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Abstract

Background: Protegrin-1 (PG-1) is known as a potent antibiotic peptide; it prevents infection via an attack on the
membrane surface of invading microorganisms. In the membrane, the peptide forms a pore/channel through
oligomerization of multiple subunits. Recent experimental and computational studies have increasingly unraveled the
molecular-level mechanisms underlying the interactions of the PG-I| 3-sheet motifs with the membrane. The PG-I dimer
is important for the formation of oligomers, ordered aggregates, and for membrane damaging effects. Yet,
experimentally, different dimeric behavior has been observed depending on the environment: antiparallel in the micelle
environment, and parallel in the POPC bilayer. The experimental structure of the PG-I| dimer is currently unavailable.

Results: Although the B-sheet structures of the PG-1 dimer are less stable in the bulk water environment, the dimer
interface is retained by two intermolecular hydrogen bonds. The formation of the dimer in the water environment
implies that the pathway of the dimer invasion into the membrane can originate from the bulk region. In the initial contact
with the membrane, both the antiparallel and parallel $-sheet conformations of the PG-1 dimer are well preserved at the
amphipathic interface of the lipid bilayer. These 3-sheet structures illustrate the conformations of PG-I dimer in the early
stage of the membrane attack. Here we observed that the activity of PG-1 B-sheets on the bilayer surface is strongly
correlated with the dimer conformation. Our long-term goal is to provide a detailed mechanism of the membrane-
disrupting effects by PG-1 B-sheets which are able to attack the membrane and eventually assemble into the ordered
aggregates.

Conclusion: In order to understand the dimeric effects leading to membrane damage, extensive molecular dynamics
(MD) simulations were performed for the 3-sheets of the PG-1 dimer in explicit water, salt, and lipid bilayers composed
of POPC lipids. Here, we studied PG-| dimers when organized into a -sheet motif with antiparallel and parallel 3-sheet
arrangements in an NCCN packing mode. We focus on the conformations of PG-I dimers in the lipid bilayer, and on
the correlation between the conformations and the membrane disruption effects by PG-1 dimers. We investigate
equilibrium structures of the PG-1 dimers in different environments in the early stage of the dimer invasion. The dimer
interface of the antiparallel B-sheets is more stable than the parallel B-sheets, similar to the experimental observation in
micelle environments. However, we only observe membrane disruption effects by the parallel B-sheets of the PG-I
dimer. This indicates that the parallel B-sheets interact with the lipids with the -sheet plane lying obliquely to the bilayer
surface, increasing the surface pressure in the initial insertion into the lipid bilayer. Recent experimental observation
verified that parallel PG-I| dimer is biologically more active to insert into the POPC lipid bilayer.
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Background

Protegrin-1 (PG-1) is composed of 18 amino-acids
(RGGRL-CYCRR-RFCVC-VGR) with a high content of
cysteine (Cys) and positively charged arginine (Arg) resi-
dues. The peptide displays an antimicrobial activity [1],
and thus is a very potent antibiotic peptide [2]. A nuclear
magnetic resonance (NMR) study has determined the
monomeric structure of PG-1 in solution. The peptide
forms a B-hairpin conformation and is stabilized by two
disulfide bonds between the cysteine residues [3]. Forma-
tion of the two disulfide bonds is crucial for the biological
activity of PG-1, since the activity can be restored by stabi-
lizing the peptide structure [4], and the ability to create
pores in the membrane depends on its secondary struc-
ture [5]. As a cytolytic peptide, PG-1 shares common fea-
tures with other antimicrobial peptides. These include (i)
membrane disruption by forming a pore/channel that
leads to cell death [6,7], and (ii) the cationic nature of the
peptide which adapts to the amphipathic characteristics
[8-10]. However, PG-1 is distinguished from other anti-
microbial peptides in that it adopts a B-sheet motif [3],
while most antimicrobial peptides have an a-helical struc-
ture [11-14].

The major role of PG-1 in the microorganism is the forma-
tion of an oligomeric structure in the membrane that cre-
ates a pore/channel. It has been suggested that the self-
association of PG-1 into a dimeric B-sheet can take place
in two ways: an antiparallel f-sheet with a turn-next-to-
tail association or a parallel B-sheet with a turn-next-to-
turn association [3]. These models initially failed to
account for the stable B-sheet conformation of the PG-1
dimer, since instability due to the large electrostatic repul-
sion between the positively charged arginine residues that
cluster at the edge of the dimer interface was encountered.
However, the -sheet dimers can be stabilized when they
are associated with lipids, since the interaction of the
arginine side chain with the polar lipid head can screen
the electrostatic repulsion between neighboring arginine
residues. A high-resolution proton NMR study has dem-
onstrated that PG-1 forms a dimeric -sheet structure in
the presence of dodecylphosphocholine (DPC) micelles
[15]. The turn-next-to-tail association of PG-1 gives rise to
an antiparallel B-sheet, in which six intermolecular back-
bone hydrogen bonds (H-bonds) are formed between the
C-terminal B-strands from each monomer. The B-sheet
structure is stable, since the interaction of the arginine side
chain with DPC micelle dismisses the electrostatic repul-
sion.

