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HIGHLIGHTS GRAPHICAL ABSTRACT

» HIV fusion inhibitor T-20 (enfuvirtide)
was studied by molecular dynamics
simulations.

» The inhibitor peptide was simulated in
both POPC and POPC/Cholesterol 1:1
bilayers.

» T-20 showed a more limited extent of
interaction with model membranes than
T-1249.

» Interaction with POPC/Cholesterol
bilayers is especially weak, no penetra-

t- {A) and (B) Final struclure snapshols of the T-20 peplide wilh the model membranes in this sludy, POPC and POPC/Chal, respectively.
10n occurs. (€) and (D) Final structure membrane thickness as a function of XY box dimensions. Peplide position is highlighted as a black ellipse.

> The weaker interaction Wlth mem- (E) Timecourse of the distance between the peptide center of mass and the bilayer surface.

branes correlates with a smaller inhibi-
tory efficiency.

ARTICLE INFO ABSTRACT

Article history: T-20 (also known as enfuvirtide) is a fusion inhibitor peptide known to have some effectiveness in the control
Received 3 May 2011 of progression of HIV infection by inhibiting the fusion of the HIV envelope with the target cell membrane.
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- . membranes in an ordered state, which could be linked to its effectiveness. A detailed molecular picture of the
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interaction of these molecules with membranes is still lacking. To this effect, extensive molecular dynamics
simulations (100 ns) were carried out to investigate the interaction between T-20 and bilayers of 1-palmitoyl-

ile[;;\g)ords. 2-oleoyl-phosphatidylcholine (POPC) and POPC/cholesterol (1:1). Membrane properties such as area/lipid,
HIV fusion inhibitor density profiles, order parameters and membrane thickness were studied. It was observed that T-20 has the
Lipid bilayer ability to interact to different extents with both model membranes in this study and that peptide interaction
Enfuvirtide with the bilayer surface has a local effect on membrane structure. The formation of hydrogen bonding
Lipid-peptide interaction between certain peptide residues and the POPC phosphate group was observed. However, T-20 showed a
Molecular dynamics more limited extent of interaction with model membranes when compared with other, more efficient,

peptides (such as T-1249). This effect is most notable in POPC/Chol membranes in which interaction is
especially weak, owing to less peptide residues acting as H bond donors to POPC and virtually no H bonds
being formed between T-20 and cholesterol. This lower ability to interact with membranes is probably
correlated with its smaller inhibitory efficiency.
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1. Introduction

Binding of the HIV virus to the target cell and fusion of the
membranes of both (initial steps of HIV infection) are mediated by the
viral glycoprotein complex formed by the transmembrane protein
gp41, and the surface protein gp120, bound to the external domain of
gp41 [1]. This is an obligatory process of viral infection. Entry of HIV
into a target cell is performed in three steps: (i) binding of the viral
gp120 to the target cell surface protein CD4 [2]; (ii) conformation
change of gp120 enabling this protein to bind to yet another receptor
on the immune system cell's surface, typically CCR5 [3] or CXCR4 [4];
and (iii) gp41-mediated membrane fusion [1].

Several peptides based on the C-region of HIV's gp41 have been
used in clinical trials as possible HIV fusion inhibitors (reviewed in
[5]). Among these is T-20. T-20 or enfuvirtide is a HIV entry inhibitor
approved for clinical use [6]. It is a 36-amino-acid peptide,
homologous to the C-terminal region of HR2 of HIV-1 gp41 [7-10].
The elucidation of the core structure of gp41 has helped to understand
the inhibitory activity of enfuvirtide [9]. The peptide sequence
(sequence 643-678 of HIV-1i4[7]) corresponded partially to the
CHR region of gp41 and it would bind to the opposite NHR region,
preventing the formation of the hairpin structure and consequently,
the fusion. Despite the therapeutic potency of enfuvirtide, it has met
the emergence of resistant strains.

Similar peptides have been synthesized in order to achieve
fusion inhibition without this setback. Among these T-1249 stands
out. T-1249 is a 39-aminoacid fusion inhibitor peptide, composed of
sequences derived from HIV-1, HIV-2, and simian immuno-deficiency
virus (SIV) [11]. Initial clinical trials with T-1249 have shown prom-
ising results; namely, it is a more potent inhibitor than T-20 even
with a single daily administration instead of the two used for en-
fuvirtide and retains activity against most enfuvirtide-resistant strains
[7,9,11,12].

