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ABSTRACT Antimicrobial peptides (AMPs) carry great potential as new antibiotics against ‘‘superbugs.’’ Dermcidin (DCD), a
broad-spectrum AMP in human sweat, has been recently crystallized in its oligomeric state and showed channel-like properties.
In this work, we performed multiscale molecular dynamics simulations to study how the membrane composition influences the
behavior of a transmembrane pore formed by the DCD oligomer in the hope of revealing the origin of the membrane selectivity of
this AMP toward bacteria. Our results indicate that bilayers composed of various lipids (DMPC, DPPC, and DSPC) with different
thicknesses result in different orientations of the DCD oligomer when embedded in lipid bilayers. The thicker the bilayer, the less
tilted the channel. Cholesterol makes the bilayers more rigid and thicker, which also affects the orientation of the channel.
Furthermore, we observed that the predicted conductance of the channel from computational electrophysiology simulations
is related to its orientation in the lipid bilayer: the larger the tilt, the larger the conductance. Our results indicate that the mem-
brane composition has a significant influence on the activity of the DCD channel, with thicker, cholesterol-rich membranes
showing lower conductance than that of thinner membranes.
INTRODUCTION
Because of the overuse and misuse of existing antibiotics, as
well as the slow development of new antibiotics, many path-
ogenic species of bacteria are developing resistance to exist-
ing antibiotics, which has become one of the world’s most
pressing public health concerns (1). Antimicrobial peptides
(AMPs), which widely exist in various forms of lives from
plant to mammals, exhibit great potential as a new genera-
tion of antibiotics. Many kinds of AMPs kill bacteria by
interacting with their membranes rather than with specific
proteins and thereby make it harder for bacteria to develop
resistance (2,3). Therefore, it is of great interest to under-
stand how AMPs interact with membranes, with a long-
term goal of understanding the detailed mechanisms of the
action of AMPs enabling development of potential new
antibiotics.

The various types of AMPs differ in their sequence,
length, structure, net charge, and other properties (4). It
has been proposed that some AMPs function as metabolic
inhibitors, whereas others can increase the permeability of
membranes by various mechanisms (3). Three permeation
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models have dominated the discussion of AMPs: the bar-
rel-stave, toroidal, and carpet models (3). It is likely that
the detailed pore-forming mechanism varies between
different AMPs. A number of computational studies have
attempted to address possible mechanisms of pore forma-
tion and/or interaction with membranes (5–13). Such studies
can reveal aspects of the underlying mode(s) of action of
AMPs and thereby provide a guide for design of novel anti-
biotics (2,14–17).

Among recently discovered AMPs, dermcidin (DCD) was
initially discovered in human sweat in 2001 and found to
have broad-spectrum antimicrobial and antifungal activities
under a wide range of conditions (18). Significantly, defi-
ciency of DCD in the sweat of patients with atopic dermatitis
correlates with an impaired resistance to infection of human
skin (19). There have been several studies performed to
investigate its functional mechanism (19–25). DCD is a
47-residue peptide, the monomeric structure of which was
determined by NMR and shown to be a kinked a-helix
(26). The DCD monomer is negatively charged, which is
unusual for an AMP, many of which are cationic (3,27) to
facilitate peptide/lipid interactions. Based on structure-activ-
ity studies of DCD-1L, it was proposed to form oligomeric
complexes, stabilized by Zn2þ ions, which form ion-perme-
able pores (i.e., channels in the bacterial membrane) (18,28).
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Lipid Bilayer Affects Dermcidin Activity
A crystal structure of a channel-like helix-bundle olig-
omer of DCD in combination with molecular dynamics
(MD) simulations and ion channel current measurements
was used to propose a detailed mechanism for the action
of this unusual AMP (28). It was suggested that pore forma-
tion by DCD involves the divalent ion Zn2þ such that the
oligomeric complex is neutral. This oligomeric structure
can form a stable pore when embedded in a lipid bilayer
in accord with the barrel-stave model, and the pore shows
high water and ion permeability. This pore-forming mecha-
nism may therefore explain how DCD kills bacteria (28).

