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ABSTRACT

Antimicrobial peptides (AMPs) have emerged as promising therapeutic agents against antibiotic-
resistant bacteria. It has been observed that different types of AMPs might reversibly associate in
solutions before binding to bacteria and form larger molecules known as AMP hetero-oligomers. Still,
it remains unclear how these chemical reactions are influencing antimicrobial activity. In addition,
recent experimental studies suggest that combining two or more different types of AMPs is more
effective in eliminating bacteria than a single AMP type. However, the underlying microscopic picture
of such synergy remains not well understood. This paper investigates the oligomerization of different
types of AMPs and their impact on antimicrobial activity using effective chemical-kinetic models.
We specifically analysed the reversible formation of hetero-oligomers from two types of AMPs using
two different criteria to measure the degree of cooperativity. It is found that considering only the
concentrations of initial AMP components always leads to an apparent stronger synergistic effect
due to increasing the overall heterogeneity of the system. However, considering the method that
also explicitly accounts for the presence of oligomers suggests that these reactions make positively-
cooperating systems more synergistic and negatively-cooperating systems less synergistic. Physical-
chemical arguments to explain these observations are presented. Our findings provide new insights
into the role of AMP oligomerization in the antimicrobial activity of AMPs and can be explored in the
development of novel antimicrobial strategies.

ARTICLE HISTORY
Received 30 May 2024
Accepted 13 December 2024

KEYWORDS
Antimicrobial peptides;
antibiotics; oligomers;
oligomerization; synergy

AMP, Kon H 1.0
— o~ £
AMP); G %0.8
~y
kosy =
Kon 206
K. = —
L &
4
____m z°
“TAMP. AMP.L o
[AMP,][AMP;}4 202
z
g

=4
=3
o

0.2 0.4 0.6 0.8 1.0
required [AMP 1] to kill bacteria

1. Introduction human cells [1-3]. Accordingly, AMPs show strong selec-

tivity for attacking pathogens, including bacteria, and
exhibit low toxicity to humans [4,5]. The unique prop-

Antimicrobial peptides (AMPs) correspond to several
classes of biological molecules produced by the immune

systems of most prokaryotic and eukaryotic organ-
isms that have been considered as potential alternatives
to antibiotics [1,2]. AMPs are polymers consisting of
~10-50 amino acid subunits, and they are predomi-
nantly positively charged, which facilitates binding to
the negatively charged membranes of a wide variety of
bacterial cells while discouraging association to healthy

erties of antimicrobial peptides stimulated significant
research efforts aimed at developing AMPs into new
classes of antibiotics [5]. However, these activities are fre-
quently slowed down by our limited understanding of the
molecular picture of antimicrobial action.

One of the proposed mechanisms for AMPs’ action
against bacteria is the formation of pores in bacterial
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membranes after binding to them, leading to leakage of
cell contents, disruption of proper cell functioning, and
ultimately cell death [6-8]. This mechanism is associ-
ated with a lower risk of AMPs inducing resistance due to
the reduced likelihood of bacteria developing mutations
in the cell membranes [3,9]. Regardless of the specific
mechanisms of action, it is generally believed that the first
step in AMPs’ antimicrobial activity, is always the asso-
ciation to the bacterial cell membrane [10]. Despite the
advantages of AMPs, instances of bacterial resistance to
AMPs and increased AMP toxicity over time have been
observed [5,8,11-20]. To alleviate this danger, it was pro-
posed to utilise combinations of AMPs instead of pure
single AMP compounds [2,3,10,21-30]. Several exper-
imental studies demonstrated that mixtures of two or
more different AMPs can be more effective at inhibit-
ing bacterial growth, reflecting synergistic antimicrobial
activity, with an even lower risk of inducing bacterial
resistance [31-42].

