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ABSTRACT Fengycins are a class of antifungal lipopeptides synthesized by the bacteria Bacillus subtilis, commercially avail-
able as the primary component of the agricultural fungicide Serenade. They are toxic to fungi but far less to mammalian cells.
One key difference between mammalian and fungal cell membranes is the presence of cholesterol only in the former; recent
experimental work showed that the presence of cholesterol reduces fengycin-induced membrane leakage. Since our previous
all-atom and coarse-grained simulations suggested that aggregation of membrane-bound fengycin is central to its ability to
disrupt membranes, we hypothesized that cholesterol might reduce fengycin aggregation. Here, we test this hypothesis using
coarse-grained molecular dynamics simulations, with sampling enhanced via the weighted ensemble method. The results indi-
cate that cholesterol subtly alters the size distribution for fengycin aggregates, limits the lateral range of their membrane disor-
dering, and reduces the ability of aggregates to bend the membrane. Taken together, these phenomena may account for
cholesterol’s effects on fengycin activity.
SIGNIFICANCE Fengycins are cyclic lipopeptides, used agriculturally as biofungicides. They specifically disrupt the
fungal cell membrane and have significantly reduced effects on mammals and other animals. Fengycins have also been
studied as a potential antifungal treatment. For this reason, it is important to understand why fengycins affect fungal cell
membranes more than mammalian membranes. We used an enhanced sampling technique called the weighted ensemble
method along with molecular dynamics simulations to understand the effects of fengycins on model membranes with and
without cholesterol, testing the primary difference between mammalian and fungal membranes. The results indicate that
cholesterol alters the effects of fengycins on membrane structure and dynamics.
INTRODUCTION

The world human population has reached 7.8 billion as of
August 2021 (1), which creates ever greater pressure to in-
crease agricultural yields (2). Every year, crops are de-
stroyed by various microbial infections, of which 60% are
caused by fungus (3). Various antibiotics have been synthe-
sized, like amphotericin B, natamycin, and nystatin, to treat
infections in humans, but fungi and bacteria are developing
resistance to these compounds (4–6).

With this in mind, many groups are interested in devel-
oping new ecofriendly antifungals suitable for agricultural
usage (7). Fengycins are a class of lipopeptides synthesized
by the bacteria Bacillus subtilis, which specifically kills
certain fungal species (8,9). Fengycins, along with surfac-
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tins and iturins, are the primary active components of Sere-
nade (Bayer), a commercial fungicide and bactericide,
which is used to treat plant diseases, like clubroot disease
(Plasmodiophora moniliforme), barley head blight (Fusa-
rium graminearum), cucurbit powdery (Podosphaera fusca),
black Sigatoka (Mycosphaerella fijiensis), gray mold
(Botrytis cinerea), and soft rot (Rhizopus stolonifer)
(10–19).

The effects of fengycin seem specific to fungal cells, with
far less effect on animals. This is part of its ‘‘green’’ signa-
ture, since neither the agricultural workers applying it nor
the animals in the surrounding environment are adversely
affected by its application. It would be advantageous to un-
derstand why this is the case, particularly given that it has
drawn medical interest as a potential antifungal skin oint-
ment (20–22).

Previous calorimetric studies suggested that fengycins
cause order to disorder phase transitions and partition into
the cholesterol-rich phase in the stratum corneum
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(outermost skin layer) model and in monolayers mimicking
them (23,24). This implies that either fengycin prefers a
more lipid disordered phase or that it preferentially interacts
with cholesterol.