To both understand and potentially engineer selectivity of
AMPs, it is important to understand how membrane lipid
composition (which differs profoundly between bacterial
and mammalian cells) influences the behavior of DCD. In
this study, we performed multiscale MD simulations to
study the effect of the membrane lipid composition on the
orientation and predicted conduction properties of DCD
when embedded in various lipid bilayers. The orientation
of DCD relative to the bilayer is shown to be correlated
with the lipid bilayer thickness: the thicker the bilayer, the
less the tilt of the channel assembly relative to the bilayer
plane. The conductance of the channel exhibits a correlation
with the tilt of DCD such that more tilted channels exhibit a
larger conductance. This suggests that the biological activity
of the DCD pore will be strongly influenced by the nature
of the membrane within which the DCD oligomer is
embedded.
METHODS

Selection of the simulation systems

We took the crystal structure of the hexameric DCD pore (Protein Data

Bank [PDB]: 2YMK) as the initial structure for our MD simulations. To

study the effect of membrane thickness and composition on the DCD
activity, we selected three kinds of lipids with different lengths, namely

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine), DPPC (1,2-dipal-

mitoyl-sn-glycero-3-phosphocholine), and DSPC (1,2-distearoyl-sn-glyc-

ero-3-phosphocholine), which have 14, 16, and 18 carbon atoms in the

fatty acid chains, respectively. Moreover, we added cholesterol into some

of the simulation systems to study its influence for a given lipid type. There-

fore, we studied the following systems: DCD in DMPC, DCD in DPPC, and

DCD in DSPC bilayers, with 0, 20, and 40% cholesterol in the each of the

respective lipid bilayers.
CG simulations

To investigate the orientation of the DCD oligomer on various lipid bila-

yers, we performed coarse-grained (CG) MD simulations (29) to study

the self-assembly processes of the DCD oligomer into lipid bilayers.

Initially, the DCD oligomer was positioned along the z axis or perpendicular

to the z axis and was surrounded by randomly positioned lipids and water

molecules (and cholesterol as well for some cases) in a simulation box of

120 � 120 � 80 Å3, which was sandwiched into two extrawater layers

with the thickness of 20 Å along the z axis. As a consequence, the initial

simulation system was a box of 120 � 120 � 120 Å 3 as shown in

Fig. 1, A and B. In all the CG simulations, we included the six Zn2þ ions

within the DCD hexamer because these have been shown to be important

for the stability of the oligomeric structure (28). There are not well-estab-

lished Zn2þ parameters in the Martini force field, so in the CG, we used

generic divalent cation parameters represented by Ca2þ. We consider this

strategy to be reasonable because an elastic network was applied to the

DCD-Zn2þ complex as a whole, thus ensuring its conformational stability.

The system was then heated up to 345 K, with all the molecules in the

simulations box being allowed to move freely. Within 200 ns, the system

was able to reach a well-equilibrated condition in which the DCD oligomer

self-inserted into a well-shaped lipid bilayer that was sandwiched by extra-

and intrawater layers representing the extra- and intracellular environment

(Fig. 1 C), or in rare cases, the oligomer was found to be partly embedded

into the lipid bilayer and partly exposed to water, with the pore axis parallel

to the bilayer surface as shown in Fig. 1 D. The temperature of 345 K was

chosen to make sure all the lipids would stay in the fluid phase.

For the CG simulations, we used GROMACS 4.6 (30) to perform the MD

simulations with the Martini force field (29,31). A time step of 20 fs was

adopted. We used the Berendsen barostat (32) and the v-rescale thermostat

(33), with a time constant of 1.0 ps for both. The short-range van der Waals
FIGURE 1 Coarse-grained (CG) self-assembly

simulations of DCD/lipid bilayer systems and the

atomistic computational electrophysiology (CE)

simulation system. (A) and (B) show two initial sys-

tems for the CG simulations, with the helix bundle

(green-cyan) perpendicular or parallel, respectively,

to the plane of the initial slab containing lipid mol-

ecules (dark gray). (C) and (D) show two possible

resultant orientations of the DCD oligomer relative

to the self-assembled bilayer (lipid phosphate parti-

cles only are shown in dark gray) at the end of the

0.5-ms CG simulations. The tilt angle is indicated

by q in (C). The small transparent light-blue spheres

are water particles. (E) The atomistic CE simulation

system is shown in which the green-cyan cartoons

represent the DCD oligomer, the gray spheres are

the phosphorus atoms of the lipid (DMPC) head-

groups, and the red and blue spheres are Cl� and

Naþ ions, respectively. W1 and W2 represent the

two aqueous compartments between which a voltage

difference of �250–450 mV was maintained in the

CE simulations. To see this figure in color, go online.
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and electrostatic interactions were calculated with a cutoff of 11 Å. The

electrostatic interactions were calculated with the ‘‘reaction field’’ method.