To explain the observations of synergistic antimicro-
bial activities of AMP combinations, we recently pro-
posed a new quantitative theoretical framework [43,44].
The main idea of this approach is that AMPs can dis-
rupt bacterial cells more efficiently if they associate faster
with the membranes, and the inter-molecular interac-
tions between different peptide species might accelerate
the association dynamics. This allowed us to develop an
effective chemical-kinetic approach that could explicitly
estimate the degree of cooperativity between different
groups of AMPs [43,44]. This method has been success-
fully utilised to quantitatively analyze several experimen-
tal AMP combinations where synergy has been observed.
We were able to explain why increasing the heterogene-
ity of AMP combinations leads to stronger synergy in the
removal of bacterial infections. However, a better under-
standing of the mechanisms of cooperativity is needed
to develop AMP combinations as potential antibiotics.
This is especially important in light of experimental stud-
ies that observed the chemical association of AMPs to
form new hetero-oligomers species (from different AMP
types) in solution before binding to the cellular mem-
branes [2,10,45-53]. These observations raised a ques-
tion of how the oligomerization process can influence the
antimicrobial properties since these species might also
participate in the binding to the cellular membranes. It
has been suggested that hetero-oligomerization might be
an important factor in supporting the synergistic antimi-
crobial activities [11,12,25,30,54—-63].

This study aims to elucidate the role of hetero-
oligomer formation in promoting the synergy between
different AMP species. We extend the original theo-
retical framework [43,44] to account for the reversible
formation of oligomer species that can also bind to

the membrane, potentially enhancing the overall effi-
ciency of removing the infection. In this work, coop-
erativity refers to how combinations of AMPs interact
to achieve antibacterial effects greater than (synergy),
equal to (additive), or less than (antagonism) the sum of
their individual component effects. Two different meth-
ods are used to evaluate the effect of oligomerization on
synergistic activities of AMPs.

It is found that considering only the concentrations
of original AMP species predicts that oligomers will
always apparently move the systems in the direction of
stronger synergy. At the same time, a more comprehen-
sive method that explicitly accounts for oligomers sug-
gests that oligomers make the systems with already posi-
tive cooperativity more synergistic and the systems with
negative cooperativity more antagonistic. It is argued that
the presence of oligomers effectively modifies the origi-
nal two-component mixtures into new three-component
mixtures, increasing the overall heterogeneity and allow-
ing AMPs to associate faster with the membrane for posi-
tive inter-molecular interactions or more slowly for nega-
tive inter-molecular interactions. Our theoretical analysis
provides specific suggestions about how AMP combina-
tions with the ability to make oligomers before binding
to membranes might be explored to make more efficient
antibiotics.

2. Theoretical method

Let us consider a system of two types of AMP molecules
that can reversibly associate into a new oligomeric
(hetero-oligomer) AMP species, as illustrated in Figure 1.
The AMPs of type 1 and type 2 can bind together with
the rate constant k,,,, while the hetero-oligomers (labeled
as species H) can dissociate with the rate constant k.
All three types of AMP species are active against bacte-
ria. They can bind to the bacterial membrane with the
effective rate constant k(ny, n, ng) where ny, ny and ny
are the numbers of AMPs of type 1, type 2 and type
H, respectively, that can simultaneously associate to the
membrane. This is similar to the situation when bac-
teria are subjected to a mixture of three distinct types
of antimicrobial peptides, which has been recently anal-
ysed by using an effective chemical-kinetic approach
[43]. However, our system is different since all three
AMP species are not independent from each other, and
their concentrations are related via a reversible oligomer-
ization process. Our goal is to account for the effect
of reversible oligomerization by extending the original
chemical-kinetic method.

To analyze the bacterial elimination process by the sys-
tem of two types of AMPs that can also produce hetero-
oligomer species, we assume that the concentration of
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Figure 1. Schematic view of the system of two different types of
AMPs (type 1 and type 2) that can also bind together in the solu-
tion to form a hetero-oligomer particle. All three species can asso-
ciate to the cellular membranes. The corresponding association
and dissociation rate constants for the hetero-oligomerization are
kon and kof. nq is the number of AMP molecules of type 1, ny is
the number of AMP molecules of type 2, and ny is the number
of AMP molecules of type 3 (hetero-oligomer). The rate constant
k(nq, ny, ny) describes the binding of the three types of AMPs to
the membrane.

bacteria at time ¢ is given by B(t), and it increases due
to cell division with a rate constant A. One can define the
concentrations of AMP species as C;(?) (type 1), C2(t)
(type 2), and H(¢t) (hetero-oligomer). We also assume
that to kill a single bacterium, N AMP molecules (in any
combination) are always required [43,44].

