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Abstract

We report altogether 3-us molecular dynamics (MD) simulations of the antimicrobial peptide
CM15 to systematically investigate its interaction with two model lipid bilayers, pure POPC and
mixed POPG:POPC (1:2). Starting with either an a-helical or a random-coil conformation, CM15
is found to insert into both bilayers. Peptide-lipid interaction is stronger with the anionic
POPG:POPC than the zwitterionic POPC, which is largely attributed to the electrostatic attraction
between CM15 and the negatively charged POPG. Simulations initiated with CM15 as a random
coil allowed us to study peptide folding at the lipid-water interface. Interestingly, CM15 folding
appears to be faster in POPC than POPG:POPC, which may be explained by a lower activation
energy barrier of structural rearrangement in the former system. Our data also suggest that
compared with the random-coil conformation, CM15 in a pre-folded a-helix has significantly
reduced interactions with the lipids, indicating that peptide initial structures may bias the
simulation results considerably on the 100-ns timescale. The implications of this result should be
considered when preparing and interpreting future AMP simulations.

1. Introduction

Many living organisms can produce small, cationic and amphipathic peptides that exhibit a
wide spectrum of antimicrobial activity against Gram-positive and Gram-negative bacteria,
fungi, viruses and parasites [1, 2, 3, 4, 5]. These antimicrobial peptides (AMPs) are part of
the innate immune system in a large number of species, where they form the first line of
defense against pathogenic invasion. While AMPs acting on intracellular targets have
received increasing attention, the majority of them target the cellular membranes through
disrupting the physical integrity of the bilayers. Many AMPs in the latter category self-
organize to form pores once the peptide/lipid ratio is beyond a certain threshold [6, 7, 8, 9,
10]. These AMP-induced pores destroy the transmembrane electrochemical gradient,
thereby, causing osmolysis, cell swelling, and eventually, cell death.

Apart from their antimicrobial activity, some AMPs also cause lysis of human red blood
cells (hemolytic), making them unsuitable for therapeutic use. For instance, melittin, an
AMP with 26 amino acids and a +7 net charge, is a hemolytic peptide first isolated from the
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venom of European honeybee [11]. In comparison, a well-studied non-hemolytic peptide is
cecropin A from the silk moth [12], which contains 35 amino acids and a +6 net charge.
Combining residues 1-7 of cecropin A and residues 2-9 of melittin, a synthetic AMP,
CM15 (KWKLFKKIGAVLKVL-NH,), has been found to retain the potency of cecropin A
without the hemolytic activity of melittin [13].

Understanding the selectivity of different AMPs for mammalian and bacterial membranes is
of obvious interest in the development of these peptides as novel antibiotic agents.
Molecular dynamics (MD) simulations, which provide an atomic-resolution model of the
system under investigation, have been used extensively to investigate AMP-lipid
interactions [14, 15, 16, 17, 18, 19, 20]. In particular, simulations have been successfully
applied to explore pore formation induced by AMPs [21, 22]. However, relatively few MD
studies focused on the comparison of AMP interactions with different types of lipid
bilayers([16] and references therein). Furthermore, although many AMPs adopt a random-
coil conformation in water and only fold into a-helices upon membrane insertion [23, 7],
most AMP simulations in the literature use a pre-folded a-helix as the initial structure. To
further reduce computational cost, the peptide is often placed in a parallel orientation close
to the membrane (<10 A). These conditions inevitably affect the simulation results,
especially the early stage of peptide binding and insertion.

