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GRAPHICAL ABSTRACT

» The conformations of the membrane-
bound the HIV gp41 fusion peptides
were examined.

» Inclusion of residues 17-23 was found
to play important role in the fusion
ability.

» A mixture of helical and (3-strand struc-
tures was found to be a membrane-
bound state.

» The peptide does affect the structural
and dynamical characteristics of the
lipids.

» The fusion ability depends on the align-
ment of fusion peptide structure.
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To understand how viral proteins fuse with the cell membrane, a process that is important for the initial
stages of infection, the conformation of the membrane-bound viral fusion peptides (FPs) must be identified.
Here, molecular dynamics (MD) simulations were performed to investigate the conformation of the FP-16
and FP-23 of human immunodeficiency virus (HIV) bound to a dimyristoyl phosphatidylcholine (DMPC) bi-
layer. All FPs were found to penetrate into the bilayer despite the different initial orientations. In addition, the
inclusion of residues 17 to 23 was found to play significant role in the fusion ability. Each of the FPs adopts at
least two distinct conformations (predominantly a-helical and B-structures) while association with mem-
brane. The peptide seriously affects structural and dynamical parameter of the contacted lipids. The previous-
ly experimental data together with our simulation data reveal that fusion ability depends on the
membrane-associated conformation and alignment of the peptide.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Infection of a target cell by enveloped viruses, such as human im-
munodeficiency virus type 1 (HIV-1) and influenza virus, requires fu-
sion between the viral envelope and host cell membrane [1]. The
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fusion event is mediated by anchoring of the fusion protein on the
cell membrane surface via the fusion peptide (FP) domain which usu-
ally located at the N-terminus in many viruses. In the case of HIV, the
envelope glycoproteins are typically homotrimers in which each
monomer is proteolytically cleaved to generate two subunits, gp120
and gp41, the latter of which is responsible for the membrane fusion
process [2-4]. The N-terminal gp41-FP is highly conserved with
corresponding domains of other enveloped virus, and its first 16 res-
idues are mostly hydrophobic followed by another seven moderately
polar residues.
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Fig. 1. Schematic diagram showing the initial FP-membrane structure in two different FP configurations with respect to the bilayer surface showing the helical axis of FP at (a) 0°
and (b) 90° to the phospholipid horizontal plane. The FP is shown as a ribbon structure. Dashed line indicates the center of the water-lipid interface (at the horizontal line y =0).

There have been many efforts to determine the structure of the FPs
and the mode of interaction with the membrane from a variety of ex-
perimental method (NMR, FTIR, CD, ESR) [5-22] as well as molecular
dynamics (MD) simulations [7,19,23-33]. The three-dimensional struc-
ture has been widely studied in membrane-mimicking environment to
learn more about the fusion mechanism. However, the mechanism by
which the N-terminal FPs promote fusion is not clear, although the lit-
erature does offer several suggestions. Several authors have suggested
that some peptide secondary structures (a-helical or 3-stranded) are
fusogenic whilst others are not [34-37]. Other authors have suggested
that FPs perturb the bilayer surface [38,39], and in addition, changes
in the order parameters of the lipid acyl chains has been reported in
the presence of the FP [29,40].

In this study, molecular dynamics (MD) simulations for the gp41
N-terminal FP in a dimyristoyl phosphatidylcholine (DMPC) bilayer
were performed. Each of the 16- and 23-residue FPs , designated
here as FP-16 and FP-23 respectively, were examined in two different
states of the N- and C-terminus (charged and neutral) and with two
different orientations with respect to the bilayer surface (0° and
90°), as shown in Fig. 1. The sequences of the peptides and their des-
ignations are given in Table 1. The explicit MD simulations were able

to determine the membrane structures of these FPs, which are consis-
tent with the currently available experimental determinations, and
also provide insight into the secondary structure of the FPs and the bi-
layer perturbation upon the binding of these active FPs to the bilayer.

2. Computational details
2.1. Fusion peptide (FP)

The initial conformation of the N-terminal gp41 FP was obtained
from NMR spectroscopic analysis [10]. The models from a protein data
bank file, which is helical between lle-4 and Gly-20, were extracted.
The FP-16 and FP-23 in two different states of the N- and C-terminus
(charged and neutral states) and two different orientations with respect
to the bilayer surface (0° and 90°) were generated. The sequences of the
peptides and their designations are given in Table 1.