Oligomerization or aggregation of PG-1 dimers into
ordered aggregates is responsible for the membrane dis-
rupting effects. It has been reported that PG-1 is immobi-
lized in palmitoyl-oleyl-phosphatidylcholine (POPC)
lipid bilayers, suggesting aggregation in the lipid bilayer
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[16]. The results from NMR experiments using '°F spin
diffusion showed that PG-1 dimers are populated in the
POPC bilayer, while the dimer fraction is reduced as the
peptide concentration decreases [17]. The model of Tang
et al. for the PG-1 aggregation from 2D solid-state NMR
experiments on PG-1 aggregates in phosphate buffer
saline (PBS) solution suggested that a parallel B-sheet in
an NCCN (where N and C represent N- and C-termini,
respectively) packing mode is the sole repeat motif in the
ordered aggregates [18]. The recent rotational-echo dou-
ble-resonance solid-state NMR experiments determined
that the PG-1 dimer structure is a B-sheet in the NCCN
organization bound to the POPC bilayer [19]. In the pres-
ence of anionic lipid in the bilayers, PG-1 is well inserted
and begins to aggregate to form an annular pore, while
PG-1 aggregates into f3-sheets on the surface of POPC/cho-
lesterol biayers [20].

The formation of the PG-1 dimer is important for pore
formation in the lipid bilayer, since the dimer can be
regarded as the primary unit for assembly into the ordered
aggregates. Experimental observations for other cytolytic
peptides have verified that dimer seeding accelerates the
formation of ordered aggregates, such as fibrils made by p-
amyloids and prions [21]. However, in order to under-
stand the molecular mechanism for pore formation and
the biological activity of PG-1, one still needs to elucidate
a number of crucial points: (i) how do the PG-1 mono-
mers interact to form a B-sheet dimer; (ii) where is the p-
sheet of the PG-1 dimer created; and (iii) how does the B-
sheet of the PG-1 dimer interact with the lipid bilayer on
the molecular level. Computer simulations of detailed
atomic models can be a powerful approach to the under-
standing of the complex protein/lipid system and provide
information complementary to experimental approaches.
In this paper, we performed extensive molecular dynamics
(MD) simulations of the f3-sheet of PG-1 dimer in explicit
water, salt, and lipid bilayers composed of POPC lipids.
Our long term goal is to provide a detailed mechanism of
the membrane disrupting effects by cationic peptides with
B-sheet structure. The PG-1 dimer can have different [3-
sheet arrangements in the NCCN packing mode. The con-
formations are stable at the amphipathic interface of the
lipid bilayer, which is consistent with the experimental
suggestions [3,15]. We observe membrane disruption
effects by the B-sheet, depending on the B-sheet arrange-
ment.

Results

Arrangements of [~sheet Conformations

PG-1 dimers in a B-sheet motif were used in the all-atom
simulations. In our simulations, PG-1 dimers in two dif-
ferent PB-sheet arrangements, antiparallel (turn-next-to-
tail) and parallel (turn-next-to-turn) B-sheets in an NCCN
packing mode, were considered [18]. Fig. 1 shows topo-
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(b)

PG-1 -sheet arrangements. Topological diagrams for the PG-1 dimers in the (a) antiparallel and (b) parallel 3-sheet
arrangements. Both dimers are in an NCCN packing mode. Blue and white beads represent the positively charged (Arg) and
hydrophobic residues, respectively, and the polar residue (Tyr) and Gly residues are denoted by green beads. Solid lines indi-
cate the disulfide bonds between Cys residues, and dotted lines indicate the backbone hydrogen bond (H-bond). The first and
the last residues for each monomer are indicated by the residue number-.

logical diagrams for the PG-1 dimers in the (a) antiparal-
lel and (b) parallel pB-sheet arrangements. In the NCCN
packing mode, the intermolecular interface for both dim-
ers is located in-between the C-terminal strands of the pla-
nar B-sheet. Since the experimental crystal structure of the
PG-1 dimer is currently unavailable, the simulation used
the B-sheets of the PG-1 dimer that were initially assem-
bled from the B-hairpins with two different conforma-
tional origins: (i) the pB-hairpin resolved by NMR
spectroscopy [3] (Al & P1 B-sheets; A stands for antiparal-
lel, P for parallel), and (ii) the pre-relaxed f-hairpin in the
lipid bilayer environment [22] (A2 & P2 p-sheets).
Although the topological diagram suggests that there are
six possible intramolecular backbone hydrogen bonds
(H-bond) between the B-strands within each B-hairpin
monomer and also six possible intermolecular backbone
H-bonds between the B-hairpin monomers [15,18], in
our simulations the initially assembled PG-1 dimers have
a smaller number of the backbone H-bonds than in the