In this study, we report over 3 s simulations on CM15 to systematically investigate its
interaction with two model lipid bilayers, POPC and mixed POPG:POPC (1:2), which
mimic the mammalian and bacterial membranes, respectively. The peptide is placed ~30 A
away from the bilayer in either a random-coil or an a-helical initial conformation, in order to
analyze the impact of initial conditions on simulation results. Altogether ten sets of 100-ns
simulations were performed for each peptide-lipid system, with two of the simulations
extended to 180 ns. Analysis of these simulations clearly indicates that CM15 binds and
inserts into both the anionic POPG:POPC and the zwitterionic POPC. This result is similar
with our experimental measurements, which will be described in a separate report.
Simulations with initially unfolded CM15 allowed us to study peptide folding induced by
membrane insertion. Interestingly, compared with POPG:POPC, CM15 folding appears to
be faster in the POPC bilayer. This difference is discussed in the context of peptide-lipid
electrostatic interactions in the two systems. Our analysis also shows that compared with the
random-coil initial conformation, CM15 with an a-helical structure has a significantly
reduced number of interactions with the bilayers. Therefore, even with multiple 100-ns
trajectories, simulation results may still be biased by peptide initial conformations,
suggesting that the starting conditions should be chosen carefully for AMP simulations on
this timescale.

2. Methods
Lipid bilayers

A POPC bilayer with 39 lipid molecules in each monolayer was taken from a 70-ns
equilibration performed previously [24]. The system, consisting of 78 POPC and 6169 water
molecules, was used to build a POPG:POPC bilayer with a 1:2 mixing ratio. Specifically, 13
out of the 39 POPC molecules in each monolayer were chosen randomly and “mutated” into
POPG molecules. Similar to Zhao, et al. [25], we created a racemic mixture of POPG by
generating an equal number of molecules in the L- and D- configurations. Using the
autoionize plugin of VMD [26], 26 Na* ions were added to neutralize the charge of the
POPG:POPC system. Both bilayers were minimized for 1000 steps and equilibrated under
constant temperature and pressure (NPT) conditions for 100 ps with phosphorus atoms of
the lipids restrained (spring constant k=10 kcal/mol/A 2). A 500-ps NPT simulation was then
performed for the POPC bilayer with all atoms free to move. The area per lipid is 68.2 A 2 at

Biochim Biophys Acta. Author manuscript; available in PMC 2012 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 3

the end of this simulation, which is in the range of experimental values (68.3+1.5A 2) [27].
For the mixed POPG:POPC, a 5-ns NPT simulation was performed to further equilibrate this
system. The end structures of these simulations were used to build the peptide-lipid systems
described below.

Peptide-lipid systems

In order to study the effect of initial structure on simulation results, we constructed the
CM15-lipid systems with the peptide in either a random-coil or an a-helical conformation.
To generate the random-coil structure, the peptide was simulated in a water box with a fully
extended initial conformation. Three independent, 1-ns NPT simulations were performed.
The 0.5-1 ns of these simulations were combined and clustering analysis was performed
using the program GROMACS [28] to select ten representative structures of CM15. These
structures were used to build CM15-lipid systems with the equilibrated POPC and
POPG:POPC described above. Based on the peptide conformation and lipid species, we will
refer to these systems as CM15r-POPC and CM15r-POPG:POPC, respectively.
Additionally, a CM15H-POPC system was constructed using the a-helical conformation of
the peptide (pdb code 2IJMY [29]). Consistent with our experimental conditions, the C-
terminus of CM15 is amidated in all peptide-lipid systems. To neutralize the systems, we
added 7 Na* and 13 CI~ to CM15r-POPC and CM15H-POPC, and removed 6 Na* ions from
CM15r-POPG:POPC (leaving 20 Na* ions). In all systems, CM15 was initially placed on
one side of the bilayer, approximately 30 A above the phosphorus atoms (Fig 1).

MD simulations

Ten sets of 100-ns simulations were performed for each of the peptide-lipid systems
described above, two of which were continued to 180 ns to further study peptide insertion
(Table 1). All simulations were performed under constant temperature and pressure
conditions, with only the dimension along the membrane normal allowed to fluctuate
(NP,T). The choice of NP, T over NPT conditions was made based on a 50-ns test simulation
of the pure POPC bilayer. This NPT simulation was initiated from the equilibrated POPC
bilayer used to construct the CM15-POPC system. Starting from an area per lipid (68.2 A 2)
similar to the experimental value (68.3+1.5A 2), an 8.4% decrease in area per lipid is
observed in this simulation (Fig S1). Based on this result, we chose to perform the peptide
binding and insertion simulations under the NP, T conditions. Similar to a previous study
[30], the NP, T conditions are found suitable for studying the initial association of a single
CM15 with the lipid bilayers.