In our formulation, we postulate that N AMP
molecules (in any combination of AMP types) are
required to kill a single bacterium. While this is an
approximation, it reflects dominating views on the
molecular mechanisms of how AMPs kill bacteria.
According to this picture, AMPs must cover the mem-
brane as a carpet before they can aggregate and stimulate
the production of pores in the membrane, eventually
killing the bacteria. This means that, independently of
the efliciencies of different AMPs, for the given bacte-
rial cell, the same overall threshold should be achieved
before the bacterial cell can be eliminated. Assuming
that ny, n, and ny are the number of AMP molecules
of type 1, type 2 and type H, respectively, that can
simultaneously bind to the bacterial membrane, we must
have N = n; + ny + ny. Then the following effective
chemical-kinetic equations describe the processes in the
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system,
dB(t
T) = AB(t) — Z Knny,ny,nps Cryny.ngg (1)
ni,np,nH
dC(t
dlt ) = — z nlknl,nz,nHCnl,”ZJ’H
n1,n2,nH
— konC1(£)Ca(8) + ko H(2) (1b)
dCy(t
jt ) = — z nzknl,nz,nHCnl,ﬂz,ﬂH
n1,n2,nH
— konC1(£)Ca(t) + ko H(2) (1c)
dH(t
dt ) = — Z nHknl,rlz,ﬂHC?’ll,VlZ:”H
n1,n2,nH
+ konC1(H)Ca(t) — ko H(0). (1d)

where ky, py iy = Wk(nl, ny, ng), representing the
rate at which a combination of AMPs ((n1, 1y, ng)
leads to bacterial cell death, N =ny +ny +nyg is
the total number of AMP molecules, and Cy, .0y =
[CiO" [CO)[H(BH]™ B(®).

These expressions can be understood using the fol-
lowing arguments. One can view the binding of different
types of AMPs to the bacteria as an association chemical
reaction. The concentration of bacteria increases due to
cell division with the rate constant 4 and decreases due
to the combined action of AMP species of type 1, type
2, and H that kills bacteria. The concentrations of AMPs
of type 1 and type 2 decrease due to the association with
the cell membranes and the oligomerization, while they
increase because of oligomers breaking apart back into
monomeric AMP species. Similarly, the concentration
of oligomers decreases due to the binding to the mem-
brane and the oligomer breaking apart, while it increases
because of the formation of oligomers from the original
AMP monomers. The combinatorial factor % gives
the number of possible different association pathways
when n; molecules of type 1, n, molecules of type 2 and
ng molecules of type H bind to the membrane, assuming
that N = n; + ny + npy is always the same total number
of AMPs molecules needed to kill the bacteria. Each such
association simultaneously eliminates n; AMPs of type 1,
ny AMPs of type 2, and ny of oligomeric AMPs from the
pool of available peptides.

In our analysis, we also assume that the chemical equi-
librium in the oligomerization process is always quickly
established,

kﬂﬂ
G+ G =H, (2)
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leading to

g ko __ [HO) G

kg [CIONC ()]

where K, is the equilibrium constant for this process. This
is a reasonable approximation since the time scales for
oligomerization chemical reactions are typically much
shorter than the time scales for the processes of elimina-
tion of bacterial infection. Equation (3) is an important
relation because it explicitly couples the concentrations
of different types of AMPs in the system.

