-associated processes typically
dominate 27130167168! After binding to the bacterial membrane,
AMPs can accumulate on the surface, possibly aggregate and in-
duce membrane permeabilization through pore formation. This
leads to leakage of cellular contents, loss of membrane integrity,
and ultimately bacterial cell death.

Although some AMPs can also act on intracellular targets, such
as nucleic acids or metabolic enzymes, these pathways are rela-
tively rare and still require prior membrane association.1Z24 Con-
sequently, regardless of the downstream killing mechanism, mem-
brane binding can be considered as a first crucial step in AMP
antimicrobial activity for all different scenarios of bacterial elimi-
nation. This observation motivates a theoretical proposal that the
efficiency of bacterial killing might be primarily controlled by the
dynamics of AMP association with the membrane.02
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3 Experimental Observations of Synergy for AMP
Combinations

3.1 Definitions and quantitative parameters of AMPs func-
tioning
The antibacterial efficacy of AMPs is commonly quantified us-
ing a concept of minimal inhibitory concentration (MIC), defined
as the lowest concentration of peptide required to stop bacterial
growth.Z% This is a property that describes the action of a single
individual AMP. For AMP combinations, synergy (cooperativity)
is typically assessed using a so-called fractional inhibitory con-
centration (FIC) parameter, which measures how much the MIC
of each component is reduced when peptides are applied together

relative to their individual MIC values:Z1
FIC, — MIC| (in presence of 2) _ C 7 0
MIC, (alone) C1,M1C
FIC, = MIC; (in presence of 1) _ G ’ @
MIC, (alone) G mic
FIC = FIC] =+ FIC24 (3)

Using FIC parameters it is convenient to classify combination
effects. AMP combinations with FIC values below 1 can be consid-
ered as synergistic (positive cooperativity), values near 1 indicate
additive effects (no cooperativity), and values greater than 1 cor-
respond to antagonism (negative cooperativity).°272 These met-
rics provide a convenient standardized experimental approach
for comparing antimicrobial activities across different peptides,
combinations, and bacterial species. Cooperativity is commonly
probed in experiments by using a checkerboard assay in which
the concentration of one AMP is kept constant while the other is
increased in small fractions, until the combination is effective in
inhibiting bacteria growth. The schematic view of such experi-
mental measurements is presented in Figure[l| This is a standard
way of testing synergy among any sets of antimicrobials.”Z2

3.2 Prevalence of synergistic effects

Synergistic interactions between AMPs have been observed across
awide range of systems.“> Numerous studies reported strong syn-
ergy in two-peptide combinations, often involving peptides with
distinct physicochemical properties or biological origins“417Z, Be-
yond combinations of two different AMP species, experiments
also demonstrated that multi-peptide mixtures frequently exhibit
even stronger synergy than two-component systems, despite hav-
ing similar total peptide concentrations.4* These effects have
been observed in different bacterial species, including Gram-
positive and Gram-negative strains’Z® as well as in biofilm-forming
and antibiotic-resistant populations.”? The prevalence of syner-
gistic effects across different contexts suggests that AMP synergy
is not an isolated phenomenon but a common and biologically
relevant feature of antimicrobial defense for all organisms. These
observations also indicate that there are possibly universal mech-
anisms of antibacterial action for AMP combinations.

Despite extensive experimental evidence, existing mechanistic
interpretations of AMP synergy remain quite limited.®%81 Addi-
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Fig. 1 lllustration of a checkerboard assay through which AMP-AMP
combinations are tested and their antibacterial properties are measured.
Synergy occurs at AMP concentrations that are shown by striped green
circles. Additivity corresponds to no cooperativity and it is shown by
solid yellow circles. Antagonism with negative cooperativity is shown by
hatched red circles.

tivity can be assumed as a baseline and deviations from additiv-
ity have been attributed to unspecified or system-specific effects.
Synergy have been quantified but not mechanistically explained,
and key parameters controlling cooperative behavior also have
not been identified. Furthermore, available datasets are sparse,
heterogeneous, and often organism-specific, making it difficult
to generalize empirical observations or develop predictive prin-
ciples. As a result, there is a clear need for mechanistic quanti-
tative frameworks that connect measurable physicochemical and
kinetic parameters to observed cooperativity, and that can also
rationalize why certain combinations are synergistic while others
are not.