The dielectric constant was set to be 15. More details about the self-assem-

bly CG simulations can also be found in a recently established automated

method (34).
Atomistic CE simulations

Atomistic computational electrophysiology (CE) simulation is a recently

developed method, which is highly suitable for the study of ion conduction

properties of channels or pores (35,36). In such a simulation, we set up a

double-layer system in which the simulation box is divided into three

segments by two lipid bilayers. Effectively, there are only two water com-

partments (named W1 and W2) in the simulation system because the top

and lower water sections are actually treated as continuous with one another

in the simulations because of the existence of periodic boundary conditions,

as shown in Fig. 1 E. Different numbers of ions can be put into the twowater

compartments, which can generate a transmembrane ion gradient and trans-

membrane potential because of the imbalance of the ion distribution. By

adjusting the ion number difference in the two water compartments, we

can apply a desired transmembrane potential to the simulation system.

The DCD hexamer and the six Zn2þ ions within the channel were

extracted from PDB:2YMK to build the all-atom simulation system. The

atomistic MD simulations were performed with GROMACS 4.6 (30) and

the CHARMM36 force field (37). Using g_membed (38), we first

embedded the DCD oligomer into a lipid bilayer built with CHARMM-

GUI (39) and further solvated the system by water molecules and a certain

number of ions to have an ion (NaCl) concentration of 0.15 M. The result-

ing system is overall neutral. We adopted a time step of 2 fs. The semi-

isotropic NPT barostat was applied with the Parrinello-Rahman method

at 1 bar with a coupling time constant of 1.0 ps (40,41), and the thermostat

was applied with the Nose-Hoover method at 345 K with a coupling time

constant of 0.5 ps (42,43). The short-range electrostatic interaction cutoff

was set to be 14 Å, and the particle mesh Ewald method was utilized for

calculating long-range coulomb interactions (44,45). The van der Waals

interactions were cut off at 12 Å and turned off smoothly from 8 to 12 Å

with the ‘‘shift’’ method.

The single-layer system was firstly equilibrated for 500 ns until the chan-

nel found its most stable orientation in the lipid bilayer. The resulting

system has a size of around 80 � 80 � 110 Å3. The single-layer system

was then duplicated along the z direction. We set the number of Cl� to

be 45 and 39 and the number of Naþ to be 39 and 45 in W1 andW2, respec-

tively, which leads to a transmembrane potential of �300–450 mV. Then,

we ran multiple 200-ns CE simulations for each system. From these produc-

tion CE simulations, we were able to observe continuous ion permeation

along the DCD oligomer. In the end, we calculated the average transmem-

brane potential and the current during the simulation time (divided into

200-ns segments) and thereby obtained the conductance of the channel.

We performed 200-ns atomistic CE simulations for DCD in DMPC,

DPPC, DSPC, and DMPC þ cholesterol bilayers. All the simulations are

summarized in Table S4.
Calculation of the channel conductance

After finishing the CE simulations, we analyzed the transmembrane poten-

tial, which was generated from the charge imbalance Dq between the two

water compartments. Only the charge distribution perpendicular to the

membrane is relevant for calculating the potential drop DU, so we inte-

grated twice over the charge distribution with intervals along the z direction

(the bilayer normal direction) to obtain the transmembrane potential by

using the implementation of the Poisson equation ðV2U ¼ �r=εÞ in the

GROMACS g potential tool. We then counted the number of ions

that permeated through the channel in the 200-ns MD trajectories with

which we calculated the current with the equation: I ¼ Q=t, where
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Q ¼ e� ðnumNaþ þ numCl�Þ was the charge that passed through the chan-

nel and t was the simulation time. With DU and I known, the conductance

was simply calculated with the equation: C ¼ I/DU. The above calculation

was performed for each 200-ns CE simulation.
RESULTS

The orientation of the DCD oligomer is membrane
dependent

In the CG MD simulations, the lipids (and cholesterol) self-
assembled into a bilayer around the DCD oligomer. Most of
the self-assembly processes were completed within 200 ns,
as indicated by a well-defined lipid bilayer forming around
the DCD oligomer (Fig. 1, C and D) and the tilt angle reach-
ing a stable value (Fig. 2). If the DCD oligomer was initially
parallel to the z axis (red plot, initial tilt angle 0�), its final
orientation was mostly embedded and tilted in the self-
assembled lipid bilayer. The exceptions were 2 out of 10
simulations with 80%DMPC:20%Chol (cholesterol), and 1
out of 10 simulations with 60%DMPC:40%Chol, where
the DCD was only partially embedded into the bilayer and
its axis was parallel to the bilayer surface. If the DCD olig-
omer was initially normal to the z axis (blue plot, initial tilt
angle 90�), the final orientation can be either embedded and
tilted in the lipid bilayer or partially embedded into the
bilayer and parallel to the bilayer surface.