topology diagram. For the Al and P1 B-sheets, five
intramolecular and four intermolecular backbone H-
bonds were initially observed. However, for the A2 and P2
B-sheets, five intramolecular and two intermolecular
backbone H-bonds were initially counted. The smaller
number of the intermolecular backbone H-bonds in the
A2 and P2 B-sheets are the outcome of the cross B-
stranded structure of the pre-relaxed B-hairpin in the lipid
bilayer [22], preventing maximal contracts of the intermo-
lecular backbone H-bonds between the C-terminal
strands from each monomer. Although, in our simula-
tions the A2 and P2 B-sheets have fewer intermolecular
backbone H-bonds than the Al and P1 B-sheets, the
dimer interface for the A2 and P2 B-sheets is held tightly
by two intermolecular backbone H-bonds between two
cysteine residues. These residues have lower fluctuations
due to the disulfide bond. The different numbers of inter-
molecular backbone H-bonds observed for the different
B-sheets reflect the fact that the B-sheet dimer can be at dif-
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ferent locations, e.g. dimer formation in bulk or on/in the
membrane.

Dimeric f-sheet conformations at different environments

Figure 2(a) illustrates the time-dependent fractions of
intermolecular (red lines) and intramolecular (light and
dark blue lines for each B-hairpin monomer) backbone
hydrogen bonds (H-bonds), Qy;na for the antiparallel

(A1l & A2) and parallel (P1 & P2) B-sheets of PG-1 dimer
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at the amphipathic interface of the lipid bilayer. We calcu-

lated the fraction using Qppond = Nibond/ N bond -
where Ny onq 1S the number of the intermolecular and
intramolecular backbone H-bonds that are monitored
during the simulations, and Njj$onq is the maximum

possible number of the backbone H-bonds as described in
the topological diagram of Fig. 1. It can be seen from the
figure that the dimer interface in the antiparallel -sheets
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Backbone hydrogen bond. Fractions of intermolecular and intramolecular backbone hydrogen bonds (H-bonds), Qy_,ong» @S
a function of the time, t, (a) for the antiparallel (Al & A2 — | st & 2 nd rows) and parallel (Pl & P2 — 3 rd & 4th rows) 3-sheets
at the amphipathic interface of the lipid bilayer, and (b) for the antiparallel (Al) and parallel (P1) B-sheets in water. The red

lines denote the fraction of intermolecular H-bond at the dimer interface, and the light and dark blue lines denote the fractions

of intramolecular H-bond within each B-hairpin monomer.
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(A1l & A2) is more stable than that in the parallel 3-sheets
(P1 & P2), since for the antiparallel B-sheets, the fluctua-
tions of the red lines that represent the formation of the
intermolecular backbone H-bonds are less than those cor-

responding to the parallel B-sheets. However, the large
fluctuations in the formation of the intermolecular back-

bone H-bonds observed in the parallel B-sheets are closely
related to the B-sheet activity on the lipid bilayer. All the
B-sheets appear stable with the backbone H-bonds fluctu-
ating near initial values.

In the bulk water environment, the B-sheets structures of
PG-1 dimer are less stable, since in Fig. 2(b) large fluctua-
tions in the Qynq lines are observed. To compare the
dimeric behavior between the water and on the lipid, the
B-sheets used in the water simulation are the same (Al
and P1) as those used in the lipid simulation. Although
the PG-1 dimers in water exhibit a partially ordered or
slightly collapsed -sheet conformation compared to the
B-sheet conformations on the lipid bilayer, two intermo-
lecular backbone H-bonds between two cysteine residues
at the C-terminal strands from each monomer retain
strongly the dimer interface. The formation of PG-1 dimer
in water implies that the PG-1 dimer can exist in many dif-
ferent environments and acts as a seed in the formation of
ordered aggregates in a proper environment.

The detailed secondary structures for the B-sheet confor-
mations are investigated. Fig. 3 shows the contour maps,
representing the distributions of backbone dihedral
angles of ¢ and v for the residues in the p-strands. In Fig.
3(a) the contour maps for the B-sheets on the lipid bilayer
suggest that the PG-1 dimers preserve the -sheet structure
during the simulation, since the contour lines encompass
a high population at the region that represents the p-sheet
characteristics. In Fig. 3(b) the contour maps for the B-
sheets in water suggest that the PG-1 dimers also preserve
the B-sheet structure during the simulation. But the wide
distributions of ¢ and y angles suggest that the B-sheets in
water are flexible, leading to a slightly collapsed or par-
tially folded B-sheet conformation.

The orientation of the PG-1 B-sheet on the lipid bilayer is
monitored by calculating the angle between the backbone
carbonyl bond, C=0, and the normal to the bilayer sur-
face. Only the backbone carbonyl bonds located in resi-
dues that form the B-strands (residues 4 to 8 and 13 to 17
of each B-hairpin) are considered in the calculation. The
probability distribution for the angle of the C=0 vector
relative to the membrane normal is shown in Fig. 4(a). At
the starting point, the PG-1 B-sheet is in contact with the
lipid bilayer, with the B-sheet plane parallel to the bilayer
surface. For a perfect planar B-sheet, the distribution curve
might be located at a right angle, since all C=O vectors
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should lie on the membrane surface. However, the peaks
in the distribution curve located at many places indicate
that the PG-1 B-sheets are not perfectly planar. That is, the
B-sheet plane is slightly bent or lies with an oblique angle
to the bilayer surface.