To better understand the mechanism of fengycin’s selec-
tivity, Heerklotz and coworkers conducted fluorescence life-
time experiments with model membranes of varying
phospholipid and sterol composition (25,26). They showed
that higher concentrations of fengycin were required to
induce leakage when the vesicles contain cholesterol, indi-
cating that cholesterol inhibits fengycin. The authors dis-
cussed two possible mechanisms for this phenomenon: 1)
graded leakage, where the fengycins induce general overall
leakiness by thinning the membrane and disordering the
lipid acyl chains, or 2) all-or-none leakage, where long-lived
pores form that cause the vesicles to drain quickly and
completely (27). Patel et al. (27) showed that fengycin fol-
lows an all-or-none mechanism using these methods,
although Fiedler and Heerklotz (28) found that the tolerable
fraction of fengycins on the membrane surface increases in a
mixture of palmitoyl-oleoyl-phosphatidyl choline (POPC)
and cholesterol membranes compared with pure POPC.
The purported presence of pores suggests that fengycin
must aggregate on the membrane surface to function, and
although no experiments have been able to demonstrate
this effect directly, Fiedler and Heerklotz (28) hypothesized
that fengycins preferentially interact with cholesterols
and thus are unable to aggregate, reducing membrane
permeabilization.

Thus, we hypothesize that fengycins fail to induce
leakage in lipid vesicles containing cholesterol for one or
more of the following reasons: 1) cholesterol inhibits fengy-
cin aggregation by improving miscibility of fengycins with
other lipids or preferentially interacting with fengycins; 2)
cholesterol changes fengycin’s propensity to aggregate or
reduces the size of those aggregates, rendering them inac-
tive; and 3) cholesterol does not affect the fengycin aggre-
gates but increases membrane order and renders the
membrane resistant to thinning and leakage. Molecular dy-
namics simulations are an excellent tool to fill in this
missing connection, since their molecule-scale resolution
neatly matches the problem. However, obtaining sufficient
sampling still remains an issue; lateral reorganization of
the membrane and protein conformational change are both
slow processes compared with the timescale of most molec-
ular dynamics simulations. Use of coarse-grained simula-
tions reduces the computational cost of sampling, as does
our application of the weighted ensemble method (29,30).

Previous work from our group showed that fengycin ag-
gregation was higher in a zwitterionic lipid membrane cho-
sen to model eukaryotes, compared with anionic membranes
chosen to mimic bacteria, and that aggregation was crucial
to disordering the membrane (31,32). Here, we study a
more subtle variation, the effect of cholesterol on fengycin
aggregation in the backdrop of a simple zwitterionic bilayer.
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MATERIALS AND METHODS

System construction

All the particles in our systems were modeled using the MARTINI coarse-

grained force field v.2.2P (33). We considered two lipid compositions: pure

POPC and a 4:1 mixture of POPC and cholesterol. The POPC systems con-

tained 186 POPC molecules per leaflet, with 8,352 waters, and 99 Naþ and

84 Cl� ions. Each composition was run with 15 fengycin molecules added

to the upper leaflet; neat lipid simulations were run for comparison pur-

poses. The systems containing fengycin contained an additional 15 sodium

ions to maintain electroneutrality. The parameters for fengycin were adapt-

ed from Horn et al. (31), after accounting for force field updates. For lipids,

we used MARTINI v.2.0, whereas the peptide part of fengycin was modeled

with MARTINI v.2.2 (29,33,34). In addition, we used the MARTINI param-

eters for cholesterol v.2.0 with virtual sites (35). All the parameters are

available in our github repository mentioned at the end of this section.

The chemical structure of fengycin is shown in Fig. 1 A; this variant is

also referred to as plipastatin A in the literature. The sequence differs

slightly from the one we simulated previously, with glutamate replaced

with glutamine in the position 7 as shown in Fig. 1 A (31).