In all of the above simulations, the embedded and tilted
orientation was preferred, and the tilt angle was system
dependent. We analyzed the tilt angle distribution for all
the CG simulations, disregarding the first 200-ns assembly
trajectories. We observe two possible orientations, as shown
in Figs. 2 and S1. The preferred orientation is the DCD olig-
omer embedded and tilted in the bilayer, and the tilt angle
depends on the composition of the bilayer. We found that
the thinner the bilayer, the larger the tilt (Fig. 3). For
different types of lipids, the lipids with longer tails (length:
DSPC > DPPC > DMPC) form a thicker bilayer, which
lead to a less tilted orientation of the DCD oligomer in the
bilayer (tilt angle: DSPC < DPPC < DMPC). For the
same type of lipids, adding cholesterol results in thicker
bilayers, which subsequently leads to a less tilted orientation
of the DCD oligomer in the bilayer. The other orientation
was the DCD channel axis parallel to the bilayer surface
and only partially embedded into the lipid bilayer
(Fig. 1 D). Because this orientation did not eventually
lead to a pore formation in the bilayers, we think it is not
the functional orientation of the DCD oligomer. Therefore,
we focused on the study of the tilted orientation.
The orientation of the DCD oligomer from
atomistic MD simulations

Our atomistic simulations show a similar trend to the CG
MD simulations. We examined the tilt angle evolution
of the DCD oligomer in three different types of lipid



FIGURE 2 DCD helix bundle tilt angle evolution CG simulations in the presence of DMPC (upper row), DPPC (middle row), or DSPC (lower row) lipids,

with 0, 20, and 40% cholesterol. The red lines correspond to simulations with the DCD oligomer axis initially parallel to the z axis (see Fig. 1 A), whereas the

blue lines correspond to simulations with the DCD oligomer initially perpendicular to the z axis (see Fig. 1 B). For each case, 10 independent simulations of

0.5-ms duration were performed. To see this figure in color, go online.

Lipid Bilayer Affects Dermcidin Activity
bilayers: DMPC, DPPC, and DSPC. Initially, the DCD olig-
omer was embedded into the bilayers with the g_membed
method (38), and the channel axis was parallel to the
z axis (tilt angle 0�). During the equilibration period, the
FIGURE 3 Mean tilt angles of the DCD helix bundle relative to the

bilayer normal in lipid bilayers with different thicknesses. The red, black,

and blue dashed lines represent the simulation results with DMPC,

DPPC, and DSPC lipid bilayers, respectively. The circle, square, and trian-

gle symbols represent the simulations with 0, 20, and 40% cholesterol,

respectively. The standard errors of the means of the tilt angles and mem-

brane thicknesses for each case are smaller than or comparable to the

size of the symbols, so they are not shown here for clarity. Please refer to

the Supporting Materials and Methods for more detailed data. To see this

figure in color, go online.
channel spontaneously and gradually tilted in all of the three
lipid bilayers (Fig. 4 A). We also examined the tilt angle
evolution in the double-layer CE simulations. Because the
initial configurations of the double-layer systems were taken
from the equilibrated single-layer systems, we found the tilt
angles were stable throughout the 200-ns simulations
(Fig. 4 B), indicating that the single-layer systems were
indeed well equilibrated. All these atomistic MD results
show that the tilt angle is dependent on the lipid type: the
thicker the bilayer (thickness: DSPC > DPPC > DMPC),
the smaller the tilt (tilt angle: DSPC < DPPC < DMPC),
as shown in Fig. 4. The tilt angles converged in less than
350 ns for all of the three simulations. The final stable tilt
angles are around 51, 41, and 38� for DMPC, DPPC, and
DSPC, respectively, which are close to the results obtained
in CG MD simulations. Please refer to Tables S1 and S3 and
Fig. S1 for a more detailed analysis.
The ion conduction through the DCD oligomer is
correlated with its orientation