To improve sampling efficiency, a “soft boundary” condition was used to keep CM15 within
a 20 A “buffer zone” of the bilayer in all peptide-lipid simulations. Since the peptide was
initially placed 30 A away from the membrane, it can diffuse freely in water before reaching
the boundary. As shown in Fig 1, once CM15 enters the buffer zone from either side, a weak
restraining potential (spring constant 3 kcal/mol/A 2) will be applied whenever its center-of-
mass leaves the buffer zone. No external force is applied when the center-of-mass of CM15
is inside the buffer zone. Therefore, the soft boundary condition allows us to improve the
sampling efficiency without interferering with the natural dynamics of the peptide.

Force field and simulation protocols

The CHARMM27 force field for proteins [31, 32] and the latest update for lipids
(CHARMMZ36) [33] were used to prepare the aforementioned systems. All simulations were
performed with the program NAMD (release 2.7 and 2.8) [34] using a timestep of 2 fs, with
bonds involving hydrogens in the peptide constrained using RATTLE [35] and water
geometries maintained using SETTLE [36]. The multiple-time-stepping algorithm was used,
with short-range forces calculated every step and long-range electrostatics calculated every 2
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steps. The cutoff for short-range non-bonded interactions was set to 12 A, with a switching
distance of 10 A. Assuming periodic boundary conditions, the Particle Mesh Ewald method
[37] with a grid density of at least 1/A 3 was employed for computation of long-range
electrostatic forces. The temperature was maintained at 303.15K for all simulations using
Langevin dynamics, while the pressure was kept constant at 1 bar using a Nose-Hoover-
Langevin piston [38]. The soft boundary condition in peptide-lipid simulations was enforced
through the Tcl force interface of NAMD [34].

Data analysis

3. Results

Throughout this work, we define the bilayer center as the center of phosphorus atoms from
both monolayers and place it at z = 0. To facilitate data analysis, the monolayer in contact
with CM15 at the end of a simulation is designated as the “‘upper’ monolayer, regardless of
its initial position. The center-of-mass (c.0.m.) distribution of CM15 along the membrane
normal (z) is represented by a histogram with a bin width of 1 A. The lipid contact of each
CM15 residue is measured as the average number of non-hydrogen peptide atoms within 3
A of the lipids. The result is then normalized by the total number of atoms in that residue.
To characterize peptide-lipid interactions, the electrostatic (Egjec) and vdW (Eygw )
interaction energy between CM15 and the lipids are calculated using the NAMDEnergy
plugin [34]. We also calculated the secondary structure content of CM15 using the programs
DSSP [39] and GRO-MACS [40]. Both the interaction energy and the secondary structure
content are plotted a function of the c.0.m. location of CM15 along the membrane normal.

We performed altogether 30 sets of simulations (Table 1), each at least 100 ns long, to
investigate the interaction of CM15 with two model lipid bilayers, POPC and POPG:POPC.
The peptide was initially placed ~30 A away from the bilayers, in either a random-coil
(CM15r) or an a-helical (CM15H) conformation. The interaction of CM15 with the bilayers,
the conformational change of the peptide, and the effect of initial structure on simulation
results are examined through quantitative analysis of CM15 and lipid properties. Below we
present these results in detail, and then discuss their implications in the following section.

CM15 inserts into both POPG:POPC and POPC

Representative snapshots from the 180-ns simulations of CM15r-POPG:POPC and CM15r-
POPC are shown in Fig 2 and Fig 3, respectively. As revealed by these snapshots, CM15
binds and inserts into both POPG:POPC and POPC. Combining data from all ten sets of
simulations for each system, we constructed the c.0.m. distribution of CM15 along the
membrane normal (Fig 4). We define the peptide as ‘inserted’ if its c.0.m. lies below the
phosphorus atoms from the upper monolayer. Based on the analysis of all simulation data,
CM15 is inserted into both lipid bilayers in a significant portion of the trajectories: 12.2%
for POPG:POPC and 10.6% for POPC (Table 2).