Initially, we randomly placed fengycins in a plane parallel to the bilayer,

with each fengycin 20 Å above the bilayer center and the acyl chain point-

ing toward the membrane center. We constructed the rest of the membrane

around them using INSANE (36) and added NaCl for an effective salt con-

centration of 150 mM using GROMACS genion tool. (37). The final box

size was 107 � 107 � 135 Å. Next, we relaxed each system with 10,000

steps of energy minimization, followed by 10–15 ns of molecular dynamics

simulations with a time step of 2 fs. All calculations were performed using

GROMACS v.2016.3 (37). The Table 1 shows all the details about the sys-

tems we built.
Simulation details

We used the GROMACS v.2016.3 to perform the molecular dynamics sim-

ulations (37). We used a time step of 20 fs, updating the nearest neighbor

list every 20 steps. The simulations were run in an isobaric-isothermic

ensemble with the Parrinello-Rahman barostat (38) and the velocity rescal-

ing thermostat (39). The temperature and pressure were kept at 310 K and 1

atm, respectively. Electrostatic interactions were calculated using the reac-

tion field method (40). The Verlet scheme was used to compute the van der

Waals forces using an 11-Å cutoff. The cumulative time of the simulation is

shown in Table 1.
Weighted ensemble method

We used the weighted ensemble method to calculate the probability distri-

bution for fengycin aggregation (30), implemented via the WESTPA soft-

ware package (41,42). In this method, no additional bias or force is

added to the system to enhance the sampling. Rather, structures are binned

along a predetermined progress coordinate, and trajectories are split and

merged to maintain a target number of trajectories in each populated bin,

with the overall statistical weight tracked appropriately.

We quantify the aggregation of fengycin by using as progress coordinate

the total number of contacts between fengycin molecules. The contact value

for a pair of fengycins i and j is

Sij ¼ 1

1þ
�
rij
r0

�6
; (1)

where rij is the lateral distance between the centroids of the peptide part of

fengycins and r0 ¼ 10 Å. The total number of contacts for a given frame in

the trajectory is the sum of Sij between all pairs of fengycins,



FIGURE 1 (A) Chemical structure of fengycin. (B) Coarse-grained model of fengycin. To see this figure in color, go online.
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Cij ¼
X
isj

Sij: (2)

This progress coordinate was divided into 25 evenly spaced bins, each

bin having a width of 1.0.

Each iteration of weighted ensemble simulations involves two stages.

First, each starting structure is subjected to 5 ns of molecular dynamics sim-

ulations. At the end of the dynamics, each trajectory is assigned to a bin

based on its total contact value (Cij from Eq. 2). We chose to target five tra-

jectories to each populated bin. If there were more than five in a given bin,

pairwise approach is used to prune a trajectory. Within the five trajectories,

two are chosen at random, of which only one with relatively less weight is

pruned and the weight of the pruned trajectory is assigned to the surviving

trajectory. If there were fewer than five trajectories, a trajectory was chosen

at random and split, with its weight equally shared with the resulting chil-

dren. The total weight of all the trajectories for a particular iteration should

always be 1.0 (30,41).
TABLE 1 Summary of simulations

Membrane Peptides Length (ms) Replicates Method

PC 15 � 350 3 WE

PC:CHOL 15 � 330 3 WE

PC 0 � 0.6 3 MD

PC:CHOL 0 � 0.6 3 MD

For the WE runs, the time refers to the total sampling time for each WE

replicate. ‘‘Replicates’’ indicate the number of independently built trajec-

tories that were run; three distinct WE simulations were performed for

each composition. MD, standard molecular dynamics; WE, weighted

ensemble.
Simulation analysis

Lightweight object-oriented structure analysis library (LOOS) was used to

analyze all the data, along with the analysis tools that came with the

WESTPA software (41,43–45). All the analysis was performed at 1-ns res-

olution. All average quantities were computed using the last 50 weighted

ensemble (WE) iterations, taking into account the weight associated with

each trajectory. Unless otherwise specified, error bars are the standard er-

rors calculated by treating each WE simulation as one independent

measurement.

Molecular order parameters

The molecular order parameter is a whole-chain analog of the deuterium or-

der parameters measured using solid-state nuclear magnetic resonance (46).

It is calculated as
Smol ¼
����
�
3cos2q � 1

2

�����; (3)

where q is the angle between the membrane normal (z axis) and the second

and third principal axes of the acyl chain; this method is implemented in the

dibmops tool in LOOS.

Area per lipid

The area per lipid is computed by calculating the area occupied by the

membrane using the periodic box dimensions for each frame of a trajectory

and then dividing the area by the number of lipids and sterols present in

each leaflet. We used the area per lipid command line tool implemented

in LOOS to do this calculation.