In our atomistic CE simulations, we counted how many ions
permeated through the DCD channel within the simulation
time. Together with the average transmembrane potential
across the membrane, this allowed us to calculate the
predicted conductance of the channel. Also, from the simu-
lation trajectory, we obtained the stable tilt angle of the
DCD oligomer in the lipid bilayer. When the conductance
Biophysical Journal 116, 1658–1666, May 7, 2019 1661
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FIGURE 4 Tilt angle evolution of the DCD oligomer in DMPC (red),

DPPC (black), and DSPC (blue) bilayers as observed in the atomistic simu-

lations. (A) The tilt angle evolution in the single-layer simulations is shown,

with the initial channel axis normal to the bilayer surface and (B) the tilt

angle evolution in the double-layer simulations in which the initial configu-

rations were taken from the single-layer simulations at 200 ns for DMPC and

DSPC and at 400 ns for DPPC, as shown in (A). The solid and dashed lines in

(B) represent the two channels in the two bilayers of the double-patch CE

systems, respectively. To see this figure in color, go online.

FIGURE 5 Correlation between the average single channel conductance

as estimated by CE simulations and the corresponding tilt angle of the DCD

oligomer. Each scatter was obtained from a 200-ns atomistic molecular

dynamics (MD) simulation under a transmembrane potential of �250–

450 mV as described in the method section. The blue circles were derived

from the CE simulations with DMPC, DPPC, or DSPC and denoted as

D[MPS]C. The black circles were obtained from the CE simulations with

DMPC and cholesterols (DMPC/Chol ¼ 8:2). The red plots were derived

from our previous simulations of DCD in a bilayer composed of POPE/

POPG (3:1) at 310 K (28). Because previous studies showed that the

conductance of ion channels at 345 K is less than twice of that at 310 K

(47,48), we simply doubled the conductance of DCD in POPE and POPG

at 310 K (empty squares) to roughly estimate the conductance at 345 K

(red squares). The Pearson correlation coefficient was 0.65 based on the

calculations for the results at 345 K. The error bars represent the standard

errors of means. For the detailed data, including the error estimation, please

refer to Table S5. To see this figure in color, go online.
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values and the tilt angles are plotted in Fig. 5, although there
are local variations resulting in a relatively weak correlation
coefficient of 0.65, we can see a clear overall trend between
the conductance and the tilt angle of the DCD oligomer: the
larger the tilt angle, the larger the conductance.

It is also notable that the addition of cholesterol has a
significant effect on the DCD tilt angle (black scatters in
Fig. 3) as well as on the conductance (Fig. 5). From our sim-
ulations, the addition of cholesterol makes the lipid bilayer
stiffer and thicker, which in turn leads to a smaller tilt angle
and a smaller conductance.
Ion permeation path and selectivity

The majority of the permeating ions are anions. From our
analysis, we found that �90% of the permeating ions
were Cl�, indicating the DCD oligomer is anion selective.
This is consistent with our previous simulation results
in POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoe-
thanolamine)/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol) bilayers in which �88% permeated ions
1662 Biophysical Journal 116, 1658–1666, May 7, 2019
were anions. Although the DCD peptide is overall nega-
tively charged, there are six Zn2þ ions forming a complex
with the peptides upon oligomerization, which makes the
DCD-Zn2þ complex overall neutral. Moreover, the Zn2þ

ions are located near both the end and side openings of
the channel, which may facilitate anion permeation. As
shown in Fig. S2, the density of Cl� is significantly larger
than that of Naþ at the side entrance of the channel, as
well as throughout the interior of the channel. The major
permeation pathway was from side openings rather than
channel end openings, resulting a zigzag permeation path
as we illustrated before (28).
The influence of the DCD oligomer on the
surrounding lipid bilayer

The insertion and tilt of the DCD oligomer strongly influ-
ences the lipid bilayer properties around it. Unlike most of
the membrane proteins, which have a symmetric configura-
tion around the z axis, the tilted DCD oligomer introduces a
unique distortion on the lipid bilayer.