For an a-helical peptide, the peptide orientation in the
lipid bilayer can be measured experimentally by polarized
ATR-FTIR spectroscopy [23,24], and computationally by a
calculation of the peptide order parameter [25,26]. We
calculate the order parameter for the PG-1 B-sheets on the
lipid bilayer, with the same method as that used in the
recent simulations [25,26]. The peptide order parameter
can be defined by

s _ii 3coszeij—l
CcoOTN&A T

where 0;;is the angle between two vectors of the backbone
carbonyl bonds, C=0, in the i and j residues, and N is the
total number of the vector pairs. In the calculation, only
the C=0 bonds located in B-strands (residues 4 to 8 and
13 to 17 of each B-hairpin) are considered. Fig. 4(b)
shows the probability distribution of the peptide order
parameter, Si_q, over the 20 ns trajectories. For the A1 and
P1 B-sheets, where the initial B-hairpin monomer struc-
ture is from NMR [3], the initial values of S_q are 0.75
and 0.77, respectively. These values are much smaller for
the A2 and P2 B-sheets, where the initial B-hairpin mono-
mer structure is from our previous simulation [22], which
are 0.27 and 0.35, respectively. However, these initial val-
ues of the peptide order parameter are not preserved for
the B-sheets with the same monomer origin during the
simulations. The distributions of Si_, reveal that for the
antiparallel B-sheets (A1 & A2), the distribution curves are
located around S._g = 0.3, while the curves are found
around S._g = 0.2 for the parallel B-sheets (P1 & P2). Both
parallel B-sheets have smaller values of the peptide order
parameter, indicating that the values of the peptide order
parameter strongly depend on the B-sheet topology.

Interactions of PG-1 [-sheets with Lipids

The interaction energy between the PG-1 B-sheets and lip-
ids is calculated in order to understand the dominant
forces that stabilize the B-sheet structure. Fig. 5 shows the
averaged interaction energies of the PG-1 B-sheets with
the lipid (light gray bars) for the different B-sheet confor-
mations. The figure also presents the averaged interaction
energies between the Arg residues and lipid (dark gray
bars). The interaction energy is calculated every 10 ps and
averaged over the 20 ns simulations for each monomer
separately. For the antiparallel B-sheets (Al & A2), the
strength of the interaction energy of each monomer with
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Backbone dihedral angle. Backbone dihedral angle distributions (a) for the antiparallel (Al & A2) and parallel (Pl & P2) (-
sheets at the amphipathic interface of the lipid bilayer, and (b) for the antiparallel (Al) and parallel (PI) B-sheets in water. Dihe-
dral angles (¢, ) are calculated only for the residues in the 3-strands (residues 4 to 8 and |3 to |7 of each [-hairpin).
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allel (Al (solid line) & A2 (dotted line)) and parallel (Pl (solid line) & P2 (dotted line)) B-sheets. The numbers in the bracket

denote the initial values of S_g in the starting points.

the lipid is similar. However, for the parallel B-sheets (P1
& P2), at least one monomer interacts with the lipid more
strongly than the other. The strong interaction reflects the
strong electrostatic interaction of the Arg residues with the
lipid headgroups. For the P1 B-sheet, the terminal Arg res-
idues of the monomer whose apolar surface faces the
bilayer surface closely contact the lipid, while for the P2 -
sheet the loop Arg residues of the monomer whose apolar
surface faces the bulk region interact strongly with lipid.
These strong Arg-lipid interactions observed in the paral-
lel PG-1 B-sheet are closely related to the bending or tilt-
ing of the P-sheet, ultimately causing the membrane
thinning and disruption.

Fig. 6 shows the averaged lipid accessible surface area for
the PG-1 B-sheets in different arrangements (light gray
bars). The lipid accessible surface area is calculated every
10 ps and averaged over the 20 ns simulations for each

monomer separately. The figure also presents the averaged
lipid accessible surface areas for the Arg residues (dark
gray bars). As expected, the lipid accessible surface area is
strongly correlated with the interaction energy of the PG-
1 B-sheets as seen in Fig. 5. Larger lipid accessible surface
area yields larger interaction energy. This is also true for
the Arg residues, especially for the parallel PG-1 B-sheets,
suggesting that the Arg side chains in parallel B-sheets are
indeed located at the deep amphipathic interface, perturb-
ing the polar lipid heads in the lipid bilayer.