A central part of our theoretical method is an assump-
tion that more efficient elimination of bacteria correlates
with faster association of AMPs to the membrane [43,44].
This emphasises the importance of the effective associ-
ation rate constant k(ny, ny, ny) that should reflect the
inter-molecular interactions during binding to the mem-
brane. It can be written as [43,44]

Ao n ny NAE
k(”l, na, nH) = klN kzN ké\] exp( 1% 12

NN kT
ning NAEig nyng NAEg
NN kgT ' NN kgT )
(4)

where the terms %}, %, and 7 give the fractions of each

type of AMP species associated with the membrane. The
parameters AE;; specify the interaction energy between
AMPs of type i and j estimated per one-bound AMP
molecule. They are responsible for the existence of coop-
erativity in the anti-bacterial action of AMP molecules.
Specifically, the parameter AE represents the interaction
energy between AMP molecules that influences whether
they associate slower (AE < 0), with the same rate, (AE
= 0), or faster (AE > 0) to the cellular membrane in
comparison to associations of pure individual compo-
nents.

To simplify our analysis, we also assume that all inter-
actions between different AMP molecules are the same,
AEj; = AE, which leads to a simpler expression for the
association rate constant,

nom oy NAE
k(ni,ny,ng) = kN k) k' exp{ —=A4),  (5)
kgT
with
ny ng

(6)

ny nH)

One should also notice the exponential dependence of
the equilibrium constant on the energy parameter AE,
K.~ exp(IZB—ATEA).

To proceed, we need to derive a general expres-
sion for the Minimal Inhibitory Concentration (MIC),

which is the smallest concentration of AMPs required to
stop the bacterial growth. In our chemical-kinetic lan-
guage, this corresponds to the condition dB(t)/dt = 0 in
Equation (1a).

N!
A= E —————k(n1, n2, np) [C1]" [Co] ™ [H]™5
1’11!1’!2!1’1}[!
ny,n,ny

™)

where k(n1,ny,ng) is given by Equations (5) and (6).
We can further simplify this expression by using the
equilibrium condition, H = K.C; C;,

N!
A=
z nl!nz!(N — Ny — I’ll)!

ni,nz

¢ ™
xk(nl,nz,nHzN—nz—nl)[C ]
1,MIC

C 2
Jond]
Co,mic

[ C C
x | K¢ —
Ci,mic Comic

N—nz—nl
] [Crarc]Y
x [Coprc]N™™; (8)

where the individual MIC for the AMP molecules of type
1 and type 2 are defined as

1
A\N !
Cimic = (k_l) , Cumic = (k_z) . 9)

There are different ways to estimate the degree of coop-
erativity for the mixture of AMP molecules, and in our
analysis, beyond considering the concentrations of orig-
inal AMPs, we also explore a quantity known as a frac-
tional inhibition coefficient (FIC) defined as [44],

2|~

FIC = FIC; + FIC, + FICq; (10a)
FIC, = MIC(lincombination) _ C ; (IOb)
MIC(lalone) Cy,mic
FIC, = MIC(lincombination) _ C ; (IOC)
MIC(1al0ne) Cy,mic
FICy = MIC(H in combination) _ (10d)
MIC(Halone) Huic

When the FIC parameter is less than one, the AMPs show
stronger antimicrobial activity in the mixture than sep-
arately as individual species, whereas when it is larger
than one, the antimicrobial activity is weaker in the mix-
ture than when the bacteria are exposed to each AMP
separately. For FIC = 1, the AMPs are equally effec-
tive against the bacteria in the mixture and separately.



Thus, FIC <1 reflects synergy and positive cooperativ-
ity, FIC > 1 corresponds to the antagonistic antimicro-
bial activity and negative cooperativity, while FIC = 1
describes the additive antimicrobial activity. It is impor-
tant to note that FIC parameters explicitly account for all
types of AMP molecules that participate in the elimina-
tion of bacterial infection.

To illustrate our theoretical method of evaluating the
effect of oligomerization, it is convenient to start with
the simplest situation of zero inter-molecular interac-
tions, AE = 0. In this case, the association rate constant
simplifies into

np o mp nH
k(ni,ny,ng) = k" ky' kg s (11)

which after substitution into Equation (1a) when dB(t)/
dt = 0 (zero bacterial growth rate) leads to
1 1 1
A= (k¥ C+ kY Cy + kN H)N. (12)

At the same time, if bacteria were exposed separately to
single AMP components, Equation (1a) would produce

= kiClye = koClye = kuHjye.  (13)

Combining Equations (12) and (13), yields an estimate
for the FIC parameter,

C G H

FICAE=0) = —

=1. (14)

Comic  Huic

One should also notice here that generally the FIC
parameter can be rewritten as
G G G G

FIC(AE) = o

C >
Crmic Comic

(15)

Crmic

for any value of AE after the application of the equilib-
rium condition.