4 Cooperative Membrane Association: a Chemical-
Kinetic Framework

4.1 Membrane adsorption as a chemical-kinetic process

A central idea underlying the chemical-kinetic approach is that
membrane-active AMPs can eliminate bacteria only after asso-
ciating with the bacterial membrane, and therefore the overall
antibacterial efficacy can be controlled by the dynamics of mem-
brane association.©?82/ The presence of different types of AMPs
accelerate the overall association to cellular membranes, which
leads to faster bacterial killing. The processes of bacterial growth,
AMPs association and bacterial killing are viewed as as set of
chemical reactions.©82 In this description, the bacterial popula-
tion is time-dependent. In the absence of AMPs, bacteria grow
exponentially through cell divisions, while in the presence of
AMBPs its growth starts to slow down and eventually bacterial con-
centration decreases due to AMP-mediated killing. The minimal
inhibitory concentration (MIC) corresponds to the condition in
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which the number of bacterial cells stops increasing when growth
and killing balance each other.

To be more specific, consider the action of AMP molecules of
one type with concentration C(¢) on bacterial species with con-
centration B(¢) at time . Then the processes in the system can be
described as two "chemical" reactions,

BB, B+NCEo, 4

where N is the number of AMP molecules needed to eliminate a
single bacterial cell, A is the rate constant for bacterial growth
and « is the rate constant of bacterial killing by AMPs. In exper-
imentally relevant conditions, N > 1, with N ~ 10*-~10% peptides
required to kill bacteria®. The corresponding chemical-kinetic
equation describes the temporal evolution in the system as

dB(t

% = AB(t) —kC(t)VB(r). (5)
In this equation, the first term is for bacterial growth, while the
second term is responsible for bacterial elimination. This picture
allows to estimate the conditions at which the bacterial growth

stops [%Y) = 0], which corresponds to MIC,

1/N
Cymic = (%) . (6)

The theoretical approach can be easily generalized for combi-
nations of two types of AMP molecules with concentrations C; (¢)
and C, (r).0282 [ this system, the chemical equations can be writ-
ten as

k(ny,ny)
0,

BL2B7 B+4+nCy+ny(Cy 0, (7)

where k(n,n;) is an effective rate constant for association, and
n; and n are numbers of AMPs of type 1 and 2, respectively, with
n1 +ny = N. The corresponding chemical-kinetic equation is

dB(t) S ( N
dt AB(1) 72 (nl!nzl

) k(nl,nz)Cl (l‘)nICz(l)nzB(Z). (8)
ny

In this expression, (#ﬂ'z,) is the number of of possible ways n,
AMP molecules of type 1 and n, molecules of type 2 can associate
to bacterial membrane. The conditions for which bacterial growth
stops are again evaluated by taking dg—gl) = 0.9 This yields the
following relation,

N
N!
A= — |k Ci(t)"Cy(2)™.
¥ (i) Km0 a0 ©
The analysis further simplifies in the realistic limit of N > 1 when
it can be argued that dominating associations occur for ny ~ny ~
N/2 when the number of different AMPs is comparable to each
other.©?

For understanding the microscopic origin of cooperativity for
enhanced bacterial killing by a mixture of different types of AMPs,
a central role in theoretical analysis is played by a parameter
k(ny,ny) [see Eq. ], which is defined as an effective rate con-
stant for the process of AMPs association to bacterial membrane.
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It can be presented as

k(ny,mp) = KV N e (ny ny), (10)

where k; and k, are the rate constants of binding of only AMPs
of type 1 or 2 respectively, and &(n;,n;) is a phenomenological
parameter that reflects the degree of cooperativity in the system.
For €(ny,ny) > 1 a synergy in AMPs actions against bacteria is ex-
pected, €(nj,ny) = 1 corresponds to the additive case without co-
operativity, and €(ny,n;) < 1 describes the antagonistic situations.