As described in the Methods section, each of the CM15r simulations begins with the peptide
placed ~30 A away from the bilayer. During the simulations, CM15 can diffuse freely in
water and adopt any orientation when it first reaches the bilayer, thereby, allowing unbiased
analysis of the initial peptide-lipid contact. Our analysis suggests that CM15 interacts with
the bilayers more frequently through its N-terminus than C-terminus. On average, the
hydrophobic tryptophan residue (Trp 2) has the largest number of atoms in contact with the
lipids. The average lipid contact of each CM15 residue, normalized by the size of that
residue, is shown in Fig 5 for CM15-POPC simulations. Similar result is observed in the
CM15r-POPG:POPC runs (Fig S2). These calculations suggest that Trp 2 plays the key role
in mediating peptide-lipid interactions. Tryptophan residues are frequently found in AMPs
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[41, 42, 43, 16], where they drive the partition of the peptides between lipids and water.
Experimentally, mutagenesis and omission studies have shown that the tryptophan residues
in cecropin A and melittin are indispensable for the activity of the two AMPs [44, 45, 46].
Although no experimental data is available for CM15, our simulation results suggest that,
similar to its two parent peptides, Trp 2 is likely crucial to the membrane binding and
insertion of CM15.

It is worth noting that although the simulations presented here are longer than many
previous studies, they have not reached the equilibrium state of CM15 in the two bilayers
yet. This is partly reflected in the continuously varying c.0.m. distributions constructed from
different periods of the trajectories (Fig 4). Given longer simulation time, the results
presented above should converge to their equilibrium values, and more peptides will likely
insert into the bilayers. Nevertheless, calculations based on our current data clearly reveal
the partition of CM15 into both POPG:POPC and POPC. Additionally, since the trajectories
are of equal length, their comparison allows us to characterize the different interactions
between CM15 and the two lipid membranes on the ~100-ns timescale.

Compared with the zwitterionic POPC, CM15 binds to the negatively charged POPG:POPC
much faster. The c.0.m. distributions constructed using the first 25 ns of simulations have
their peaks at z = 25 A (POPG:POPC) and z = 34 A (POPC), respectively, reflecting the
strong electrostatic attraction between the peptide and the anionic POPG molecules. The
faster association of CM15 with POPG:POPC is also characterized by the first-stable-
contact-time between the peptide and the lipids: On average, CM15 first establishes a stable
contact in 6.1 and 13.4 ns with POPG:POPC and POPC, respectively (Table 2).
Furthermore, the average duration of such stable contacts is approximately four times longer
in POPG:POPC than POPC, indicating that peptide binding to the former bilayer is not only
faster, but also stronger. Here, a contact is considered stable if any non-hydrogen atom of
CM15 is within 3 A of the lipids for at least 1 ns. While the results clearly depend on the
cutoff parameters, a similar relation between the two systems is observed by varying the
cutoff values (data not shown).

The preference of CM15 for the POPG:POPC bilayer can be explained by a highly favorable
electrostatic interaction between the cationic peptide and the anionic POPG molecules.
Through post-processing the trajectories, we calculated the electrostatic interaction energy
(Eelec) between CM15 and the lipids. As shown in Fig 6, Egjec in the CM15r-POPG:POPC
system is ~2—4 times stronger than CM15r-POPC. In line with this result, the peptide-lipid
salt bridge and hydrogen bond interactions are both increased in the former system (Table
2). Interestingly, while the electrostatic interaction is highly favorable between CM15 and
POPG:POPC, the vdW interaction energy profiles (Eyqw ) are remarkably similar in the two
peptide-lipid systems (Fig 6 b). As the latter interaction depends closely on atom contact,
these results indicate that CM15 forms similar *amount’ of contact with the two bilayers.
Indeed, distributions of the total number of lipid contacts are comparable in POPG:POPC
and POPC (Fig S3). It is worth noting that Fig 6 only characterizes the enthalpic
contribution from peptide-lipid interactions, while CM15 binding is also driven by an
entropic contribution and an enthalpic contribution from peptide-solvent interactions, the
latter of which may counterbalance the favorable peptide-lipid interactions. Nevertheless,
Fig 6 suggests that the difference in peptide binding and insertion between CM15-
POPG:POPC and CM15-POPC can be largely attributed to the different electrostatics in the
two systems.