Also, in this case (AE = 0) one can explicitly esti-
mate the relation between the concentrations C; and
C, at which the bacterial growth stops. Substituting the
chemical equilibrium condition from Equation (3) into
Equation (12) leads to

1 1 1
ﬂﬁ — k{vcl + ké"Cz + kII_\]IKcCICZa (16)

which after using Equation (13) produces a compact

relation,
C 1,MIC

MOLECULARPHYSICS (&) 5

For realistic values of the parameter N 3> 1 (N ~ 10* —
108 [11,12,40]), this expression further simplifies into

- (e2)
( G )_ Co,mIC
Cimic 1+Kc( G )

Cy,miC

(18)

One can see that without oligomerization (K; = 0) the
combination of two AMPs is always additive without
inter-molecular interactions [43,44]. However, the pres-
ence of hetero-oligomers (K. # 0) effectively modifies
the anti-bacterial behaviour of the mixture of AMPs.
Thus, using the method of estimating only the concen-
trations of C; and C, that stop the bacterial growth leads
to different predictions that using the FIC parameters.

Another situation for which analytical results can be
obtained is when the killing rate is strongly antagonistic
(AE — —o00). In this case, there are only three possi-
ble association scenarios when only molecules of type 1,
only molecules of type 2, or only hetero-oligomers can
bind to the membrane, producing from Equation (1a) for
dB/dt =0,

A =kCY + kCY + ky (KCIC)N,  (19)

which after using Equation (12) leads to

o \WV
( G )N _ 1= (CZ,MIC) (20)
C B N
) ) e )

This suggests that for the strong antagonistic killing
effects without oligomerization (K. = 0) the combina-
tions of AMP molecules are strongly antagonistic, while
the oligomerization (K, # 0) changes this behaviour. The
FIC parameters can be also estimated in this limit.

For general values of the inter-molecular interac-
tions (AE # 0), one can always solve numerically exactly
Equation (1a), leading to Equations (8) and (15), allow-
ing us to estimate the concentrations C;, C, and the FIC
parameters.

3. Results and discussion

Figure 2 presents the results of our calculations for nor-
malised concentrations of AMPs of type 1 and type 2,
respectively, for different killing effects. For synergistic
killing effects, AE > 0 (Figure 2(a)), the antibacterial
behaviour is always synergistic, and increasing the equi-
librium constant K, further enhances the cooperative
behaviour. One can see this by noting that for larger K,
the bacterial growth will stop at smaller concentrations
C; and C,. When there are no inter-molecular interac-
tions (Figure 2(b)), the system exhibits additive antibac-
terial behaviour without oligomerization (K, = 0), but
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Figure 2. Normalized concentrations of AMPs of type 1 and type 2 at which the bacterial growth stops for different inter-molecular
interactions (in units of kgT): (@) AE = 10, (b) AE = 0, (c) AE = —10.In calculations, the following parameters have been used: N = 10,

A =1/20 min~", ky = 24,k = 54, and ks = 104, as in [43].

allowing for the reversible formation of hetero-oligomers
always makes the system to look more positively coopera-
tive. This is because H species also participate in associa-
tion with the membrane, requiring fewer AMP molecules
of type 1 and type 2 to stop the bacterial growth. This
leads to the effective synergy between AMPs of type 1
and type 2. Figure 2(c) illustrates the case with antagonis-
tickilling effects. While without oligomerization (K, = 0,
solid blue curve) the behaviour is always antagonistic,
this method predicts that allowing for the oligomeriza-
tion reaction makes the system less antagonistic (K, = 1,
dashed orange curve), and for larger equilibrium con-
stants the system might even become effectively syner-
gistic (K, = 5, dotted green curve).