Within this framework, cooperativity is quantified through an
effective interaction energy parameter, AE,©%82 which represents
the effective contribution of intermolecular interactions between
different AMP species per unit membrane-bound AMP molecule.
It is introduced by assuming that the phenomenological parame-
ter €(ny,ny) can be written as

el =eww | (50) (2) (Tor )|

The physical meaning of this relation can be explained using
the following arguments. The interaction will only occur if two
neighboring membrane-bound AMP molecules are of different
types, and the product (4) (%) quantifies the probability of such
events. The coefficient N reflects the fact that there are N AMP
molecules of any type are needed to kill a single bacterial cell.
This picture additionally assumes that bound AMPs of both types
are uniformly distributed along the membrane.

The parameter AE explicitly evaluates the degree of cooperativ-
ity for a combination of AMPs to eradicate bacterial species.©2/82
This is because it affects the effective rate constant of associa-
tion as shown in Egs. and (II). In particular, mixtures
with AE > 0 exhibit faster association than single-component pep-
tides, whereas AE < 0 slows association relative to the single-
component reference. AE = 0 reflects no influence of coopera-
tivity on speed of membrane association. Fig. 2 shows the results
of theoretical calculations for the system of two different AMPs
eradicating bacterial cells. The antibacterial process can be also
described by estimating FIC parameters as illustrated in Fig. 3.
One can see that theoretical framework predicts that even very
modest interactions (+0.5kgT) can have significant effect on co-
operative dynamics of AMPs in bacterial eradication. These re-
sults will be further described in section 4.3.

(1D

4.2 Possible origin of cooperativity

A key mechanistic hypothesis of this theoretical method is that co-
operativity arises because the presence of one AMP type can stim-
ulate the association of another type with the membrane, leading
to faster binding compared to the case where that second AMP
acts alone.8482l In this picture, it is important that peptides of
only different types of species can interact during the binding pro-
cess to accelerate the association.

These cross-species interactions may be direct, such as attrac-
tive peptide—peptide contacts that stabilize mixed oligomers, or
indirect, mediated by changes in the membrane environment in-
duced by the first peptide.B%8¢ For example, the initial binding
of one AMP can locally perturb lipid packing, induce membrane
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Fig. 2 Evaluating the concentrations of AMPs of type 1 and 2 that stop
bacterial growth for different interaction energies AE. The concentrations
C| and C; are normalized with respect to the corresponding MIC of single
components. For calculations, the following parameters have been used:
N=10,A=1/20 min~!, k; =0.75A and ky =0.51. The figure is adopted
with permission from Ref .02
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Fig. 3 Evaluating FIC parameters for the system with AMPs of type 1 and
2 that stop bacterial growth for different interactions energies AE. For
calculations, the following parameters have been used: N =10, A =1/20
min~!, k; =0.751 and k; = 0.5A. The figure is adopted with permission
from Ref.09
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thinning or curvature, or modify surface charge distributions,
thereby lowering the energetic barrier for insertion or adsorp-
tion of other AMPs. In addition, mixed assemblies of different
peptides may stabilize pore-like structures or other membrane-
disruptive configurations more effectively than single-component
systems. As a result, these favorable interactions lower the effec-
tive free energy of membrane-bound mixed states and increase
the overall association rate, so that the mixture accumulates on
the membrane more rapidly than individual components. This
accelerated accumulation allows the system to reach the critical
threshold number of bound peptides required for bacterial killing
more quickly, thereby reducing the minimal inhibitory concentra-
tion and producing synergistic behavior. 7867

Conversely, the same framework also implies that if interactions
between different AMP species are unfavorable, the opposite
outcome—antagonism—can arise. In such cases, one peptide
may hinder the binding of another through mechanisms such as
competition for membrane binding sites, electrostatic screening
that reduces membrane affinity, membrane rigidification that in-
creases insertion barriers, structural incompatibility between pep-
tide assemblies, or sequestration into nonproductive aggregates
in solution. These effects effectively raise the free energy of mixed
membrane-bound configurations and slow down the overall asso-
ciation kinetics. As a consequence, the accumulation of peptides
on the membrane is delayed, higher concentrations are required
to reach the bactericidal threshold, and the combined activity ap-
pears weaker than that of the individual components.