Folding may occur at different speeds in POPG:POPC and POPC

Many AMPs, including CM15, adopt a random-coil structure in water and fold into an a-
helix in the presence of lipids [23, 7]. However, as peptide folding is often time-consuming,
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the majority of AMP studies in the literature use a pre-folded, a-helical conformation as the
initial structure of the peptide. In this work, we chose a unique, random-coil conformation
for CM15 in each of the ten simulations with POPG:POPC or POPC (see Methods section).
These conditions allow us to systematically study the early events of peptide folding at the
lipid-water interface.

Overall, CM15 folding is observed in both POPG:POPC and POPC simulations. Using the
programs DSSP [39] and GROMACS [40], we calculated the secondary structure content of
the peptide and its distribution along the membrane normal (Fig 7). The average a-helical
content of CM15 in water (z < 30 A) is found to be 3.8% and 6.2% in POPG:POPC and
POPC, respectively, consistent with experimental findings that CM15 primarily adopts a
random-coil conformation in water. However, as discussed earlier, we cannot exclude the
possibility that peptide folding may occur in water given longer simulations. Despite this
potential caveat, our data clearly reveal a stronger tendency of CM15 to form an a-helix
inside the bilayer. The average a-helical content of inserted CM15 is found to be 28.3% in
POPG:POPC and 52.1% in POPC. Note that a substantial portion of inserted CM15 remains
as random-coils (67.7% in POPG:POPC and 20.0% in POPC), suggesting that helicity is not
required for peptide-lipid interaction and that folding may continue after CM15 insertion.

Compared with the anionic POPG:POPC, CM15 folding appears to be faster in the
zwitterionic POPC. In one of the 180-ns CM15r-POPC simulations, the peptide folds into a
nearly ideal a-helix (Fig 3), while only partially-folded a-helices are observed in the 180-ns
POPG:POPC simulations (Fig 2). Using the program GROMACS [40], we performed
clustering analysis to extract representative conformations of inserted CM15. Based on the
parameter scan shown in Fig S4, a cutoff of 3.2 A and 1.5 A were chosen for the
POPG:POPC and POPC clustering analysis, respectively. Centroid structures from the first
three clusters, which represents 84.9% (POPG:POPC) and 88.3% (POPC) of the total
populations, are shown in Fig 8. While the majority of CM15 residues participate in the o-
helix formation in POPC, only partial folding is observed in POPG:POPC. Combining data
from all the trajectories, a higher a-helical content is observed in POPC (52.1%) than
POPG:POPC (28.3%). These results suggest that folding is faster in the former bilayer on
the ~100-ns timescale.

The different folding speeds in POPG:POPC and POPC may be explained by the strong
electrostatic interaction between CM15 and POPG (Fig 6). While this interaction is highly
favorable for peptide binding, it appears to increase the activation energy barrier of
structural rearrangement: The strong hydrogen bond and salt bridge interactions between the
peptide and lipids contribute to slow down helix formation in the negatively charged
POPG:POPC (Table 2). Note, however, that more ‘turn’ conformations are adopted by the
inserted CM15 in POPG:POPC than POPC (Fig 7). Since turns may serve as precursors of
a-helices, more folding events are likely to occur in the former bilayer as the simulations
continue. We have recently completed a 1-us simulation with multiple copies of CM15 in
the POPG:POPC bilayer, which confirms that folding continues after CM15 insertion and
that the majority of peptides eventually adopt an a-helical conformation (data not shown).