2.2. Initial structures

The initial structures of the peptide-bilayer system were con-
structed using the CHARMM program [41] in which the procedure
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Fig. 2. Insertion depth of the residues of the FP in the DMPC membrane. The distance between the Ca atoms of FP and the center of the water-lipid interface was calculated as a
mean z coordinate of the phosphorus atoms. Ribbon representative structures of the FPs in charged and neutral terminus are also shown in red and green, respectively.
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developed by Woolf and Roux [42-45] was applied. To prepare the ini-
tial structures for the simulations, the area per lipid was taken from
experimental value of 59.8 A% at 30 °C. The cross-sectional area of
the FP-16 and FP-23 was calculated to be 380.7 A? and 489.9 A?, re-
spectively. Therefore, the layer containing the above mentioned FPs
should then contain six and eight lipids less than the FP-free layer.
The 128 DMPC molecules were selected randomly from the 2000
pre-equilibrated DMPC structures taken from the data of Roux. To
equalize the area of the top and bottom leaflets, 61 and 60 DMPC mol-
ecules were placed in the FP-containing layer whereas 67 and 68
DMPC molecules were placed in the FP-free layer for the FP-16 and
FP-23 systems, respectively. The initial size of the simulation box
was determined by the cross-sectional area of the FP, the number of
DMPC molecules and the number of water molecules of the bilayer.
The FP was initially placed in the upper leaflet of the bilayer keeping
the helical axis at either 0° or 90° with respect to the bilayer surface,
as shown schematically in Fig. 1. For the helical axis at 90°, the
Gly-16 of all FPs was positioned at the bilayer surface. The systems
were then fully hydrated by overlaying a pre-equilibrated water box
of the appropriate dimensions in the x and y directions (see Fig. 1).

2.3. Initial simulations

The minimization was first carried out with the CHARMM program
[41] using the all-atom force field and TIP3 [46] water model. To
speed up the simulations using the GROMACS program package [47],
the option was switched to united-atom force fields. The forced fields
for lipids and peptides were taken from Tieleman [48] and GROMACS,
respectively. The SPC model [49] was used for water molecules. The sys-
tems were coupled to a heat bath of 303 K. Position restrained simula-
tions of each FP were performed for 2 ns to equilibrate the membrane
structure. A number of position constraints were used at the beginning
of the ensuing equilibration period to ensure a smooth relaxation of the
system towards an equilibrated configuration.

2.4. NPT simulations

Starting configurations were obtained by the position-restrained
simulation at 2 ns. The MD simulations were performed employing
an NPT ensemble (i.e., constant number of particles, pressure, and
temperature) for the eight systems summarized in Table 1 using the
GROMACS program package [47]. The simulations The LINCS algo-
rithm [50] was used to constrain all bond lengths of the lipid mole-
cules, whereas the SETTLE algorithm [51] was used for water
molecules. Periodic boundary conditions were applied in all three di-
mensions. The time step in all simulations was set to 2 fs. The ener-
gies and trajectories were stored every 1 and 10 ps, respectively,
and the temperature was kept at 303 K. The pressure coupling was
scaled to 1 bar with a time constant of 0.5 ps and applied semi-
isotropically; the pressure along the xy coordinate and z coordinate
defined in Fig. 1 were allowed to vary independently. All simulations
were performed for 100 ns.

Table 1

2.5. Control simulation

For the control simulation, the 128 DMPC molecules were exam-
ined and each leaflet had 64 DMPC molecules. The same steps as
above were performed apart from the position restrained simula-
tions. A total of 100 ns of MD simulations were performed and then
used for the subsequent analysis.