4.3 Evaluating synergy from experimental observations

The chemical-kinetic framework can be directly used to evaluate
cooperativity from experimental observations. In the absence of
intermolecular interactions (AE = 0), the theory predicts additiv-
ity, corresponding to FIC = 1. Introducing positive cooperativity
(AE > 0) corresponds to FIC < 1, reflecting synergy, while nega-
tive cooperativity (AE < 0) corresponds to FIC > 1, reflecting an-
tagonism. Thus, the theoretical framework provides a direct map-
ping from microscopic cooperative interactions to experimentally
measurable synergy metrics.

This mapping enables estimation of AE parameter from the ex-
perimental data. To illustrate this, consider experiments when
the prokaryotic AMPs (sakacin P and curvacin A) were combined
with the eukaryotic AMP pleurocidin to exhibit a strong syn-
ergistic action against Gram-negative E. coli bacterial strains.’”
Applying the chemical-kinetic analysis to the experimental data
(MICs for each AMP in combination versus individually), as il-
lustrated in Fig. 4. yields effective interaction energies approx-
imately AE ~ 2.9kgT for curvacin A + pleurocidin (Fig. 4a)
and AE ~ 2.1kgT for sakacin P + pleurocidin (Fig. 4b) com-
binations.®? The larger value corresponds to the more synergis-
tic combination, demonstrating that the framework can not only
evaluate synergy but also quantify the degree of cooperativity
across systems. However, the framework requires multiple values
of MIC in combination and individually to calculate interaction
energies, while most published studies only provide the lowest
values of MIC or only FIC. Accordingly, the framework has only
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Fig. 4 Analysis of experimental data:“’ a) MIC curves for the combina-
tion of curvacin A and pleurocidin AMPs; b) MIC curves for the combi-
nation of sakacin P and pleurocidin AMPs, reproduced from Ref.®? with
permission from American Chemical Society, The Journal of Physical
Chemistry B 126, 7365-7372, copyright 2022.

been demonstrated to date on a limited set of experimental ob-
servations.

4.4 Larger AMP diversity increases synergy

Beyond two-component mixtures, experimental observations in-
dicate that increasing the heterogeneity of AMP combinations,
adding more distinct AMP types, can make antibacterial synergy
even stronger.*% In particular, more heterogeneous mixtures can
exhibit lower FIC (stronger synergy) while maintaining similar to-
tal peptide concentrations, suggesting that increasing the number
of components changes some aspects of cooperative dynamics.

The chemical-kinetic framework provides not only a way to
quantify AMPs heterogeneity but also a microscopic explanation
for why increasing the number of components strengthens coop-
erativity.®2 The central argument is that synergy arises because
intermolecular interactions that stimulate faster association, and
therefore the extent of synergy should scale with the number
of interactions between different types of AMP molecules avail-
able in the system. For a mixture with m components, the maxi-
mal number of intermolecular contacts between different species
is expected when the components are present in comparable
amounts, n; ~ N /m. Under this condition, one AMP molecule of a
given type interacts with (N — N /m) molecules of other types, and
across m types this yields an estimate for the maximal number of
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contacts (MNC), G2

N2(m—1
MNC =~ N = 1)

2m (12)

This quantity increases with m, rising from N2 /4 for m = 2 toward
N?/2 for very large m. Thus, increasing heterogeneity increases
the number of interactions, accelerating association to bacterial
membranes and thereby increasing synergy. In other words, the
greater the number of different components in an AMP mixture,
the faster the AMPs associate to the membrane, reinforcing the
view that synergy and faster association are closely linked.

4.5 The role of AMPs’ hetero-oligomerization
A closely related phenomenon is the observation that some AMP
species can reversibly associate in solution prior to bacterial mem-
brane binding, forming hetero-oligomer species that might also
participate in bacterial killing.®8"20 This raises the question of
how oligomerization modifies synergistic activity, particularly be-
cause oligomers introduce additional active species and therefore
change mixture heterogeneity and association pathways.2! The
chemical-kinetic framework can be conveniently extended to an-
alyze the effect of reversible oligomerization of AMPs on bacterial
eradication cooperativity.22

In this approach, the following chemical equations describe the
processes in the system,

("] 2Ny

K. ki
BY0B,C/TCy ==H B+nCy+mC+nyH )0 (13)

where H describes AMP hetero-oligomer molecules, ny is the
number of such species, and K, is the solution equilibrium con-
stant to create hetero-oligomers. Theoretical analysis suggests
that reversible oligomerization introduces a new equilibrium-
controlled dimension to cooperative behavior.22,

The application of the chemical-kinetic framework for AMPs
systems with hetero-oligomerization indicates that the overall
bacterial eradication dynamics are controlled by two competing
factors.?2 First, oligomerization produces new AMP species that
also participate in bacterial killing, and from this point of view
it corresponds to increasing heterogeneity. It was found that
the presence of oligomers makes originally two-component posi-
tively cooperating systems effectively three-component and thus
more synergistic.®8"20 Similarly, for originally antagonistic two-
component systems oligomerization leads to even stronger nega-
tive cooperativity. No effect is observed for originally additive (no
interactions) systems.