The differences in the effectiveness of these peptides are still a
matter of debate and a detailed molecular picture of the inhibitory
mechanism promoted by these fusion inhibitors is still incomplete.
Both T-20 and T-1249 showed an efficient partition to zwitterionic
bilayers, however only T-1249 is able to interact/adsorb effectively
to cholesterol-rich membranes, which may be the main cause of
its improved efficiency (see [13,14] for a detailed discussion). Both
fluorescence spectroscopy data [13,14] and simulation [15] studies
have shown the capacity these peptides have to adsorb/interact to the
bilayer surface and suggest this as at least part of its mechanism of
action.

In this work, we study the interaction of T-20 with 1-palmitoyl-2-
oleoyl-phosphatidylcholine (POPC) and POPC/cholesterol (Chol)
membranes using molecular dynamics (MD) simulations in the
100 ns time scale. It is concluded that the peptide adsorbs (with less
affinity than T-1249) to the surface of both bilayers (weakly in the
POPC/Chol bilayer), without insertion in the studied timescale. T-20
presents a helical structure, which has been related in the literature to
increased efficiency in HIV fusion inhibition. The peptide diffuses in
the plane of the bilayer and possesses limited rotational freedom.
These observations mostly agree with the model of Veiga et al. [13] for
the role of lipid bilayers in the mode of action of the peptide and may
explain the relative poor action of T-20 against HIV fusion when
compared with other similar peptides [16], since low affinity to the
bilayers implies low local concentrations of the inhibitor and thus the
bilayer surface is not able to act efficiently as a reservoir for the anti-
fusion peptide.

2. Simulation and analysis details
The initial a-helix model of T-20 (see Fig. 1A for primary structure)

was built with the Arguslab 4.01 package [17] and solvated in a cubic
simulation box with SPC water [18], allowing for a distance between

peptide and the box walls of 0.5 nm. POPC model molecules (Fig. 1B)
and their bonded and non-bonded parameters were downloaded from
the Tieleman group web page (http://moose.bio.ucalgary.ca/index.
php?page=Structures_and_Topologies). Cholesterol model mole-
cules (Fig. 1C) and their bonded and non-bonded parameters were
taken from [19] and were downloaded from the GROMACS web page
(http://www.gromacs.org/index.php?title=Download_%26_
Installation/User_contributions/Molecule_topologies). Initial models
of both membranes (POPC, 126 molecules; and POPC/Chol (1:1), 240
molecules in total; see Fig. 1) were built. To this purpose, one POPC
molecule (with mostly stretched and parallel acyl chains) from the
downloaded POPC bilayer pdb file (together with one Chol molecule in
the case of the POPC/Chol system) was replicated to build custom size
model bilayers using GROMACS model preparation packages [20,21].
The latter was also used to perform all simulations. The GROMACS
force field (which is a modified GROMOS87 force field) was used to
describe all the interactions (see the GROMACS manual for details,
ftp://ftp.gromacs.org/pub/manual/manual-3.3.pdf). Molecular dy-
namics of these systems, under the same conditions as the final MD
runs (see below), were performed for at least 50 ns to ensure that the
bilayers were equilibrated prior to the peptide inclusion in the system,
losing memory of their initial structure in the process. Peptide and
bilayer models were then combined, and the final structure obtained
after 100 ns simulation of T-20 in water was used as the initial
structure of the simulations of the peptide interacting with the bilayer
systems. The zz dimension of the simulation box was increased for this
purpose, and the peptide molecule was positioned, with the helix's
axis parallel to the bilayer surface (but with otherwise random
orientation of its residues relative to the bilayer), at about 2.7-2.9 nm
above the average position of the lipid P atoms of the top leaflet. The
number of added SPC water molecules was sufficient to ensure full
peptide and bilayer hydration in all systems (9243 water molecules
added to the POPC bilayer system - with average dimensions of
6.4x6.2x11.1 nm> - and 7057 water molecules added to the POPC/
Chol bilayer system — with average dimensions of 6.7 x 6.9 x 9.2 nm?>).
Systems with no added peptide were also simulated, and the main
structural lipid properties were successfully verified for validation
purposes, as described below. Prior to the production MD simulation,
all systems underwent a steepest-descent energy minimization of the
structure followed by a small MD run to properly allow the solvent
molecules to adjust/relax around the peptide or membrane. Extensive
MD simulations were then performed under constant number of
particles, pressure (1 bar) and temperature (300K), and using
periodic boundary conditions. Pressure and temperature control was
carried out using the weak-coupling Berendsen schemes [22], with
coupling times of 1.0 ps and 0.1 ps, respectively. Isotropic pressure
coupling was used for the T-20 simulation in water and semiisotropic
pressure coupling was used in all other simulations. All bonds were
constrained to their equilibrium values using the SETTLE algorithm
[23] for water and the LINCS algorithm [24] for all other bonds.
Although our description of POPC is based on a united-atom model,
both the peptide and cholesterol contain explicit H atoms. Very fast
vibrations involving H atoms require the use of very small integration
time steps, and therefore affect the efficiency of MD simulations.
Constraining bond lengths allow the use of longer time steps, therefore
improving efficiency [25].