3. Results and discussion
3.1. Depth of insertion

To monitor how deep the peptides insert into the bilayer, the loca-
tion of each residue of the FPs was measured in terms of the distance
of each residue with respect to the bilayer normal. Fig. 2 shows the in-
sertion depth of a given residue which corresponds to the average dis-
tance between its Coe atom and the center of the water-membrane
interface, defined as a mean z coordinate of the phosphorus atom (see
Fig. 1 for axes definition). The resulting distribution plots for the
FP-16 and FP-23 systems are shown in Fig. 2. The horizontal line at
y=0 indicates the interface between the water and the membrane,
whereas the initial position of the FPs for each system is represented
by the dashed line. For simplicity, the [-a-c/n notation is used where I,
a, c/n denote the length (I=16 or 23 amino acid residues), the insertion
angle (a=0 or 90°) and the types of N- and C-terminus (either charged
(c¢) or neutral (n)) of the FPs (see Table 1).

It can be seen that all FPs penetrate into the bilayer despite their
different initial orientations. Detailed characteristics of the binding
are presented in Fig. 2. The effect of charged termini can be clearly
seen for both insertion angle (a=0° and 90°) where the charged
zwitterionic peptide was inserted deeper into the bilayer than the
neutral one. The only exception is in the case of FP-16 when a=90°
(Fig. 2b), where no difference was found in terms of the insertion
depth of the 16-90-c and 16-90-n peptide.

Considering the effect of the FP length, all the FPs of the FP-23 sys-
tems were observed to penetrate deeper into the lipid bilayer than
the FP-16 systems relative to their initial positions (Fig. 2). The maximal
penetration depth (~17 A) is observed for residue Ala-6 of 23-0-c sys-
tem (Fig. 2c). Therefore, the inclusion of the residues 17 to 23 to the
FPs was found to play a significant role in their fusion. This is especially
true for the neutral peptides with a = 0°, i.e. the 23-0-n, which penetrat-
ed much deeper than the corresponding 16-0-n. In addition, in the case
of FP-23 when a=90° (Fig. 2d), the 23-90-c was found to fuse deeper
into the bilayer, relative to the charged 16-90-n. However, there is no
significant difference of the peptides with neutral terminus, i.e. the
16-90-n and 23-90-n in term of the insertion depth.

3.2. Secondary structure
To examine the theoretical secondary structure of the FPs, the

DSSP [52] program was employed using the do_dssp utility command
from the GROMACS [47] package to investigate the time evolutions of

Amino acid sequences of the fusion peptides (FPs) and the notation used in the manuscript hereafter.

Notation No. of residues® Angle of insertion” Type of N- and C-terminus Amino acid sequence

16-0-c 16 0° Charged NHf-AVGIGALFLGFLGAAG -CO0O"

16-0-n 16 0° Neutral NH,-AVGIGALFLGFLGAAG-COOH

16-90-c 16 90° Charged NHf-AVGIGALFLGFLGAAG-COO

16-90-n 16 90° Neutral NH,-AVGIGALFLGFLGAAG-COOH

23-0-c 23 0° Charged NHf-AVGIGALFLGFLGAAGSTMGARS-COO
23-0-n 23 0° Neutral NH-AVGIGALFLGFLGAAGSTMGARS-COOH
23-90-c 23 90° Charged NHf-AVGIGALFLGFLGAAGSTMGARS-COO
23-90-n 23 90° Neutral NH,-AVGIGALFLGFLGAAGSTMGARS-COOH

2 The number of amino acid residues in the FP sequence.

b The angle of fusion between the helical axis of the FP and the horizontal plane of the phospholipid bilayer.
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Fig. 3. Secondary structure of the N-terminal gp41 FPs. The relative occurrence of each of the FP residues in different secondary structure elements, as obtained during the entire
100 ns MD simulations of the FP in the presence of DMPC. Green and yellow show a-helical and coiled structures, respectively. (For interpretation of the color references in this
figure, the reader is referred to the online version.)

the secondary structure of the membrane-bound FP-16 and FP-23. %structure of all FPs show that very different types of secondary struc-
The plots of the %structure of all FPs are shown in Fig. 3. tures emerge upon interaction with the lipid (Fig. 3.). The FPs adopt

The secondary structure map of the FPs computed as a function of predominantly a-helical and f-strand conformations. In addition,
the simulation time exhibits various conformations. The plots of the the structures of the N- and C-terminal tails are highly flexible and
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Fig. 4. The time evolution of the area per lipid for the (a, b) 16-residue and (c, d) 23-residue FP-membrane complexes with an initial helical axis of (a, ¢) 0° and (b, d) 90° with

respect to the bilayer surface.