However, hetero-oligomerization equilibrium adds additional
constraints in the system. Although producing more hetero-
oligomers initially is beneficial for the system, producing stronger
synergy due to increase in the overall AMPs heterogeneity, it be-
comes a problem when the equilibrium is shifted too much in the
direction of hetero-oligomers. In this case, the heterogeneity will
start to decrease. These arguments suggest that there are opti-
mal conditions for equilibrium that lead to the largest increase
in synergy. The oligomerization effect is strongest at interme-
diate concentrations where heterogeneity is maximal, i.e., when
C| ~ C; ~ H. Using the equilibrium relation and normalization,
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this yields an estimate for the strongest cooperativity when the
concentrations of all AMPS are comparable,

() s~ 7
CiMIC/ yong  Ke'

These calculations suggest that hetero-oligomerization can be
used as a convenient tool to regulate cooperativity in AMP com-
binations.

(14

5 Predicting Synergy: Statistical and Machine-

Learning Approaches

5.1 The combinatorial challenge

To successfully use AMPs in eliminating infections it is not enough
to provide microscopic explanations of synergy, but it is also criti-
cally important to have specific predictions of AMP combinations
against specific targets. One of the central obstacles in exploit-
ing synergistic antimicrobial peptides is the immense size of the
combinatorial space. Currently, more than 103 distinct AMPs have
been identified and characterized, and this number keeps increas-
ing.?3 This suggests more than 10° possible pairwise combina-
tions are possible, and the number of combinations with more
than two components grows exponentially with the number of
different species. Experimentally testing even a small fraction
of these combinations is not feasible. This challenge is further
complicated by the bacteria-specific nature of synergy. FIC values
for AMPs combinations depend strongly on the bacterial species
tested, and datasets are typically sparse, heterogeneous, and un-
evenly distributed across different organisms. As a result, simple
pooling of data across bacteria obscures meaningful correlations
and limits predictive power.2¥ These constraints motivate the
development of computational, statistical and machine-learning
approaches that can identify likely synergistic combinations and
guide experimental prioritization.

5.2 Feature-based representation of AMP combinations

To address this challenge, a feature-based statistical framework
has recently been introduced.?2 It represents AMP pairs in terms
of their physicochemical properties rather than their sequences
alone. In this method, each type of AMP molecule is mapped to a
high-dimensional vector of physicochemical descriptors extracted
using the propy computational tool.?¢ In total, 1547 descriptors
were considered, including amino acid composition, net charge,
hydrophobicity, polarizability, solvent accessibility, van der Waals
interactions, and sequence-dependent autocorrelation functions.
An AMP pair (A,B) is then represented by a single parameter,
which is computed as the Euclidean distance, d(A,B), between
the two peptides in the multi-dimensional features space. This
distance is interpreted as an inverse measure of physicochemical
similarity,

Similarity(A,B) ~ d(%B)

(15)

Crucially, the analysis demonstrates that distance computed
over all descriptors does not correlate with synergy. Instead,
correlations emerge only after feature selection, performed sep-

arately for each bacterium by identifying descriptors whose dis-
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tances exhibit statistically significant Spearman correlations with
FIC values (p < 0.005). The physical meaning of this is to identify
the most important physicochemical properties relevant for in-
teractions between different AMP species. This procedure yields
bacterium-specific reduced feature sets, enabling a compact and
interpretable representation of AMP complementarity.