Membrane Disruption Effects by PG-1 [-sheets

In our previous study of the PG-1 monomer on the lipid
bilayers [22], we have shown that the PG-1 B-hairpin
indeed induced the thinning effect in the lipid bilayer
containing anionic lipids, while no thinning effect was
observed for the pure lipid bilayer composed of POPC. To
observe a similar effect induced by the PG-1 dimer, the
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Figure 5

Lipid interaction energy. Interaction energy of the PG-|
B-sheets with lipids (light gray bars), and interaction energy
of the Arg residues with lipids (dark gray bars). The interac-

tion energy is calculated separately for each monomer in the
PG-1 B-sheet.

degree of flatness or roughness of the bilayer surface plane
is monitored during the simulations. We introduce the
plane order parameter of the bilayer surface, Spop, which
calculates the angle between the positional vector con-

necting two adjacent phosphate atoms and the plane of
the bilayer surface,

Spop = Y, -,

<i,j> Tij

where 7; is the distance between two phosphate atoms,

and zlP and z}) are the height of the phosphate atoms

along the bilayer normal at the ith and jth residue, respec-
tively. The notation <i,j> means that the sum is restricted
to adjacent pairs of phosphate atoms. The plane order
parameter Spp can measure the flatness or roughness of
the bilayer surface, indicating that for Spop < 1 the bilayer
surface is a perfect smooth plane, while for Spp < 1 the
bilayer surface is bent or contains many troughs. Fig. 7
shows the averaged plane order parameter, <Spnp >, at the
top leaflet (solid bars) and at the bottom leaflet (gray
bars) of the lipid bilayer during the simulations. The PG-
1 B-sheet is located at the top leaflet of the lipid bilayer. As
expected, the bilayer surface at the top leaflet is rougher
than the bottom leaflet of the lipid bilayer, since the top
leaflet contains the B-sheet. Note however that the bilayer
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Figure 6

Lipid accessible surface area. Lipid accessible surface
areas for the PG-1 B-sheets (light gray bars) and the Arg res-
idues (dark gray bars). The lipid accessible surface area is cal-
culated separately for each monomer in the PG-| B-sheet.

surface at the top leaflet containing the parallel B-sheets
(P1 & P2) is rougher than that at the same leaflet contain-
ing the antiparallel B-sheets (A1 & A2). This suggests that
the parallel B-sheets are very active and more strongly

interact with the lipid bilayer, with the activity closely
related to the bilayer disruption.

The disruption of the lipid bilayer reflects disordering of
lipid molecules around the PG-1 B-sheets. The average
positions of lipid groups may illustrate how lipids are dis-
tributed in the bilayer in response to the dimer invasion.
Fig. 8 shows the position probability distribution func-
tions (P) for five different component groups of POPC,

1.00
0.98 |-
A [
o -
VJ&’ 0.96 |- -
¥ L ]
0.94 - ﬂ i —
092 L ‘ ‘ ]
Al A2 P1 P2
PG-1 Dimers
Figure 7

Plane order parameter. Plane order parameter of the
bilayer surface, Spop, at the top leaflet (solid bars) and at the
bottom leaflet (gray bars) of the lipid bilayer. The PG-1 (-
sheet is located at the top leaflet of the lipid bilayer.
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water, and salts as a function of the distance from the
POPC lipid bilayer center. The POPC headgroup is
divided into four subunits, choline (P, black lines),
phosphate (Pp,, red lines), glycerol (Pgy,, green lines),
and carbonyl (P, yellow lines). The tail group involves

http://www.biomedcentral.com/1472-6807/7/21

two fatty acids with terminal methyl (Pgy5 blue lines).
The PG-1 B-sheet is located at the top leaflet of the lipid
bilayer (positive z area), while the bottom leaflet of the
lipid bilayer (negative z area) contains lipids only. For the
antiparallel B-sheets (A1 & A2), the symmetric distribu-

0.10_II|IIII|IIII TTTT TTTT TTTT TTTT II_ _II|IIII|IIII TTTT TTTT TTTT TTTT II_
L Al 1+ A2 -
0.08
2
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>
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=
g
S 0.04
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z (A) z(A)
Figure 8

Solvent distribution. Probability distribution functions (P) for different component groups of lipid (P, (choline — black
lines), Ppo4 (Phosphate — red lines), Pg,,. (glycerol — green lines), Pc,, (carbonyls — yellow lines), and Pcy; (methyl — blue lines)),

and for other solvents (P, ,.cr

(water — dashed black lines), Py, (sodium ion — dashed gray lines), and P, (chloride ion — gray

lines)) as a function of distance from the bilayer center for different PG-1 dimers on the lipid bilayer composed of POPC.
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tions of the lipid headgroups at both sides of the bilayer
indicate that there are no disturbances in the lipid
arrangement induced by the B-sheets. However, for the
parallel B-sheets (P1 & P2), the asymmetric distributions
of the lipid headgroups indicate that there are great distur-
bances in the lipid arrangement, especially at the top leaf-
let of the lipid bilayer. This is consistent with the result
presented in Fig. 7 that the bilayer surface containing the
parallel B-sheet is very rough, resulting from the disor-
dered lipid headgroups. This leads to the bilayer disrup-
tion. In the distributions of salts, the probability for
finding chloride ions is very high near the bilayer surface
at the top leaflet, since the PG-1 B-sheet contains many
positive charges.