Radial distribution function

We used the LOOS tool xy rdf to calculate the two-dimensional lateral

radial distribution function in the plane of the membrane for various mem-

brane components (lipid, cholesterol, and fengycin); this tool operates on

the molecules’ centroid rather than any individual atoms.
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Probability distribution for fengycin-fengycin contacts and
fengycin-lipid contacts

We used the tool w pdist from WESTPA to compare weighted population

distributions along the progress coordinate for each WE iteration. plothist

(also part of WESTPA) was used to plot time series of this distribution,

as well as averages over specific ranges of iterations.

Aggregation propensity

When quantifying aggregation, we considered two fengycins to be in

contact if they had 50 pairs of atoms less than 6.5 Å apart; these specific

values were chosen to reproduce manual assignments made by eye in a

subset of trial frames. Using this criterion, we tracked the size distribu-

tion of fengycin aggregates through the WE runs. As above, we used

w pdist and plothist to create weighted histograms for the number of fen-

gycin-fengycin contacts and the total number of aggregates (41,42).

Z position of phosphate heads

We tracked the deformation of the membrane by calculating the z position

of the phosphate bead of each POPC with respect to the center of mem-

brane. These distances were binned with respect to the lateral distance

to the nearest fengycin’s centroid. To simplify comparison between sys-

tems with and without cholesterol, we subtracted the thickness of the cor-

responding pure membranes to measure the perturbation caused due to

fengycin.

All the analysis scripts and the MARTINI parameter files are available as

a github repository at https://github.com/sreyoshi09/scripts.git.
RESULTS

Our previous work showed that larger aggregates survive
for a longer lifetime in POPC bilayers compared with
POPE:POPG ones (32). Previous experimental work indi-
cated that cholesterol reduces the ability of fengycin
to induce membrane leakage and hypothesized the pres-
ence of specific cholesterol-fengycin interactions to ac-
count for it (28). We test this hypothesis using our
molecular dynamics simulations. We also test two alterna-
tive hypotheses: 1) does cholesterol change the aggrega-
tion propensity of fengycin, such that it is less able to
induce membrane deformation and leakage, and 2) does
cholesterol render the membrane resistant to fengycin
aggregates?
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Fengycin forms ordered aggregates

Fig. 2 A shows the lateral radial distribution function for fen-
gycin molecules. The large first peak indicates a strong ten-
dency to oligomerize, although numerous secondary peaks
indicate the presence of higher order structures. It seems
that fengycin has a tendency to form some solid-gel systems
as evident from their solid-like radial distribution function.
Furthermore, the fact that the peaks are equally spaced,
well resolved, and of similar width strongly suggests that
the aggregates are linear, a fact we verified visually (see
Fig. 2 B). Although previous coarse-grained simulations
also showed the presence of linear aggregates, our more
recent all-atom simulations suggest the aggregates were
more amorphous, consistent with atomic force microscopy
experiments from Eeman et al. (31,32,22). It is worth noting
that theMARTINI coarse-grained model is known to overes-
timate the aggregation propensity ofmembrane proteins (47).
Aggregation propensity similar with or without
cholesterol

Fiedler and Heerklotz’s (28) fluorescence lifetime experi-
ments suggested that cholesterol reduces fengycin-induced
membrane leakage by reducing fengycin’s ability to aggre-
gate in the membrane. One of the primary goals of the pre-
sent work is to test this hypothesis. In this section, we use
the probability distribution of fengycin-fengycin contacts
as a measure of their propensity to aggregate.

As discussed in the section probability distribution for
fengycin-fengycin contacts and fengycin-lipid contacts,
we track aggregation by counting the number of fengycin-
fengycin contacts; the resulting probability distribution is
shown as Fig. 3. Somewhat surprisingly, the data indicate
that the presence of cholesterol slightly increases the ten-
dency of fengycin to aggregate. Although the peak of the
probability distribution is virtually identical, the tail to
lower numbers of contacts is wider in the membrane without
cholesterol, which also contains a measurable population of
fully dispersed fengycin molecules.
FIGURE 2 (A) Lateral radial distribution function

(RDF) between fengycins. Each curve represents the

average from a single weighted ensemble run. (B)

Structure of a single 15-mer aggregate. To see this

figure in color, go online.