5.3 Prediction of novel AMP combinations

Statistical and machine-learning analysis using the reduced
bacterium-specific feature space, is able to clarify the correla-
tions between the similarity of physicochemical properties and
synergy in antibacterial action. For three analyzed bacteria, (E.
coli, M. luteus, P. aeruginosa),?> synergistic AMP pairs exhibit
larger distances in selected physicochemical features than non-
synergistic pairs. In other words, AMPs that are more dissimi-
lar (larger d(A,B)) in key properties are more likely to cooper-
ate. In addition, when Euclidean distance is computed using only
the selected features, AMP pairs with larger distances systemat-
ically correspond to lower FIC values, allowing clear separation
between strongly synergistic and non-synergistic combinations.2>
This separation allows prediction of new synergistic AMP com-
binations using defined distance thresholds. Distances of 0-0.5
correspond to non-synergistic pairs, whereas distances of 1.5-2.5
indicate synergistic pairs. By calculating the distances between
untested peptide combinations and classifying them according to
the defined thresholds, pleurocidin was predicted to act synergis-
tically with trout histone H1 (1-26) against E. coli. As shown in
Table 1, the distance between pleurocidin and H1 falls within the
range corresponding to synergistic pairs. Table 1 further shows
that this distance is similar to the distances for pleurocidin com-
bined with other peptides, where synergy has been experimen-
tally observed.2>

Synergy AMP 1 AMP 2 Distance
Predicted Pleurocidin H1 2.0
Observed Pleurocidin PA-1 1.7
Observed Pleurocidin  Curvacin-A 2.1

Table 1. Combinations of pleurocidin with different AMPs, showing pre-
dicted or observed synergy against E. coli, and the distances in selected
physicochemical features between AMPs in each combination. The data
were obtained from previously reported analyses in Ref. 23

5.4 The role of amphipathicity in AMP synergy

Only a small subset of descriptors is required to recover these
correlations between distance and synergy. While the specific fea-
tures differ between bacterial species, several classes of universal
properties, including hydrophobicity and polarizability, have been
identified. Importantly, autocorrelation in hydrophobicity, which
reflects the amphipathicity of AMPs, is repeatedly identified as
a key discriminating properties. Synergistic pairs often consist
of one amphipathic peptide and one non-amphipathic peptide,
whereas pairs of peptides with similar amphipathic character tend
to be non-synergistic.

However, it is not just the absolute amphipathic character that
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plays a role. Relative differences in amphipathicity also appear
to be important. When the same AMP is combined with different
partner peptides, the synergistic pair tends to show a larger inter-
peptide difference in amphipathicity than the non-synergistic pair.
Fig. |5 illustrates these differences by quantifying amphipathic-
ity as the hydrophobicity autocorrelation at long sequence dis-
tances (distance 11 in panel a and distance 9 in panel b). The
inter-peptide amphipathicity difference for each pair was calcu-
lated as the absolute difference in this hydrophobicity feature. In
Fig. [5(a), TPA and Tritrpticin (Trit) display small amphipathicity
differences and form a non-synergistic pair. In contrast, the am-
phipathicity difference is nearly a magnitude larger between TPA
and PWF, a synergistic pair. The same trend is observed when
comparing Trit in combination with TPA versus PWF. Similarly, in
Fig. b), the synergistic pairs Temporin A (TA)-Temporin L (TL)
and Temporin B (TB)-Temporin L (TL) show larger inter-peptide
amphipathicity differences than the non-synergistic TA-TB com-
bination. Among these, the TB-TL pair exhibits the largest amphi-
pathicity difference.

These results support a general principle: synergy is associated
with physicochemical complementarity rather than similarity, ex-
tending the kinetic-cooperativity framework developed in earlier
sections of this review by providing a possible basis for positive
cooperativity between AMPs. In other words, two different AMP
species complement each other in their abilities to kill bacteria,
and this leads to strong synergy. However, the complementarity
usually means that AMPs have different physicochemical proper-
ties, at least those that are crucial for their antibacterial function-
ing.

6 Limitations and Open Questions

While the chemical-kinetic and statistical frameworks reviewed
above provide a comprehensive, coherent and quantitatively con-
sistent picture of synergistic antimicrobial activity, several impor-
tant limitations and open questions remain. Addressing these is-
sues will be essential for advancing the field by developing better
theoretical methods and for more quantitative analysis of experi-
ments.