The systems were simulated for 100 ns, with a time step of
2 fs. The long-range electrostatic interactions were calculated by the
particle-mesh Ewald (PME) summation method [26]. A cut-off of
1.0 nm was used for both van der Waals and the PME direct-space
component of electrostatic interactions. Analyses were carried out,
mostly, using the GROMACS 3.3.3 analysis package [19,20] with the
exception of the peptide secondary structure analysis which was
performed with the DSSP package [27] and some membrane thickness
calculations that were performed with the GridMat-MD program [28].
Errors were calculated according to the block method of Flyvbjerg and
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Fig. 1. (A) T-20 aminoacid sequence. (B) POPC structure and atom numbering. (C) Cholesterol structure and atom numbering. (D) T-20/POPC final structure snapshot. (E) T-20/

POPC/Chol final structure snapshot.

Petersen [29], except for the diffusion coefficients, whose errors were
estimated by calculating the difference between the values calculated
from the two halves of the sampling interval.

3. Results
3.1. Equilibration of the membrane system

To evaluate the process of the systems' equilibration, time profiles
of the surface area/POPC (Fig. 2A) and surface area/Chol (Fig. 2B) were
calculated as described in [30] (Eqs. (1) and (2)) and recorded for the
production simulation (100 ns; see section Cross-sectional area per
lipid and membrane thickness for a detailed analysis of area/molecule
values):

2Abox

P Viox —Nw Y —XNiipiaVenot —V7-20
rore Viox —Nw Vi
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2Abox VChoI )
0X _NW VW _VT—ZO
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In these equations, Apopc is the cross-sectional area per POPC
molecule, Acpo is the cross-sectional area per Chol molecule, Apox is
the area of xy plane of the simulation box, Vi, is the simulation box
total volume, N,, is the number of water molecules, V,, is the volume
of the water molecule (0.0312 nm?) [30], x=0.00 or 0.50 is the Chol
mole fraction, Njpiq is the number of lipid molecules, Ve is the
volume of the Chol molecule (0.593 nm?) [30], and V1.0 = 16.34 nm>
is the volume of the T-20 molecule, determined from the T-20
simulation in water by averaging V.20 = Vpox — Nw x Vy, for the last
25 ns of the simulation.

The surface area per lipid is a slowly converging parameter of MD
simulation, but its average value was stable over the final 80 ns of the

simulation, which led us to the conclusion that the simulated systems
had reached a steady state after 20 ns of simulation. One important
exception to this fact was the T-20 simulation with the POPC/Chol
bilayer. For this system, it was verified that the peptide interacts with
the bilayer via the C-terminus for most of the simulation time but only
adsorbs completely after 85 ns of simulation (see following section).
To take this difference into account, when it was relevant, parameters
were analyzed also averaging only for the last 10 ns of the simulation.