https://github.com/sreyoshi09/scripts.git


FIGURE 3 Probability distribution for fengycin-fengycin contacts. The

number of fengycin contacts is calculated using Eqs. 1 and 2. Error bars

are the standard error, calculated by considering each weighted ensemble

run as a single independent measurement. To see this figure in color, go on-

line.
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Reducing the complex phenomenon of aggregation to a
single progress coordinate necessarily reduces the amount
of information available. To recover some of this informa-
FIGURE 4 Probability of number of feng-feng contacts and number of aggreg

probabilities of (B) from (A) (POPC � POPC:CHOL). Example structures from

locations on the 2D projection are indicated as green letters superposed onto (A)

bilayer, with the fengycin peptide rings in yellow, the fengycin tails in salmon, P

go online.
tion, we also track a two-dimensional probability distribu-
tion, as a function of number of contacts and the number
of distinct aggregates, which allows us to distinguish poten-
tial changes in the morphology of the clusters.

The results are shown in Fig. 4. Fig. 4, A and B shows the
distributions in the POPC and POPC:cholesterol mem-
branes, respectively. Since the two distributions are fairly
similar, we show the difference between them as Fig. 4C.
Focusing on Fig. 4C, it is clear that the fengycins are
more likely to be found as a single large aggregate in the
presence of cholesterol, whereas in a pure POPC membrane,
there is more diversity in both the number of contacts and
number of distinct aggregates.

Fig. 4, D–F indicates the kinds of aggregation consistent
with specific parts of the probability distribution. Most
notably, Fig. 4E shows that, when we have relatively high
numbers of contacts and numbers of aggregates, this gener-
ally indicates the presence of one or two major aggregates,
plus a number of isolated monomers.

The above sections demonstrate that there is only a subtle
alteration in favorable fengycin-fengycin interaction in the
presence or absence of cholesterol, but the shape and
morphology of those aggregates is somewhat sensitive to
ates in (A) POPC and (B) POPC:CHOL. (C) is obtained by subtracting the

different parts of the probability distribution are shown in (D)–(F); their

and (B). The molecular structures show the view from top of the membrane

OPC in lime green, and cholesterol in blue-green. To see this figure in color,
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the presence of cholesterol. This suggests that fengycin ag-
gregation propensities might be subtly impacted by choles-
terol, which in turn might have accounted for the reduced
liposome leakage observed by Fiedler and Heerklotz (28).
Fengycin does not specifically pack with
cholesterol or phospholipids

Our previous all-atom simulations suggested that fengycin
aggregation was in part due to lack of favorable interactions
with lipids, as opposed to strong specific attraction between
the fengycins themselves. Here, we extend that analysis to
check for preferential localization of fengycin with POPC
and cholesterol. Specifically, we plotted the lateral radial
distribution function between fengycin and cholesterol or
POPC, shown in Fig. 5.

Other than steric exclusion at short distances, there are no
major features in either radial distribution function; if there
were strong favorable interactions, one would expect to see
enrichment at the contact distance, causing a peak from
maybe 5–8 Å. This result is not consistent with the hypoth-
esis proposed by Fiedler and Heerklotz (28), who suggested
that specific hydrogen bonds between cholesterol and fengy-
cin could reduce fengycin aggregation. These results are
similar to our previous all-atom simulations, which also
failed to show specific enrichment between POPC and
fengycin (32).

Another common hypothesis for the action of antimicro-
bial peptides is demixing of the membrane. To check for
this, we computed radial distribution functions for choles-
terol-cholesterol, POPC-POPC, and POPC-cholesterol in
the presence and absence of fengycin; no enhanced sam-
pling was needed to acquire good data for the pure mem-
branes, so conventional molecular dynamics simulations
were used (see Table 1).

Fig. 6 shows that the cholesterol-cholesterol and POPC-
POPC distributions are not significantly perturbed by fengy-
cin; the curves with and without fengycin superimpose
almost exactly. However, there are some differences in the
6 Biophysical Journal 121, 1–12, May 17, 2022
POPC-cholesterol distribution within the first solvation
shell. The presence of fengycin reduces the main contact
peak—presumably because those contacts are replaced by
fengycin—although there is a small increase in the popula-
tion at very short distances. However, there is no perturba-
tion beyond about 10 Å and thus no effect on overall
lateral structure of the membrane. Thus, we can conclude
that fengycin is not preferentially interacting with choles-
terol or POPC and there is no demixing of the lipids in
the presence of cholesterol that will affect fengycin
aggregation.
Does cholesterol alter local lipid environment
around fengycins?