To investigate the average structure in the interior of the
bilayer, the deuterium order parameter, S, was calcu-
lated using

Scp = %<3c032 9—1>,

where 0 is the angle between the C-H bond vector and the
membrane normal, and the angular brackets indicate
averaging over time and over lipids. Fig. 9 shows the order
parameters for the oleoyl (left column) and palmitoyl
(right) chains for the lipid bilayers composed of POPC for
the antiparallel B-sheets (A1 (solid circles) & A2 (open cir-
cles)) and the parallel B-sheets (P1 (solid triangles) & P2
(open triangles)). Lipids at the top leaflet (peptide-con-
taining, upper panel) and the bottom leaflet (lower) of
the lipid bilayer are considered separately. The bars repre-
sent the standard deviation errors. At the top leaflet, the
order parameters for the lipids with the antiparallel -
sheets are slightly higher than those for the lipids with the
parallel B-sheets. At the bottom leaflet, however, the order
parameters for the lipids are similar. Lower order parame-
ters for the lipids containing the parallel B-sheets indicate
that the lipids have significantly disordered tails, causing
the disruption of the lipid bilayer.

Discussion

We simulated the Protegrin-1 (PG-1) dimers with differ-
ent B-sheet arrangements in an aqueous solution and in a
lipid bilayer composed of POPC. To create the PG-1
dimer, the two B-hairpins were initially assembled into p-
sheets with both antiparallel (turn-next-to-tail) and paral-
lel (turn-next-to-turn) B-sheet motifs in an NCCN packing
mode [18]. The monomer B-hairpin conformations were
obtained from NMR spectroscopy [3] and our previous
PG-1 monomer simulations [22]. Although, the B-sheets
of the PG-1 dimer have different monomer origins, the
behavior of the B-sheets on the bilayer surface strongly
depends on their topology, i.e parallel or antiparallel

http://www.biomedcentral.com/1472-6807/7/21

arrangement which is more important for the lipid inter-
action. Thus, the energetically stable PG-1 dimer confor-
mation strongly depends on its surrounding
environments. While the B-sheet conformations are less
stable in the bulk water environment, both the antiparal-
lel and parallel B-sheet conformations of the PG-1 dimer
are well preserved at the amphipathic interface of the lipid
bilayer, with the dimer interface of the antiparallel B-
sheets being more stable. In all cases, the dimer interface
is held tightly by at least two intermolecular backbone H-
bonds between two cysteine residues at the C-terminal
strands from each monomer. As suggested by the experi-
mental observations [3,15], the dimeric -sheet confor-
mations on the lipid bilayer are stable when the B-sheets
are associated with the lipids, since the strong electrostatic
repulsion between the B-hairpin monomers can be
shaded by the lipids. However, the B-sheet itself has a sig-
nificant conformational change to avoid the repulsive
force due to the neighboring arginine side chains. This
leads to a twisted or cross p-sheet structure. Fig. 10 shows
snapshots of the pB-sheets of the PG-1 dimer at the end of
the simulations. It can be seen from the figure that signif-
icant twist of the B-sheet conformation, especially at the
loop and both termini regions, can be observed for all p-
sheets on the bilayer surface.

In this work we wish to compare between different dimer
conformations in different environments and to find the
connection between the dimer conformation and the
activity of the PG-1 dimer in the early stage of the mem-
brane disruption. In this early stage, the PG-1 dimer is in
contact with the bilayer surface, preparing the penetration
into the hydrophobic core region of the lipid bilayer.
Thus, our lipid simulations start with a PG-1 dimer that is
initially located at the top of the lipid bilayer without giv-
ing any stress to the lipid bilayer. The dimer quickly
moves to the amphipathic interface immediately follow-
ing the start of the simulation. This indicates that our sim-
ulation results are independent of the initial dimer
location with respect to the interface, since this kind of
relaxation takes a very short time. If the PG-1 monomer or
dimer is fully embedded in the lipid bilayer, the mem-
brane disruption effects are enhanced. In this case, the ini-
tial position and orientation of the peptides in the lipid
bilayer are crucial, since the peptides cause hydrophobic
mismatch between the lipid bilayer and the PG-1, induc-
ing a highly curved bilayer surface. In this paper, we do
not target the dimer insertion into the lipid bilayer, since
the timescale for such spontaneous dimer relocation may
range from few hundreds of nanoseconds to a microsec-
ond, which is far beyond the timescale of our simulations.
In our simulation, the antiparallel PG-1 B-sheets bind
within the top leaflet of a lipid bilayer with its apolar sur-
face of the B-sheet containing the four disulfide bonds fac-
ing the bilayer surface, closely following the experimental
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Lipid order parameter. Deuterium order parameters, S, for the oleoyl (left column) and palmitoyl (right) chains of the
lipids at the top leaflet (peptide-containing) (upper panel) and the bottom leaflet (lower) of the lipid bilayer composed of POPC
for the antiparallel B-sheets (Al (solid circles) & A2 (open circles)) and the parallel B-sheets (P| (solid triangles) & P2 (open tri-

angles)).