However, the extreme synergistic effect is artificially
inflated here because the effect of hetero-oligomers is
not explicitly considered. Adding hetero-oligomers to the
AMP mixture always requires smaller amounts of AMPs
of type 1 and type 2 to remove the infection. If one follows
only the concentrations C; and C, that stop the bacte-
rial growth in evaluating the degree of cooperativity, this
would always predict that oligomers move all systems,
regardless of cooperativity, in the direction of stronger

synergy.

The results in Figure 3 show the normalised concen-
trations of AMP components of type 1 and type 2 for
different degrees of oligomerization. When the oligomer-
ization reaction is absent (Figure 3(a), K. = 0), the anti-
bacterial behaviour of the system correlates with the
sign of the inter-molecular interactions. It is antagonis-
tic for AE < 0 (dotted green curve), additive for AE =
0 (dashed orange curve), and synergistic for AE > 0
(solid blue curve). On the other hand, turning on the
oligomerization reaction (K. > 0) apparently changes
the anti-bacterial behaviour (Figures 3(b,c)). The antag-
onistic systems (dotted green curves) start to look first
less antagonistic (Figure 3(b)) and for larger equilibrium
constants (Figure 3(c)) the system might even become
synergistic. At the same time, the originally additive
system (dashed orange lines) becomes more apparently
positively cooperative with increasing the amplitude of
the equilibrium constant. The originally synergistic sys-
tem (solid blue curves) becomes more cooperative with
increasing the degree of oligomerization. We also note
that increasing K. makes the different curves for differ-
ent inter-molecular interactions closer to each other. All
these observations can be explained by the appearance
of hetero-oligomers that also participate in killing the
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Figure 3. Normalized concentrations of AMPs of type 1 at which the bacterial growth stops for different equilibrium constants: (a) K. =
0, (b) K. = 1, (c) K. = 5. In calculations, the following parameters have been used: N = 10, A = 1/20 min~', k1 = 24, k; = 54, and

k3 = 104, asin [43].

bacteria, effectively reducing the amounts of the AMP
components of type 1 and type 2 in the process. In addi-
tion, for larger K. the anti-bacterial dynamics become
dominated by hetero-oligomers, which makes the system
less dependent on the amplitude of the inter-molecular
interactions. But again, this method of evaluation of
degree of synergy produces artificial inflation of results,
suggesting that oligomers always move the systems into
more synergistic directions.

To eliminate the possible artifacts in evaluating the
degree of cooperativity in AMP combinations with
reversible oligomerization, it is important to consider
the FIC parameters. It is a better approach since it
comprehensively accounts for the presence of all AMP
species. As was already shown (Equation (13)), for the
systems without inter-molecular interactions we always
have FIC(AE = 0) = 1, and this corresponds to the addi-
tive behaviour. Figure 4 shows the results of our exact
numerical calculations for the FIC parameters as a func-
tion of the normalised concentrations of one of the
AMP components for different inter-molecular interac-
tion energies. For synergistic killing effects (Figure 4(a)),
increasing the degree of oligomerization makes the syn-
ergy stronger. However, the effect can be seen only for

relatively small concentrations of AMPs, reaching the
largest degree of cooperativity for (CE\‘HC) ~ 0.2 when
K. = 5. For large concentrations, the oligomerization
does not make any difference.

Surprisingly, the results for antagonistic killing effects
(Figure 4(b)) for the FIC parameter differ from our anal-
ysis that only considered the concentrations of AMP
compounds of type 1 and type 2 (see Figure 2(c)) that
stop bacterial growth. Here, we predict that increasing the
degree of oligomerization (larger K;) makes the system
more antagonistic, although the effect again can be seen
only for relatively small concentrations, producing the
largest degree of negative cooperativity for (Clilﬂc) ~0.2
when K, = 5. For larger concentrations, the presence of
oligomers does not affect the antibacterial behaviour.