Since fengycin does not change the lateral organization of
the membrane, we now consider an alternative hypothesis,
that fengycin alters the local structure of the bilayer, specif-
ically the lipid packing, in a cholesterol-dependent manner.
To test this, we examine the two-dimensional probability
distribution for fengycin-fengycin and fengycin-lipid con-
tacts, shown in Fig. 7; Fig. 7, A and B shows the results
for the POPC and POPC:cholesterol bilayers, respectively,
whereas Fig. 7C shows the difference map.

Although the two distributions are qualitatively similar,
the POPC:CHOL distribution is broader, with the distribu-
tion shifted toward more fengycin-fengycin contacts and
fewer fengycin-lipid contacts; this is most easily seen in
Fig. 7C. This supports the argument mentioned above that
cholesterol slightly increases fengycin aggregation by
reducing the favorability of fengycin-lipid interactions.
Cholesterol limits fengycin’s disordering effects

Our other alternate hypothesis was that fengycin acts in a
cholesterol-dependent manner by locally deforming or dis-
ordering the membrane. We test this by quantifying the lipid
chain packing surrounding the fengycin aggregates using
the molecular order parameter, a measure of whole-chain
FIGURE 5 Lateral RDF between (A) cholesterol

and fengycins and (B) POPC and fengycins. Results

from each weighted ensemble run are shown as indi-

vidual curves. To see this figure in color, go online.



FIGURE 6 Lateral RDF between (A) cholesterols, (B) POPCs, and (C) POPC and cholesterol. All the lipid-lipid RDFs are compared with their analogous

value with no fengycins present. To see this figure in color, go online.
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tilt (see section molecular order parameters for details).
Fig. 8 A shows the molecular order parameter for POPC pal-
mitoyl chains calculated as a function of lateral distance to
the nearest fengycin. For comparison purposes, we also
show the average result for the membranes with no fengy-
cins added. The results show that the chain order is reduced
at all distances in both systems, but unsurprisingly, the effect
is strongest close to the fengycin.

In Fig. 8 B, we have subtracted the bulk values (the dotted
lines) from the distance-dependent curves to simplify the
process of quantifying difference in fengycin’s effect on
the two systems, setting aside the fact that cholesterol
already makes membranes thicker and more ordered. The
curves computed for the POPC:cholesterol system are
more negative at all distance ranges, which means fengycin
reduced the chain order of those membrane lipids more than
it did for the neat POPC membranes, although overall, the
cholesterol-containing membranes are still more ordered.

To better understand this somewhat surprising result, we
broaden this comparison to determine how the molecular or-
der parameter simultaneously varies with distance and the
aggregation state of the fengycin, shown in Fig. 9. As ex-
pected, the same basic trend is observed: more fengycin-
fengycin contacts implies more aggregation, which leads
FIGURE 7 Probability of number of feng-feng contacts and number of feng-li

shown. We used Eqs. 1 and 2 to calculate the different contacts. To see this fig
to lower molecular order parameters, particularly for those
lipids close to the fengycin. However, when we examine
the variation with distance, it is clear that, for any degree
of aggregation, the reduced order parameters die off over
shorter distances in cholesterol-containing membranes
than in POPC systems. This suggests a different mechanism
for protection by cholesterol: cholesterol renders the mem-
brane resistant toward the local disordering effects both
because it increases the baseline order and because it makes
fengycin’s effects short ranged.
Fengycin bends the membrane