suggestion [3]. Unlike the parallel PG-1 B-sheet with the
symmetric B-sheet surfaces, the antiparallel PG-1 B-sheet
has the asymmetry of the B-sheet surfaces. The antiparallel
PG-1 B-sheet may bind the lipid bilayer with its four
disulfide bonds away from the bilayer surface. However,
the simulation results for the opposite-facing interaction

of the antiparallel B-sheet are not expected to be different
from the observations in our current setting, since most
charged residues are located at both ends of the B-sheet of
the PG-1 dimer and do not alter the charge distribution
following the p-sheet flip. Electrostatic interactions
between the positively charged residues of the PG-1 dimer
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and the lipid headgroups play an important role in the
peptide/lipid interaction.

The simulations of the PG-1 B-sheets with different mon-
omer B-hairpin conformations have shown that the
behavior of the B-sheets on the bilayer surface strongly
depends on the topology. For example, parallel B-sheets
have smaller values of the peptide order parameter,
stronger lipid interaction, and they induce a bilayer dis-
ruption effect. In the turn-next-to-turn association of the
parallel B-sheet, charge distributions due to the positively
charged arginine side chains are separated into two
regions, B-turns and both termini. As compared to the
flexible motions in the arginine residues in order to avoid
electrostatic repulsion at both termini, the dynamic
motions of the arginine side chains at the -turns are stiff-
ened due to the restricted backbone motions, clustering
positively charges at the one side of the B-sheet. These
confined repulsive forces by the positive charges at the -
turns induce distortion of the f-sheet plane, lying
obliquely to the bilayer. As a result, one monomer of the
parallel B-sheets interacts with the lipid more strongly
than the other and has a larger lipid accessible surface area
than the other as seen in Fig. 5 and 6. It seems that in the
initial stage of the dimer invasion into the lipid bilayer,
the oblique attack by the parallel B-sheets into the lipid
bilayer increases the bilayer surface pressure and hence
enhances the membrane disruption effects. The aggrega-
tion of PG-1 dimers into ordered aggregates accomplishes
the membrane disrupting effects via forming a pore/chan-
nel in the membrane [20]. Based on our observations, we
deduce that the parallel B-sheet is an active candidate to
insert into the lipid bilayer and to be the sole repeat motif
in the ordered aggregates as suggested by the solid-state
NMR experiments [18,19].

In our previous PG-1 monomer simulations [22], PG-1
exhibited different features at the amphipathic interface of
the lipid bilayers with different lipid compositions. In the
presence of anionic lipids in the bilayer, PG-1 located
more closely to the bilayer surface and interacted more
strongly with the lipids. The local thinning of the lipid
bilayer due to the PG-1 invasion was clearer in the lipid
bilayer with anionic lipids. On the other hand, no thin-
ning effect due to the PG-1 monomer was observed in the
pure POPC lipid bilayer. In this paper, we do not observe
any influence on the POPC lipid bilayer due to the
antiparallel B-sheets. However, a slight bending or disrup-
tion of the lipid bilayer within the parallel B-sheets can be
clearly seen. In fact antimicrobial activity of the peptide
would be warranted in lipid bilayers containing anionic
lipid. This is also our interest, to use the anionic lipid in
the future. To date, many experimental studies have used
the POPC bilayer systems [16,17,19]. However, recently,
membrane containing anionic lipid has been used to
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demonstrate the formation of PG-1 pore in the membrane
[20].

The model of PG-1 dimerization in the POPC lipid bilayer
[17] has suggested that at low peptide concentration the
PG-1 monomer likely remains on the bilayer surface and
PG-1 dimers are inserted into the lipid bilayer. At high
concentration, the dimer fraction increases, and the
ordered aggregates form a toroidal pore in the lipid
bilayer. However, there was no clear indication where the
dimerization of PG-1 takes place to create the B-sheet
structure. Our previous simulation showed that the mon-
omer f-hairpin structure of PG-1 is well preserved at the
amphipathic interface of the lipid bilayers [22]. Recently,
solid-state NMR also showed that the PG-1 monomer is
fully immersed in the lipid bilayer [27,28]. Based on these
observations, the PG-1 dimerization can occur either on
the surface of the lipid bilayer or in the interior of the
bilayer, since the PG-1 monomers are populated in both
environments. Furthermore, our current simulation
showed that the PG-1 dimer in water exhibits a partially
folded B-sheet conformation. The formation of the dimer
in water implies that the dimerization can occur in many
different environments and that as a seed in the formation
of ordered aggregates, the PG-1 dimer can directly insert
into the lipid bilayer. On the bilayer surface, the B-sheets
of PG-1 dimer disturb the lipid order through strong elec-
trostatic interaction between the polar headgroup and the
charged side chain of the B-sheet, inducing local thinning,
and facilitating dimeric insertion. In the interior of the
lipid bilayer, the embedded B-sheet of the PG-1 dimer
causes hydrophobic mismatch between the lipid bilayer
and the PG-1 dimer, inducing highly curved bilayer sur-
face. In both cases, the PG-1 dimer is responsible for the
membrane disruption/thinning effects, irrespective of
where the PG-1 B-sheet is located on/in the lipid bilayer.
Continued investigations of PG-1 dimers embedded in
the lipid bilayer and of ordered aggregates of the PG-1
complex in the setting of the lipid bilayers are being con-
ducted to further our understanding of the complex
behavior of membrane disruption.