more or less unstructured or coiled. Considering the FPs when a=0°,
it is seen that the peptides partly lose their initial a-helical structure
and adopt other conformations. It clearly shows that the presence of
water-membrane interface significantly destabilizes a-helical confor-
mation of the peptide. This is due to the prominent amphiphilic char-
acter of the helix which a number of apolar side chains are exposed to
a highly water environment. In the result, the helix structure of the FPs
tends to distort and shield the hydrophobic side chains from water.
This indicates that the instability of the a-helical conformation on
membrane surface can be induced by strong contacts of the peptide
with the water-lipid interface. However, this is different when the

initial structure of the FPs was perpendicular to the membrane sur-
face, as here the a-helical structure was observed throughout the sim-
ulation (Fig. 3). Clearly, the hydrophobic core membrane stabilizes the
a-helical structure of the FPs. Such systems reveal the domination of
hydrophobic-hydrophobic contacts, which reflects the correspon-
dence between a highly hydrophobic fusion domain and the hydro-
phobic interior of the membrane.

There is consistency between our results and earlier experimental
work [17] with reports of a mixture of helical and 3-strand conforma-
tions of the FPs while association with membrane. Taking this experi-
mental data together with our simulation data reveals that FP
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Fig. 5. Radial distribution functions (g(r)) centred at the centre of mass of the FP to the phosphorus in the headgroup region of the bilayer for (a, b) the 16-residue FP and (c, d) the
23-residue FP-membrane complexes with an initial helical axis of (a, ¢) 0° and (b, d) 90° with respect to the bilayer surface.
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insertion into the lipid bilayer depends on the membrane-associated
conformation and alignment of the peptide. Furthermore, fusion activi-
ty of the FPs might not correlate with the type secondary structure
(a-helix, B-sheet, or mixed). It is also possible that there is a transient
fusogenic structure that is flexible or unstructured rather than a
well-structured a-helical or 3-strand conformation.

3.3. Area per lipid

One of the most fundamental characteristics of the lipid bilayer is
the average area per lipid. Although a wide range of these values have
been obtained from model membranes via experiments [53,54], it is
also very useful as a means of monitoring the equilibrium process
from a computational point of view. Fig. 4 shows the area per lipid
(DMPC) for all simulations as a function of time, where the average
area per lipid for all systems is in the range of 57.4-59.0 A2. This

== PM

o —f=— 16-90-c

== 16-90-n

Atom

range is just slightly lower than the previously reported experimentally
determined value of 59.8 1.9 A2 (at 30 °C) [54]. The reliability of the
simulation results is thus supported to some extent by this consistency.

3.4. Radial distribution functions

To characterize the structure of the peptide-membrane complex
in more detail, radial distribution functions (RDFs), which describe
how the atomic density varies as a function of the distance from
one particular atom, from the center of mass of the FP to the phospho-
rus atom in the headgroup of the lipid bilayer were computed. The re-
sults are shown in Fig. 5. The plots for all systems show the first
maxima of ~4.8 A followed by the first minima of ~6 A. This number
indicates that first shell of the headgroup of the lipid lies within the
radius of 6 A. This radius was then used to examine the changes in
the membrane character due to the presence of the FP. That is the

= PM
—l— 23-90-C
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Fig. 6. Average order parameter (Scp) values for the sn1 and sn2 acyl chains of the DMPC bilayer and its complexes with the (a, b) 16-residue FP- and (c, d) 23-residue FP-membrane
complexes with an initial helical axis of (a, c) 0° and (b, d) 90° with respect to the bilayer surface. PM denotes the order parameter of the DMPC membrane without the FPs (black).
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order parameter of the membrane within a 6 A radius from the Co of
the FP was calculated for each system.

3.5. Ordering of lipid acyl chains

The ordering of the lipid acyl chain methylene segments can be
characterized by the deuterium order parameter, Scp, which can be
measured by the NMR technique. The Scp may be defined for every
methylene group in the chain as:

Sep = <3/2 cos’0—1 /2>

where 6 is the angle between the CD-bond (for experimental determi-
nation) or CH-bond (for simulations) and the normal bilayer, whilst
the brackets denote an average over time over all of the lipids (or
over a subset of the membrane lipids). The value of Scp quantifies the
degree of reorientation that occurs on the NMR time scale. In a
united-atom simulation, one can reconstruct the CH-bond at their equi-
librium positions on the basis of the backbone chain configuration.