The previous coarse-grained simulations from Horn et al.
(31) suggested that fengycin aggregates systematically
bend the membrane when bound to one leaflet. This sug-
gests a new question: does cholesterol impact the asymme-
try stress induced by fengycin binding to one leaflet? Visual
inspection of the present simulations suggested the behavior
is similar to what was observed by Horn et al. To quantify
this, we calculated the height of phospholipid heads—the
distance to the center of the bilayer—with respect to the dis-
tance to the nearest fengycin, as discussed in the section
Z-position of phosphate heads.
pid contacts. (A) POPC, (B) POPC:CHOL, and (C) POPC-POPC:CHOL are

ure in color, go online.
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FIGURE 8 Molecular order parameters as a func-

tion of distance from nearest fengycin. (A) Average

molecular order parameters as a function of distance

from fengycins are shown. (B) Difference between

the distance-dependent molecular order parameter

and the equivalent neat lipid system is shown. Each

curve shows the average in each for a single

weighted ensemble replicate. To see this figure in co-

lor, go online.
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To simplify comparison between membranes with differ-
ence thicknesses, we subtracted the average height of the
phosphates from that leaflet in the neat simulations. The
results are shown in Fig. 10. Both compositions exhibit
positive curvature; both leaflets are deflected in the þZ di-
rection. Interestingly, the upper leaflets are distorted simi-
larly, regardless of the composition of the surrounding
membrane. By contrast, the lower leaflets’ response varies
with cholesterol: the dynamic range for the lower leaflet’s
deflection is 4 Å for POPC vs. 2.5 Å for the POPC:choles-
terol mixture.

The positive value for the lower leaflet indicates that the
lower leaflet is pushed toward the membrane center. Since
the deflection of the lower leaflet is larger than that for the
upper leaflet, we conclude that the fengycin aggregates
simultaneously bend and thin the membrane. The upper
leaflet bending is similar with and without cholesterol, but
FIGURE 9 Average molecular order parameter for the palmitoyl chains as a fu

(A) POPC and (B) POPC:CHOL are shown. The x axis is the lateral distance to t

contacts obtained by dividing the fengycin-fengycin contact with the highest me

order parameter for the palmitoyl chains of POPC. To see this figure in color, g
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the lower leaflet deflection is reduced by cholesterol. This
leads us to conclude again that cholesterol reduces the abil-
ity of fengycin to thin the membrane. It is worth noting that
the overall amplitude of bending is most likely reduced by
finite-size effects, since the bilayer contains only 186 lipids
per leaflet.
DISCUSSION

The primary goal of the present work has been to quantitate
the aggregation of fengycin in membranes and determine
the role played by cholesterol in modulating that aggrega-
tion. This required developing a novel protocol to study
the thermodynamics of peptide aggregation; previous simu-
lation work focused only on the presence or absence of ag-
gregates (essentially focusing on the sign of the DG). Here,
we presented an enhanced sampling approach based on the
nction of distance from fengycin and fraction of fengycin-fengycin contacts.

he nearest fengycins, and the y axis is the fraction of the fengycin-fengycin

asured fengycin-fengycin contacts. The color range indicates the molecular

o online.



FIGURE 10 Relative Z distances of phosphates for POPC (A and C) and POPC:CHOL (B andD) as a function of distance from fengycins. The x axis is the

distance of phospholipid from fengycin, whereas y axis denotes the height of phosphate moiety in the phospholipids after taking into account the thickness of

the membrane. Each weighted ensemble run is considered as a single measurement, and standard error is calculated using this assumption. (E) and (F) show

images of fengycin aggregates in POPC and POPC:CHOL, respectively, viewed along the plane of the membrane. The fengycin peptide head groups are

yellow, the fengycin tails are salmon, POPC is shown in lime green with the phosphate beads a bit darker, and cholesterol is blue-green in color. To see

this figure in color, go online.
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WE algorithm, which allowed us to detect subtle shifts in
the aggregation behavior of fengycin in membranes with
and without cholesterol.

As we were testing and developing a new method, we
chose to perform the simulations using coarse-grained
models, specifically the MARTINI coarse-grained force
field, as opposed to fully atomistic models. This decision
comes with certain trade-offs. On one hand, the coarse-
grained models are computationally efficient, which was
crucial to the success of the project. Lateral reorganization
of the membrane is intrinsically a slow process and even
with enhanced sampling remains computationally expen-
sive. At the same time, it was essential to run multiple inde-
pendent calculations of each system, as this is the most
reliable way to assess statistical uncertainties.