A central assumption underlying the chemical-kinetic frame-
work is that association of AMPs to the bacterial membrane is
the rate-limiting step governing the overall process of bacterial
elimination. This assumption is motivated by extensive experi-
mental and theoretical evidences that membrane binding is al-
ways the first step in AMP activity and that pore formation or
membrane disruption typically follows association. However, this
assumption may not hold universally. In some systems, down-
stream biochemical or biophysical processes, such as pore sta-
bilization, membrane remodeling, intracellular target engage-
ment, or metabolic collapse, might be more important for the
overall dynamics of bacterial eradication. If these later steps
are rate-limiting, i.e., slower than the AMP membrane associa-
tion processes, then accelerating membrane binding alone may
not translate into enhanced antibacterial efficacy. Consequently,
while cooperative membrane association provides a reasonable
and testable mechanism for synergy, its relative importance may
vary across AMP classes, bacterial species, and environmental
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0.0-
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Fig. 5 Pairwise differences in estimated amphipathicity between antimi-
crobial peptide (AMP) pairs in (a) Tritrpticin and (b) Temporin classes.
The data were obtained from previously reported analyses in Ref.®8. Blue
hatched bars represent non-synergistic pairs, and solid green bars repre-
sent synergistic pairs.

conditions.

Another simplifying assumption in the chemical-kinetic ap-
proach is that AMP combinations act through the same fundamen-
tal mechanisms as individual peptides, differing primarily in the
rates at which these mechanisms are engaged. In reality, interac-
tions between different AMP species may open qualitatively new
pathways for bacterial elimination. There are some indications
that this might be the case in some systems. Experimental stud-
ies have suggested that AMP combinations can exhibit behaviors
not observed for individual peptides, including altered pore ar-
chitectures, enhanced membrane destabilization, or coordinated
action between membrane-active and intracellular-targeting pep-
tides. Such emergent mechanisms could contribute to synergy
independently, or in addition to, accelerated membrane associ-
ation. At present, the theoretical framework does not explicitly
account for the emergence of new biochemical pathways when
AMPs act on bacterial species. Incorporating such effects is possi-
ble through coupling chemical-kinetic descriptions of association
with more detailed mechanistic models of membrane disruption
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Reviewed Approaches
to Studying AMP-AMP Synergy
Statistical/Machine Learning

Compute physicochemical descriptors

and intracellular activity.

It is also important to emphasize that the chemical-kinetic
framework presented above is inherently a mean-field picture of
underlying processes, which assumes homogeneous membranes
and averaged intermolecular interactions. In biological systems,
however, bacterial membranes are highly heterogeneous, with
spatially varying lipid composition, curvature, and local charge
density. Similarly, AMP binding is inherently stochastic and spa-
tially clustered, leading to local membrane perturbations that
may strongly influence subsequent binding events. While some
molecular dynamics studies support the idea of cooperative bind-
ing near already perturbed membrane regions, 385 these spatial
correlations are not explicitly captured in the current framework.
Future extensions that incorporate spatial heterogeneity, cluster-

Chemical-Kinetic

Construct equations

. Calculate inter-peptide Euclidean distance
Solve equations exactly

Correlate each descriptor with FIC

Applications

Using experimental MIC & derived MIC equation,

« If mostly negative, greater inter-peptide di. tar ;e
-> greater synergy

« If mostly positive, greater inter-peptide simuarity
-> greater synergy

« if positive: larger energy > greater synergy
« if zero: no interaction (additive)
« if negative: larger energy - greater antagonism

« Identify distance thresholds for synergistic pcrs

« Modify equations to capture relevant conditions, + Calculate distances for new AMP-AMP pa .¢
e.g., 3+ AMP species, AMPs forming oligomers + Use distance thresholds to identify synergi..c

+ Solve equations & calculate interaction energy airs
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ing, and local membrane remodeling could provide a more real-
istic description of cooperative AMP action and may reveal addi-
tional sources of synergy or antagonism.