Conclusion

Here, we present the PG-1 dimer structures in different
environments. In the bulk water environment, PG-1 dim-
ers are partially folded B-sheets, while both the antiparal-
lel and parallel B-sheet conformations of the PG-1 dimer
are well preserved at the amphipathic interface of the lipid
bilayer. Our simulation results provide important guide-
lines for how the environment supports the B-sheets of
the PG-1 dimer and how the dimer activity depends on
the B-sheet arrangements. We conducted four simulations
starting at different initial configurations, two for antipar-
allel dimers and two for parallel dimers (page 4). As
expected, these simulations do not converge to the same
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point, since molecules should have conformational and
energetic distributions in nature, especially when embed-
ded in the complex membrane environment. Similarly, a
recent PG-1 monomer simulation work observed a "kick-
shaped" conformation only in one of the two simulations
[29]. In the work reported here, while the simulations do
not converge to the same conformation, nevertheless the
essential features converged: consistently, in both simula-
tions of parallel dimers, the membrane disruption was
larger than in the two antiparallel dimer simulations. The
parallel B-sheets of the PG-1 dimer induce the membrane
disruption effect at the amphipathic interface of the lipid
bilayer. Comparing with the recent experimental observa-
tion that the parallel PG-1 dimer inserts into POPC lipids
[19], our simulations unified experimental observations
by revealing that the parallel PG-1 dimer is biologically
more active to insert into POPC membrane.

Methods

A unit cell containing two layers of lipids with almost
65,000 atoms is constructed. The B-sheet of the PG-1
dimer is initially located at the amphipathic region in the
top leaflet of the lipid bilayer. Since our simulation
method closely follows the previous method of the PG-1
monomer simulation, in this paper we only briefly
describe key parameters used for the dimer simulations.
The details of the simulation method are described else-
where [22]. A lipid bilayer containing POPC (palmitoyl-
oleyl-phosphatidylcholine) is constructed for the simula-
tions. For the lipid bilayer, 160 POPCs (80 POPCs each
side) constitute the lateral cell dimension of 71.3 A x 71.3
A. TIP3P waters were added and relaxed through a series
of minimization and dynamics. Twelve counter ions (12
Cl) were inserted to electrically neutralize the lipid bilayer
system, since there are six positively charged amino acid
residues in each monomer. To obtain a physiological salt
concentration near 100 mM, additional 20 Na+and 20 CI-
were added.

Our simulation employed the NPAT (constant number of
atoms, pressure, surface area, and temperature) ensemble,
an effective (time-averaged) surface tension, with a con-
stant normal pressure applied in the direction perpendic-
ular to the membrane. An alternative protocol would
involve using variable surface area controlled by constant
surface tension with the NPyT (constant number of atoms,
pressure, surface tension, and temperature) ensemble,
where y is the applied surface tension. When y = 0, NPyT
is equivalent to NPT. Although experimentally measured
macroscopic property of y should be close to or zero for
the non-stressed lipid bilayers [30], a nonzero surface ten-
sion must be employed in the NPyT simulations due to
the presence of long-wavelength undulation for the
microscopic membrane patch [31]. In the NPT ensemble,
simulations with CHARMM27 [32] parameter sets repro-
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duce incorrectly reduced surface area [33,34]. However a
simulation with a correctly parameterized constant sur-
face area with the NPAT ensemble can be directly compa-
rable to an applied constant surface tension [35,36]. This
has led us to use a constant surface area with the NPAT
ensemble.

The CHARMM program [32] and Charmm 27 force field
were used to construct the set of starting points and to
relax the systems to a production-ready stage. In the pre-
equilibrium stages, the initial configurations were gradu-
ally relaxed, with the peptide held rigid. A series of
dynamic cycles were performed with the harmonically
restrained peptides, and then the harmonic restraints were
gradually diminished with the full Ewald electrostatics
calculation and constant temperature (Nosé-Hoover)
thermostat/barostat at 310 K. The entire pre-equilibration
cycle took 5 ns to yield the starting point. For the produc-
tion runs of 20 ns, any constraint applied to the peptides
was removed, and the simulations were performed with
the same parameter sets as used in the pre-equilibrium
simulations. The system reached to the equilibration after
initial 3-4 ns. The NAMD code [37] on a Biowulf cluster
at the NIH was used for the starting point with the same
Charmm 27 force field in the production simulations.
Recent simulation studies suggest that ~10 ns duration
simulations can reveal details of the interactions of lipid
molecules with inner and outer membrane proteins
[38,39].
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