On the other hand, coarse-grained models by definition
have less resolution than their atomistic counterparts, and
that loss of resolution can at times affect both the research
strategy and the results. For example, where mammalian
membranes generally contain cholesterol, many fungal
membranes contain ergosterol. The present work focused
on the effects of the presence or absence of cholesterol,
but going forward with ergosterol is the next logical step,
especially given the recent work showing that ergosterol
also modulates fengycin function (48,49). However, in the
context of the MARTINI model, cholesterol and ergosterol
are very similar, so much so that distinguishing their effects
appeared unlikely to succeed. We confirmed this by running
coarse-grained simulations with ergosterol; the membrane
properties are very similar to those for equivalent choles-
terol-containing bilayers (see Table S1 and Fig. S1) and
found that their membrane bulk properties, like area per
lipid and molecular order parameters, are quite similar
to cholesterol-containing bilayers. Thus, we suspect that
comparing the effects of cholesterol and ergosterol will
require more expensive fully atomistic simulations.

The other major issue is the known tendency of the
MARTINI v.2.0 model to over-stabilize protein-protein in-
teractions (29,50,51). We believe this manifests in the pre-
sent work by causing the peptide aggregates to be more
ordered than they were in our previous atomistic simula-
tions; (32) forming stacked-disk aggregates maximizes pro-
tein-protein contact for cyclic peptides, such as fengycin.
The recently released MARTINI v.3.0 addresses this
Biophysical Journal 121, 1–12, May 17, 2022 9
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specific issue, but since it does not contain parameters for
cholesterol, it cannot be used for the present problem (52).

However, our earlier work showed that this effect is not
overwhelming, in that some membrane compositions still
did not lead to stable aggregates (53). The main difference
is that, in those membranes, there were favorable electro-
static lipid-peptide interactions that effectively competed
with peptide-peptide packing, where in the present work,
we see no evidence for specific interactions between fengy-
cin and either the POPC head groups or cholesterol.

We chose to perform our simulations with fengycins
bound to only one bilayer leaflet, to mimic the biologically
relevant case where fengycin micelles encounter fungal
cells and bind to the outer leaflet of their membranes.
Whereas simulating the equilibrium situation, with fengy-
cins bound to both leaflets, would also be valid, we chose
the asymmetric case because that very asymmetry may
play a role in function. Wimley and co-workers have shown
that some cell-penetrating peptides induce permeabilization
that dissipates on the timescale of minutes (54,55). They
explain this phenomenon by positing that the leakage occurs
with the peptides bound only to the outer leaflet of the ves-
icles; as the peptides gradually equilibrate to the other
leaflet, the asymmetry stress is relieved and leakage ceases.
Although we do observe some cholesterols flipping between
leaflets, our simulations are far too short to observe the
equivalent process for fengycins.

Lipopeptides, such as fengycin, are unlikely to exist as
monomers in solution; rather, one would expect to see the
formation of micelles that can bury the acyl chain while
leaving the relatively polar peptide portion exposed to water.
Previous work from our group on a different family of lip-
opeptides showed that blue varying kinetics of binding
from a micellar state provided an alternative explanation
for membrane selectivity (56). These were exceptionally
challenging calculations, but it would be interesting going
forward to determine whether analogous phenomena are
relevant here and, in particular, whether cholesterol and/or
ergosterol modify the binding kinetics of fengycin micelles.
CONCLUSIONS

Fengycins are antifungal lipopeptides that permeabilize
fungal membranes while leaving the bacterial species syn-
thesizing it unharmed and causing minimal damage to
mammalian cells. The present work is a step toward under-
standing their mechanism, which characterizes the propen-
sity to aggregate and how that aggregation is modulated
by cholesterol. We conclude that cholesterol subtly shifts
the aggregation propensity, and more significantly, the pres-
ence of cholesterol reduces the range over which fengycin
perturbs the membrane. These actions are not the result of
direct specific interactions between fengycin and cholesterol
but rather reflect the balance of interactions between all
membrane constituents.
10 Biophysical Journal 121, 1–12, May 17, 2022
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