Another limitation is that in the chemical-kinetic method, ef-
fective intermolecular interactions between different AMP species
are characterized by a single interaction energy parameter, AE,
often assumed to be similar for all heterotypic pairs within a mix-
ture. This simplification enables analytical progress that clarifies
some aspects of the underlying biochemical processes, but is un-
likely to hold in real systems, where interaction strengths might
depend sensitively on peptide sequences, structures, and environ-
ment. Because AE enters the calculations through exponential
factors, there could be quantitative deviations due to noise in
experimental measurements. While the qualitative predictions,
such as the correspondence between positive AE and synergy, are
expected to remain robust, improved experimental and compu-
tational estimates of pair-specific interaction energies will enable
more precise predictions.

Despite encouraging agreement with existing experimental
data, several validation gaps remain.
are sparse, bacterium-specific, limited in dynamic range of FIC
values, and often collected under heterogeneous experimental
conditions. This limits both kinetic parameter extraction and
machine-learning model training. In particular, systematic mea-
surements of membrane association rates, oligomerization equi-
libria, and synergy metrics for the same AMP combinations un-
der controlled conditions are still uncommon. Bridging this gap
is possible through closer integration between theory-driven pre-
dictions and targeted experimental design.

Most available datasets

7 Future Directions

Significant progress has been made in our understanding of the
molecular mechanisms of how AMPs eliminate bacterial species.
Despite some limitations, the collective body of work reviewed
here outlines a promising and conceptually unified path toward
understanding and exploiting synergistic antimicrobial peptide
combinations. The corresponding approaches for this path are
summarized in Fig. [6]

A central conceptual advance is the identification of AE as a
unifying parameter that links microscopic intermolecular inter-
actions, via kinetic acceleration of membrane association, and
macroscopic synergy metrics such as MIC and FIC. By map-

Fig. 6 Summary of the theoretical/computational approaches for ana-
lyzing antimicrobial peptides discussed in this review.

ping experimentally measurable quantities onto an effective free-
energy scale, AE provides a physically interpretable measure of
cooperativity that is comparable across systems. The framework
demonstrates that relatively weak interactions, on the order of a
few kgT, are sufficient to generate substantial synergy due to ac-
celerated association rates of AMP mixtures compared to individ-
ual AMP types. At the same time, many questions remain about
the heterogeneity and reliability of these parameters in predicting
the antibacterial properties of mixtures of AMPs. A better descrip-
tion from both theoretical and experimental points of view should
improve our understanding of underlying microscopic processes.

The statistical and machine-learning analyses of physicochem-
ical complementarity provide a useful complementary method
to chemical-kinetic framework that allow to make more realistic
predictions. Feature-based approaches identify which AMP pairs
are likely to exhibit cooperative interactions, while chemical-
kinetic models explain why those interactions translate into en-
hanced antibacterial activity. Together, these approaches sug-
gest a multi-layered strategy that must involve physicochemical
descriptors and machine learning to navigate the combinatorial
space, chemical-kinetic modeling to interpret synergy mechanis-
tically, and targeted experiments to validate and refine predic-
tions. Such integration can move the field toward predictive,
mechanism-informed rational design of future antibiotic thera-
pies.

The reviewed results point to several emerging design prin-
ciples for AMP combinations. Physicochemical complementar-
ity, rather than similarity, favors synergy. Hetero-oligomerization
of AMPs prior to their antibacterial action can also enhance or
suppress synergy depending on the underlying cooperativity and
must be tuned rather than maximized. Pairwise testing alone
may be insufficient, as synergy in multi-component mixtures can
change with the number of different components in the mixture.
More promising are the combinations of more than two AMPs,
but they require additional chemical-kinetic and statistical anal-
ysis. These insights suggest that rationally designed AMP combi-
nations could achieve high efficacy at lower total concentrations,
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reducing toxicity and limiting the emergence of resistance. Fi-
nally, AMP combinations offer an efficient strategy for resistance
management. By accelerating bacterial killing, engaging multi-
ple cooperative pathways, and exploiting physicochemical com-
plementarity, heterogeneous AMP mixtures may reduce the likeli-
hood of resistance evolution compared to single-agent therapies.
Beyond antimicrobial applications, the conceptual frame-
works discussed here, cooperativity through kinetic acceleration,
complementarity-driven function, and effective free-energy de-
scriptions, might prove relevant to a wide range of biological
systems where collective molecular action determines the func-
tion. In this sense, AMP synergy serves not only as a practical
therapeutic opportunity, but also as a model system for studying
cooperativity at the interface of chemistry, physics, and biology.
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