Our theoretical predictions in Figure 4 can be
explained using the following arguments. For relatively
small concentrations C; and C; the oligomerization reac-
tion creates H species with comparable concentrations.
This is the situation that leads to the largest hetero-
geneity [43], yielding the strongest positive cooperativ-
ity for AE > 0, or the strongest negative cooperativity
for AE < 0. At the same time, for larger C; and C,
concentrations larger amounts of hetero-oligomers are
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Figure 4. FIC parameters as a function of the normalised concentration of AMPs of type 1 for different inter-molecular interactions: (a)
AE =10, and (b) AE = —10. In calculations, the following parameters have been used: N = 10, A = 1/20 min~', ky = 24, ky = 5/,

and k3 = 104, as in [43].

produced for K, >> 1, and these species dominate the
anti-bacterial behaviour, lowering the heterogeneity and
producing smaller degrees of positive or negative coop-
erativity. This is exactly the behaviour observed in Figure
4.

To make these arguments more quantitative, we notice
that the maximal heterogeneity is achieved when C; ~
C, ~ H [43], or taking into account the equilibrium and
normalisation,

C &) C G
~ ~ KC S
Cymic Co,mic Crmic) \Comic

1)

which leads to the estimate of the condition of the
strongest positive or negative cooperativity,

Crm1c strong K’

This estimate explains well the observations in Figure
4: for K. =5 it gives (ﬁ)smng ~ 0.2. Thus, the
oligomerization has the strongest effect when it leads to
comparable concentrations of all AMP components in
the system because it corresponds to the largest hetero-
geneity in the system.

Figure 5 shows the result of our theoretical calcu-
lations for the FIC parameters for different degrees of
oligomerization. We found that for antagonistic killing
effects (AE < 0, dotted green curves), the anti-bacterial
behaviour is always antagonistic, and increasing K.
makes the negative cooperativity even stronger. Simi-
larly, for synergistic killing effects (AE > 0, solid blue
curves), the anti-bacterial behaviour is always synergistic,
and increasing K, makes the positive cooperativity even
stronger. Without inter-molecular interactions (AE — 0,
dashed orange curves), the FIC is always equal to unity,

(22)

which corresponds to the additive behaviour. In this case,
varying the degree of oligomerization does not affect
the anti-bacterial behaviour of the system that always
remains additive.

We can also explicitly estimate the concentrations of
AMP components at which the bacterial growth will stop,
as illustrated in Figure 6 for different interactions param-
eters AE and different bacterial cell division rates 4. In
all situations, with faster bacterial growth, larger concen-
trations of AMP components 1 and 2 are required, as
expected. However, synergistic bacterial killing (AE >
0, Figure 6(a)) usually requires much lower numbers of
antimicrobial peptides than for the antagonistic cases
(AE < 0, Figure 6(c)).

Our theoretical analysis suggests that it is critically
important to utilise a proper method of evaluating
the degree of cooperativity in the AMPs systems with
reversible oligomerization. When considering only the
concentrations of monomeric AMP species, one might
erroneously predict that the reversible formation of AMP
oligomers always moves the systems in the direction of
more positive cooperativity, independently of the inter-
molecular interactions. However, this is an artifact of
neglecting the effect of H species. Applying a more com-
prehensive method of estimating the FIC parameters that
account for the antibacterial action of all participating
AMP molecules, clarifies the microscopic picture.

The obtained results also demonstrate that increas-
ing the equilibrium constant K, first enhances oligomer-
ization, producing more hetero-oligomers (H). This
increases the heterogeneity of the system, allowing
for more efficient bacterial killing. However, stronger
oligomerization (K, >> 1) eventually leads to a decrease
in the amount of free AMP species, which lowers het-
erogeneity and slows the bacterial killing. This interplay
suggests that an optimal balance exists where sufficient
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Figure 5. FIC parameters as a function of the normalised concentrations of AMPs of type 1 for different degrees of oligomerization: (a)
K. =0, (b) K. = 1, (c) K. = 5. In calculations, the following parameters have been used: N = 10, 1 = 1/20 min~', k1 = 24, ky = 54,

and k3 = 104, as in [43].

oligomerization occurs to enhance bacterial inhibition
without overly depleting free AMP species, as reflected
in the overall cooperativity.