Initial conformation affects CM15 binding and insertion

As mentioned earlier, many AMP studies use a pre-folded, a-helical conformation as the
initial structure, and place the peptide in a parallel orientation close to the bilayer (< 10 A).
While these measures significantly reduce the computational cost, they inevitably introduce
certain artifacts into the simulations, especially the early stage of peptide binding and
insertion. To investigate the impact of initial conditions on AMP simulations, we performed
ten CM15H-POPC simulations in addition to the CM15r runs described above, in which the
peptide starts as an a-helix and is placed ~30 A away from the bilayer. Comparison of these
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simulations suggests that the initial conformation plays an important role in the association
of CM15 with lipid bilayers.

As shown in Fig S5, similar to the CM15r-POPC runs, the peptide binds and inserts into the
POPC bilayer in the CM15H-POPC simulations. However, unlike in the former system,
CM15 only inserted into the bilayer in one of the two 180-ns simulations, reflecting reduced
peptide-lipid interactions. Furthermore, the first-stable-contact-time between CM15 and
POPC increases from 13.4 to 21.1 ns, and the peak of c.0.m. distribution is shifted from z =
34 A to z = 38 A during the first 25-ns trajectories (Fig S6). The percentage of inserted
CM15, calculated using all simulation data, drops from 10.6% to 4.0% (Table 2). These
results clearly indicate that peptide binding and insertion is reduced when CM15 adopts a
pre-folded, a-helical initial structure.

The difference in the CM15r and CM15H simulations cannot be explained by enthalpic
contributions from peptide-lipid interactions: As shown in Fig 6, the two systems have
similar electrostatic and vdW interaction energy profiles, suggesting that the reduced peptide
binding and insertion in the latter system is not due to a less favorable interaction with the
bilayer. Further analysis reveals that this difference is caused by the different flexibility of
CM15 in the two initial conformations, reflecting an entropic contribution. As shown in Fig
5, while the tryptophan serves as the main anchoring residue in both CM15r and CM15H
simulations, the remaining residues have significantly different lipid contact profiles. The
peptide starting from a random-coil conformation frequently interacts with the bilayer
through residues Lys 7 to Leu 12; in contrast, CM15 in an a-helical initial structure has
much less interaction with the lipids at these sites (Fig 5). The flexibility of a random coil
clearly increases the chance of CM15 to form contacts with the bilayers.

To further illustrate the above point, we performed clustering analysis for peptides at the
lipid-water interface. Only translation or rotation in the xy plane is used to align the
structures, in order to maintain the peptide orientation with reference to the membrane
normal. Three representative centroid structures of CM15r-POPC are shown in Fig 5. As
revealed by these structures, although Trp 2 remains the key residue mediating peptide-lipid
interactions, contact with the bilayer can be initiated by other residues when the peptide
adopts a random-coil initial conformation. Upon insertion, CM15 primarily adopts an a-
helix in both CM15r and CM15H simulations (Fig 3 and Fig S5), where the peptide forms
similar hydrogen bond and salt bridge interactions with the lipids (Table 2). However, due to
the limited flexibility, a pre-folded initial structure leads to a significantly reduced number
of peptide-lipid contact in the CM15H simulations.

While the physiological relevance of the above result remains to be examined, its
implications should be considered when setting up AMP simulations and interpreting their
results. Our analysis suggests that on the ~100-ns timescale, CM15 binding and insertion is
significantly reduced with a pre-folded initial structure. As the peptide cannot fully unfold
on this timescale, conclusions based on these simulations should take into account the effect
of peptide initial conformations, which may be even stronger for longer AMPs due to the
larger entropic difference in the random-coil and a-helical conformations. In this work, if we
only performed ten sets of CM15H-POPC simulations and limited their length to 100 ns, we
might have reached the conclusion that CM15 does not insert into the POPC bilayer, since
very little peptide-lipid interaction is observed during these simulations. Therefore, even
with multiple copies of trajectories on the 100-ns timescale, peptide initial conformation
may still affect the simulation results considerably.
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4. Discussion