As shown in Fig. 6, the tilted DCD oligomer introduces
local bending and thinning of the lipid bilayer around it,
both in atomistic and CG MD simulations. In the simulation



FIGURE 6 The local DMPC bilayer thickness around the DCD helix

bundle from (A) CG to (B) atomistic MD simulations. The green-cyan

spheres/cartoons represent the DCD oligomer. The blue, white, and red

spheres represent the average local bilayer thickness averaged across a

trajectory. The bilayer thickness was calculated by the distance between

the phosphate particles (or phosphorus atoms) of the two leaflets with our

in-house analysis tool. To see this figure in color, go online.
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trajectories, we noticed that some lipid headgroups around
the DCD oligomer were able to move near the center of
the lipid bilayer along the hydrophilic gap on the DCD olig-
omer outer surface, which effectively thinned the bilayer
nearby. It is also notable that the bilayer distortion is not
completely identical in atomistic and CG simulations. In
fact, the distortion is more pronounced in the atomistic
simulations than in CG simulations, which is understand-
able because the CG models have a smoother surface than
that of atomistic models.
DISCUSSION

It is important to question what causes the selective activity
of AMPs against bacteria rather than against host cells.
Answering this question can not only reveal the detailed
function mechanism of AMPs but also help to develop
novel selective antibiotics. Because many AMPs execute
their function by interacting with membranes, it is a
reasonable hypothesis that the composition of membranes
may influence the activity of AMPs because it has been
shown that the membranes of bacteria and human cells
have distinct compositions (4,46). As a first step toward un-
derstanding this question, we studied how different types of
lipids affect the orientation and conductance of the DCD
oligomer when the DCD oligomer is embedded in a lipid
bilayer.
Our results confirm that the DCD oligomer indeed prefers
to be embedded into the lipid bilayer, which is expected
because about two thirds of the outer surface of the DCD
oligomer is hydrophobic. When there is a large exposure
of the hydrophobic surface to water (i.e., hydrophobic
mismatch), the relative free energy of the system will be
higher. By being fully embedded in the lipid bilayer, the hy-
drophobic mismatch is minimized and the system reaches a
more stable state. In such a scenario, changing the lipid tail
length, which in turn changes the bilayer thickness, changes
the optimal orientation of the DCD oligomer while
embedded in the bilayer. As shown in Fig. 3, the stable tilt
angle shows a strong correlation with the bilayer thickness
in our CG MD simulations: the thicker the bilayer, the
less the tilt because the DCD oligomer can tilt to a smaller
extent to minimize the hydrophobic mismatch in a thicker
bilayer. We found the same trend in the atomistic MD sim-
ulations (Fig. 4; Table S3); although, perhaps not surpris-
ingly, the tilt angle values do not exactly match those in
CG simulations, given the approximations intrinsic in the
CG representation. Therefore, the overall trend is the same
in both atomistic and CG models: thicker bilayers lead to
a less tilted orientation of the DCD oligomer. Also, it was
shown that the addition of cholesterol leads to a more rigid
and thicker bilayer and therefore a less tilted orientation of
the DCD oligomer in our CG MD simulations. This may
lead to a natural hypothesis that the cholesterol may play
a role in the selectivity of the AMPs activity because we
already know that cholesterol does not exist in bacteria
membranes but exists in human cells.

It was interesting that an alternative stable orientation of
the DCD oligomer was observed in the CGMD simulations,
which was not seen in our atomistic simulations. This does
not mean there is a discrepancy between the two methods.
But rather, it reflects the fact that the CG simulations are
able to provide more complex sampling of protein/mem-
brane interactions. CG self-assembly simulations have
been proven to be very reliable at studying the orientation
of membrane proteins in lipid bilayer because of its high ef-
ficiency of sampling, and a web server has been built
recently to show what the most likely orientations of integral
membrane proteins in lipid bilayers are (http://memprotmd.
bioch.ox.ac.uk/) (34). Because of this sampling efficiency,
CG MD was able to find the alternative orientation of the
DCD oligomer: it lies on the bilayer surface, is partially
embedded into the bilayer, and exposes the hydrophilic
gap on the outer surface to the water solution. This way,
the oligomer can also reduce the hydrophobic mismatch
and find a stable position. We transformed the CG model
with this alternative orientation into an atomistic system
and ran atomistic MD simulations. The results showed
that this alternative orientation is indeed also stable in the
atomistic system (Fig. S4). However, this orientation does
not fully penetrate the bilayer; therefore, we think it is not
a functional pore. We note that the two orientations can
Biophysical Journal 116, 1658–1666, May 7, 2019 1663
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interchange within the simulation timescale in our CG MD
simulations (Fig. 2), meaning the free-energy barrier be-
tween the two orientations can be overcome within a reason-
able time. The exchange of the two orientations is rare in our
CG simulations however, which is the reason why we did
not see the other orientation in our atomistic simulation in
which the DCD oligomer was initially embedded in the pre-
formed bilayer.