4. Summary and conclusions

We investigated the role of reversible oligomerization
of AMP species in eliminating bacterial infections by
extending the original chemical-kinetic approach to
account for the activities of hetero-oligomer species.
It is found that, surprisingly, the evaluation of the
degree of synergy in these systems strongly depends on
the method. If one only follows the concentrations of
monomeric AMP molecules, then the predictions are
that oligomerization will always make the systems more
positively cooperating, independently of the sign of inter-
molecular interactions. However, it is argued that this
result is an artifact of neglecting the anti-bacterial activi-
ties of hetero-oligomers. By using a more comprehensive
method that estimates the FIC parameters, which take
into consideration all AMP species, it is found that the
effect of oligomerization depends on the inter-molecular
interactions. We predict that oligomers make originally
positively cooperating systems even more synergistic,
while originally negatively cooperating systems become

more antagonistic, while no effect is observed for origi-
nally additive systems.

The model highlights the critical balance between two
competing factors: oligomerization and heterogeneity.
While increasing oligomerization first makes the system
more heterogeneous and thus more efficient in killing the
bacterial cells, further increase in the equilibrium con-
stant lowers the amount of free AMP components, slow-
ing the elimination of bacteria. Our theoretical approach
provides a microscopic picture to explain these observa-
tions. It is argued that the presence of oligomers increases
the overall heterogeneity of the system which influences
its antibacterial efficiency. But when the equilibrium is
shifted too strongly in the direction of oligomers, the pos-
itive effects of oligomerization disappear. Our chemical-
kinetic method also allows us to obtain quantitative esti-
mates of changes in the degrees of synergy for different
AMP systems.

It is also crucial to discuss the limitations of our theo-
retical approach. First, the same inter-molecular energies
are assumed for interactions of different AMP species,
while different interactions are in realistic systems. At
the same time, it is expected that the physical picture
of underlying processes will not change. Second, only
the oligomerization process has been considered, while
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Figure 6. Concentrations of AMPs of type 1 and 2, in uM, required to stop the bacterial growth for different values of growth rates 4 (in
units of min~") and for different interaction parameters AE (in units of kgT). (a) AE = 10, (b) AE = 0, (c) AE = —10. In calculations,
the following parameters have been used: N = 10,k; = 2/20 min~', k, = 5/20 min™',and ks = 10/20 min~".Itis also assumed that
MICs for pure AMP components are Ci pic = Comic = 1 1M, which is a typical value for antimicrobial peptides.

more complex chemical processes might take place, com-
plicating the overall anti-bacterial activities. Third, the
main assumption of our theoretical framework is that the
faster association to the cellular membranes is the rate-
limiting step in breaking the membranes. However, other
biochemical processes might be more relevant in some
systems.

In this work, we focus on dimerisation as the primary
mode of AMP oligomerization, recognising that higher-
order oligomerization might also occur in real biological
systems. The choice of dimerisation allows for a sim-
plified and tractable model that clarifies the molecular
mechanism of these complex processes. The inclusion of
higher-order oligomerization would increase the com-
plexity of the model and add some quantitative modifica-
tions. However, it will not change our main conclusions
that oligomerization increases the heterogeneity of the
system, thus increasing the bacterial killing abilities of
AMP systems.

Despite these issues, our theoretical approach pro-
vides a consistent physical-chemical analysis of the role
of AMP oligomerization that might be used in developing
more efficient antibiotic systems.

Specifically, one can improve AMP-based antibi-
otics by first considering whether the AMP combi-
nations show positive or negative cooperativity. For
AMPs with positive cooperativity, the tendency to cre-
ate hetero-oligomers should be stimulated, but the equi-
librium should not be shifted too much in the direc-
tion of the oligomers. For AMPs with negative coop-
erativity, hetero-oligomerization should be discouraged,
since it increases antagonistic killing effects in the sys-
tem, leading to enhanced antagonistic antimicrobial
activity. Future theoretical studies can investigate the
physical-chemical properties associated with AMPs that
form hetero-oligomers in a pair vs what properties
are associated with a lack of hetero-oligomerization, so
that the optimal AMP combinations can be selected.
Future experimental studies can also develop meth-
ods to stimulate or inhibit the hetero-oligomer
formation.
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