The calculated order parameter of the tails can be directly compared
to that obtained from the NMR analysis of deuterated DMPC. Experi-
mentally, the order parameter along the hydrocarbon chains of a fully
hydrated DMPC bilayer is usually determined at 30 °C. A useful compar-
ison parameter is the average of the CH order parameter in the plateau
region. The order parameters were calculated separately for the two
chains (sn1 and sn2) of the DMPC molecules for each system and
were plotted against the position in the chain. The sn2 chain is attached
to the middle carbon of the glycerol backbone and is therefore, on aver-
age, slightly closer to the membrane surface than the sn1 chain.

Because the FP does not span across the entire membrane from
one side to the other side, its effect on the order parameter of the
contacted lipids has to be studied separately. Fig. 6 shows the results
from the theoretical (MD simulations) analysis for both the sn1 and
sn2 acyl chain order parameters for DMPC in the FP-membrane
model, and the protein-free lipid control, within a radius of 6 A
from the center of mass of the FP (as mentioned above). The orienta-
tional order parameter profiles for the acyl chains in the absence of
the peptide are typical of liquid crystalline DMPC bilayers but are
slightly lower than the experimentally obtained values (data not
shown). Note that the Scp is ~0.20 close to the glycerol group, and
tends towards zero toward the end of the tail. The acyl chains are
therefore reasonably ordered close to the headgroup.

The results show that binding of the FP considerably destabilizes
hydrocarbon tail of the lipid. This is reflected in the decrease of Scp
values both of the sn1 and sn2 as shown in Fig. 6. The effect of neutral
termini can be clearly seen for all systems where the Scp of the neu-
tral FP-membrane system is lower than the charged FP-membrane
and the peptide-free lipid systems. This indicated that the neutral ter-
mini can induce the disordering of the acyl chain of the lipid more
than the charged one.

Note that the effect on the ordering of the acyl chains was signifi-
cantly different for the different FPs, although they all induced the
disordering of the acyl chain in terms of a significant reduction in the
Scp values. This is due to the position of the FPs in the bilayer along
the normal bilayer. The lipids closest to the peptide show a significant
reduction in their Scp values, compared to in a pure bilayer. In accord,
a qualitatively similar reduction in the order parameter near the em-
bedded peptides was observed in the simulation of alamethicin, influ-
enza M2 and OmpF embedded in a POPE membrane [55].

4. Conclusions
In the present study, the results of MD simulations of the FP-16 and

FP-23 of HIV gp41 with a DMPC bilayer are presented. The simulations
showed that both FPs in both orientations insert into the bilayer

notwithstanding their different initial orientations. The zwitterionic
charged FPs, when starting from the parallel configuration, inserts
deeper into the bilayer than the theoretical neutral peptide does. The
analysis of the secondary structure indicated that the FPs adopt
both a-helical and B-strand conformations during the simulation
time. This is consistent with the experimental data [17] that a mix-
ture of helical and B-strand conformations of the FPs is a structure
for membrane-bound states. Taking the published experimental
data together with our simulation data here supports that fusion ac-
tivity of the FPs might not correlate with the type of secondary
structure (a-helix, B-sheet, or mixed).

The FP's effect on the lipid bilayer was demonstrated in terms of
the order parameter. FPs induce some membrane disorder, but this
is local being limited to those lipids in the vicinity of the peptide, in
agreement with previous experimental results.

Finally, we should stress that the membrane fusion process is
much more complex than the simplified systems used in this molec-
ular modeling approach. There are too many factors that have to be
properly taken into account to determine peptide-membrane inter-
action, i.e., the conformation flexibility of the peptides, the tilt and ori-
entation patterns, the effect of the membrane compositions, etc.
Nevertheless, the present results provide information on the embed-
ded peptide and the bilayer at the molecular level and are comple-
mentary with the experimental data.
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