We have previously observed that the DCD oligomer can
act as an ion-permeable pore when embedded in a lipid
bilayer, which is likely its mechanism of action (28). Herein,
we examined the conductivity of the DCD oligomer by CE
simulations in various lipid bilayers in which the peptide
adopts different tilt angles. In these simulations, we
observed an overall correlation between the predicted
conductance and the tilt angle of the DCD channel in
various bilayers from a total of �3-ms all-atom CE simula-
tions. We found that the larger the tilt angle, the larger the
conductance, as shown in Fig. 5. From our atomistic simu-
lation results, one thing notable is that the addition of
cholesterol results in a very broad and scattered distribution
of tilt angles and conductance values. The wide distribution
of the tilt angle is a bit different from what we see in the CG
MD simulations in Fig. S1. We believe this is caused by the
fact that the free-energy landscape is rougher in atomistic
simulations; therefore, there are many more metastable ori-
entations when cholesterol is added. On the one hand, this
requires a much longer time to find the most stable and
optimal orientation; on the other hand, this gives us an op-
portunity to study the correlation between the conductance
and the tilt angle for a given membrane composition
because we have enough time to measure the conductance
for a metastable orientation before it spontaneously evolves
to the next state and no external restraint is required. Inter-
estingly, the six simulations of the DCD oligomer in the
DMPC and cholesterol mixture bilayer showed the same
trend as well: the larger the tilt angle, the larger the conduc-
tance (Fig. 5, black circles). Taken together, we found an
overall correlation between the conductance and the tilt of
the channel with a correlation coefficient of 0.65.

We also note that we do not expect this trend to hold at
very large tilt angles. In our simulations, we have only
seen tilt angles from around 20 to 55�. When embedded in
a lipid bilayer, the DCD oligomer will probably take a tilt
angle within this range, and we expect the above trend to
hold. If the tilt angle further increases, for example, in the
transition to the membrane surface-parallel orientation, the
trend may be changed.

The embedding of the DCD oligomer in lipid bilayers
strongly influences the bilayers. Unlike most of the mem-
brane proteins that are sitting in the membranes with the
structural axis perpendicular to the membrane surface and
has a symmetry effect on the membrane around this axis,
the tilted orientation does not introduce a symmetric effect
around its axis to the lipid bilayers. As shown in Fig. 6,
1664 Biophysical Journal 116, 1658–1666, May 7, 2019
the influence on the lipid bilayer is not symmetric around
the z axis. Instead, the distorted bilayer has an inversion
center. Both CG and atomistic simulations showed the
same feature. The distortion mainly involves a bending
and thinning of the membrane around the interface between
the DCD oligomer and the bilayers. This is caused by the
inward moving of the lipid headgroups toward the bilayer
center along the hydrophilic gap on the outer surface of
the DCD oligomer. This inward motion of the lipid head-
groups also exposes the side opening of the DCD oligomer
to the water solution, which can facilitate the ion perme-
ation. Therefore, this unique distortion of the lipid bilayer
clears the major ion permeation pathway and makes the
ion permeation more efficient.

From our results, we conclude that the composition of the
membrane has a significant impact on the orientation and
activity of the DCD oligomer. Basically, the thicker the
bilayer, the smaller the tilt; and the smaller the tilt,
the smaller the conductance. The addition of cholesterol
makes the membranes thicker and leads to a lower conduc-
tance. However, we should keep in mind that cell mem-
branes are much more complex than the simplified models
we used for our study, and we have not studied the oligomer-
ization and insertion of the DCD in membranes, so we
cannot conclude the selectivity mechanism of the DCD
against bacteria from these data alone. Rather, our work
revealed the relation of the membrane thickness and the
orientation and conductance of the DCD oligomer after
embedded into the membrane. Because the conductance of
the DCD oligomer is highly related to its activity, we think
the activity of DCD is closely related to the membrane
composition after forming pores in the membrane. To reveal
the full selectivity mechanism, more realistic membrane
models and the pore formation processes should be studied
in the future.
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