Our simulations of CM15 in POPG:POPC and POPC clearly indicate that the peptide inserts
into both lipid bilayers. This result is somewhat unexpected given the non-hemolytic nature
of CM15 [13]. Based on the simulations alone, we cannot rule out the possibility that CM15
may still achieve its selectivity for bacterial membranes by only inducing pore formation in
POPG:POPC. However, our experiments revealed significant fluorescence leakage in both
POPG:POPC and POPC vesicles at a peptide/lipid ratio comparable to that used in the
simulations (to be described in a separate report). Previous studies also demonstrated a
similar leakage behavior of another non-hemolytic cecropin A-melittin hybrid AMP [47],
suggesting that these peptides can indeed disrupt certain zwitterionic lipid bilayers. These
results reflect the complex mechanism of AMP selectivity and might be explained by the
different compositions of model bilayers and mammalian membranes. The former systems
lack the complex components of the latter, such as cholesterol and various membrane
proteins. Experimental and simulation studies of the POPC:cholesterol mixture will be the
next step to further examine the activity of CM15 in different lipid environments.

Compared with the zwitterionic POPC, the binding and insertion of CM15 is found to be
much faster in the anionic POPG:POPC. This result is largely attributed to the strong
electrostatic interaction between the peptide and the lipids in the former system. However,
as shown in Fig 6, the difference between electrostatic interactions in the two systems
gradually decreases as CM15 inserts deeper into the bilayer: A four-fold difference in Egjec
atz = 25 A is reduced to approximately two-fold at z = 10 A. This trend suggests that
electrostatics may contribute more significantly to initial peptide binding than the
subsequent insertion. Similar observations have also been made in previous studies, which
suggest that electrostatic interactions between AMPs and anionic lipids only provide the
long-range attraction to bring the peptides close to the bilayer [21].

The random-coil initial conformation used in our simulations allowed systematic study of
peptide folding at the lipid-water interface. Although CM15 folding is observed in both
POPG:POPC or POPC, helicity is not required for peptide binding and insertion in either
bilayer. In fact, compared with a pre-folded a-helix, CM15 in a random-coil conformation
has more flexibility, and thus, a higher probability to establish contact with the lipids. Once
inserted into the bilayer, CM15 primarily adopts an a-helical conformation, which is similar
to the NMR structure of the peptide in DPC micelles [29]. Interestingly, the strong
electrostatic attraction between CM15 and POPG, which is highly favorable for peptide
binding and insertion, appears to slow down CM15 folding in the negatively charged
bilayer. It will be of interest to examine whether such a result also applies in other cationic
AMPs and anionic lipids.

Several caveats should be noted for our simulations: First of all, with 39 lipid molecules in
each leaflet, our systems are relatively small. While they allow us to study the initial binding
and insertion of a single CM15, a larger lipid patch will be required to further examine the
membrane disruption induced by the peptide. In particular, multiple copies of CM15 are
likely needed to induce pore formation, as demonstrated by previous studies of magainin
and melittin [21, 22]. Secondly, while an NP, T ensemble is sufficient for studying initial
peptide binding and insertion in a single-CM15 system, the NPT conditions may be required
if pore formation is expected. Studies of larger lipid bilayers with multiple CM15 are
currently underway in the McCammon lab. Lastly, as with many AMP simulations, the
limited timescale remains a bottleneck of our study. Apart from obtaining longer
simulations, coarse-grained force fields [48, 49] and enhanced sampling methods [50, 51]
may provide alternative directions for future studies.
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5. Conclusions

Using altogether 3 s of simulations, we investigated the interaction of CM15 with two
model lipid bilayers. Our results indicate that CM15 binds and inserts into both POPC and
mixed POPG:POPC (1:2), which mimic the mammalian and bacterial membranes,
respectively. Compared with the former bilayer, the stronger electrostatic interaction
between CM15 and the anionic POPG results in faster binding and insertion in the latter
system. The peptide shows a strong tendency to form a-helices inside both membranes,
although helicity is not required for binding or insertion. Our analysis also demonstrates that
peptide initial conformation has a significant impact on simulation results. Compared with a
pre-folded, a-helical conformation, the random-coil initial structure allows CM15 to form
contacts with the lipids more frequently. The implications of this result should be considered
when preparing and interpreting future AMP simulations.
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Refer to Web version on PubMed Central for supplementary material.
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30 A

10 -

Fig 1.

The CM15r-POPG:POPC simulation system. POPG and POPC are colored in blue and tan,
respectively, and water molecules are shown as a transparent box. The ‘buffer zone’ is
highlighted by purple dashed lines (see Methods section).
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t=45ns t=100ns t=180ns

Fig 2.

Snapshots of two 180-ns CM15r-POPG simulations. The CM15 residue Trp2 is shown in
vdW representation. Lipid molecules within 3 A of the peptide are highlighted, with POPG
and POPC colored in blue and tan, respectively.
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Fig 3.
Snapshots of two 180-ns CM15r-POPC simulations. POPC molecules are colored in tan and
lipids within 3 A of the peptide are highlighted.
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Fig 4.

Center-of-mass distribution of CM15 in the POPG:POPC and POPC hilayers. Calculations
are performed using all ten sets of simulations for CM15r-POPG:POPC (a) and CM15r-
POPC (b) with a 1-A resolution along the mem- brane normal (z). Results obtained from the
first 25, 50, and 75-ns simulations are shown in thin solid, dashed, and dotted lines,
respectively, while results obtained from the entire 100-ns or 180-ns trajectories (t=all) are
shown in thick solid lines. Lipid bilayers are centered at z = 0 and the average location of

phosphorus atoms in the upper monolayer is shown in grey lines.
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Fig 5.

The number of peptide atoms in contact with lipid molecules in the CM15r-POPC (solid)

and CM15H-POPC (dashed) simulations. The lipid contact is measured as the number of

non-hydrogen atoms within 3 A of POPC. Results are averaged over all simulations and

normalized by the total number of atoms in a residue. Three representative conformations at

the lipid-water interface are shown for CM15r-POPC. The peptide is colored by its primary

sequence (red: N-terminus, blue: C-terminus) and the residue closest to the lipid bilayer in

each structure is shown in vdW representation.
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Fig 6.

The average electrostatic (a) and vdW (b) interaction energy between CM15 and lipid
molecules in the CM15r-POPG:POPC (solid), CM15r-POPC (dashed) and CM15H-POPC
(dotted) simulations. The calculation is performed with the program NAMD [34] using all
ten sets of simulations for each system. Lipid bilayers are centered at z = 0 and the average
location of phosphorus atoms in the upper monolayer is shown in grey lines. The inset
figures show the ratio of CM15r-POPG:POPC and CM15r-POPC results for z = 10 to 25 A.
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Fig 7.

Secondary structure content distribution of CM15 in the POPG:POPC (a) and POPC (b)
bilayers. Calculations are performed using all ten sets of simulations with a 1-A resolution
along the membrane normal (z). Secondary structure is calculated using GROMACS [40]
and the program DSSP [39]. Lipid bilayers are centered at z = 0 and the average location of
phosphorus atoms in the upper monolayer is shown in grey lines.
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Fig 8.

Secondary structure of inserted CM15. Clustering analysis was performed using
GROMACS [40] for CM15r-POPC (a) and CM15r-POPG:POPC (b). The first three clusters
and their populations are shown. CM15 is colored by its secondary structure calculated
using the DSSP program [39] (purple: a-helix, orange: turn, silver: random coil). The
residue Trp 2 is shown in vdW representation. The approximate locations of phosphorus
atoms in the upper monolayers are shown in grey lines.
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Table 1

List of all peptide-lipid simulations.

System No. simulations | Length (ns)

8 100
CM15r-POPG:POPC

2 180

8 100
CM15r-POPC

2 180

8 100
CM15H-POPC

2 180
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Table 2

Interaction of CM15 with POPG:POPC and POPC. The percentage of inserted CM15, the average time of the
first stable contact, the average number of hydrogen bonds and salt bridges between CM15 and the lipids are
listed. The latter two calculations are performed using simulation snapshots with CM15 inserted into the
bilayers.

System Inserted (%) | tistcontact (NS) | H-bond | Salt bridge
CM15r-POPG:POPC 12.2 6.1 0.9 5.9
CM15r-POPC 10.6 134 0.5 3.7
CM15H-POPC 4.0 211 0.6 4.0
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