3.2. Peptide location and orientation

The positions of the peptide, individual aminoacid residues and
terminals were followed by determining their centers of mass co-
ordinates with respect to the bilayer normal direction (Z). In the starting
configuration, T-20 was placed at approximately 2.7-2.9 nm above the
membrane surface, defined as the average of the Z positions of all POPC P
atoms of the top bilayer leaflet. The closest distances between atoms of
T-20 and POPC (1.58 nm and 1.14 nm in the POPC and POPC/Chol
systems, respectively) were chosen to be larger than the cutoffs used in
the simulations for both van der Waals and the PME direct-space
component of electrostatic interactions. T-20 has been characterized as
an amphipathic peptide, with one face of the helix displaying a higher
capability to interact with the solvent, and the opposite face
characterized by a higher capability to interact with the bilayer [31-
33]. Nevertheless, because of the large mobility of the peptide in solution
(see peptide dynamics section below), the orientation of the two faces of
the helix relative to the bilayer in the initial structure was random, still
allowing the peptide to adopt a favorable configuration for interaction
with the bilayer prior to adsorption. In both membrane systems the
peptide approaches, to different extents, the membrane surface in
<25 ns (Fig. 2C). In the POPC bilayer system, the peptide adsorbs to the
membrane surface and maintains that interaction throughout the rest of
the simulation time (Fig. 2C), whereas in the POPC/Chol bilayer
system only the C-terminus adsorbs to the bilayer surface during
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Fig. 2. (A) Area per POPC time course. (B) Area per Chol time course. (C) Time course of T-20's center of mass distance to bilayer surface defined as average Z position of all P atoms.
(D) T-20's individual residues' distances to bilayer surface defined as average Z position of all P atoms. Position of each residue was averaged over the last 25 ns of the simulation

(both systems) and over the last 10 ns (POPC/Chol system).

approximately the first 85 ns of the simulation (Figs. 2D and 1E).
After this, the peptide adsorbs to the bilayer surface similarly to the
POPC system (Fig. 2C). Unlike the previously studied peptide, T-1249
[15], T-20 in its equilibrium adsorbed position is not parallel to the
membrane surface; in fact, in both simulated systems it displays a tilt
(defined as the time average of the angle between the vector defined
by the 2nd and 35th Ca and the plane parallel to the membrane
surface) of 48° +2° and 8° + 1° for 75-85 ns and the last 10 ns of the
simulation, respectively, in the POPC/Chol bilayer system. For the
POPC system, the calculated tilt was 18° 4 2°. The POPC bilayer is in
the liquid disordered state, with increased free volume relative to
the POPC/Chol liquid ordered membrane. This is probably related to
the increased ability of T-20's C-terminus to penetrate below the
average location of POPC's P atoms, as apparent from the average
positions of residues Leu 23, Leu 24, Lys 28, Trp 29, Leu 32, Trp 33 and
Phe 36 that lie below the average location of this phospholipid atom
(Fig. 2D). This does not occur to such an extent in the POPC-Chol
system, where only Phe 36 lies below the POPC P plane and the
peptide assumes an orientation more parallel to the membrane
surface when completely adsorbed (last 10 ns of the simulation), as
is also evident from the tilt angles and in the typical snapshots of
Fig. 1D and E.

To get further insight on the driving force behind binding of the
peptide to the bilayers, time variations of both short-range Coulomb and
Lennard-Jones peptide/lipid and peptide/solvent interaction energies
are shown in Fig. 3. Inspection of these plots reveals a lag-time of ~5 ns
during which peptide/lipid interaction energy is essentially zero. During
this period, the peptide is too distant from the bilayers to “sense” them
and diffuses in the water medium. This diffusion eventually leads the
peptide to regions in the box where the presence of lipid can be felt.
From this point on, both T-20/POPC Coulomb and Lennard-Jones
interaction energies decrease gradually (and conversely for the
solvation energies). In the early stages of interaction, the two terms
have similar magnitude in the POPC system, whereas in the POPC/Chol
bilayer the Lennard-Jones contribution is more negative. However, from
~25ns onwards, the Coulomb term becomes the largest in absolute
terms in both systems. This shift probably reflects peptide helix/lipid
headgroup reorientation, with concomitant formation of favorable ionic
and H-bond interactions. Regarding the POPC/Chol system, it is
noteworthy that i) T-20/Chol interaction is negligible; ii) the drop in
T-20/POPC interaction energy is clearly lower than in the POPC
simulation; and iii) a drop in T-20/POPC energy is observed at ~85 ns,
correlating with the changes in peptide orientation and center of mass
position commented above.
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Fig. 3. Time variations of short-range Coulomb and Lennard-Jones peptide/lipid and
peptide/solvent interaction energies, in the POPC (A) and POPC/Chol (B) systems.

3.3. Peptide secondary structure

Peptide secondary structure was analyzed with the DSSP program
[26]. Percentages of secondary structure features were averaged for
the final 25 ns of the simulation (Fig. 4A), and time courses of the
secondary structure features were also calculated (Fig. 4B-D). In all
systems, T-20 shows a distinct preference for forming a 5’-helix (or -
helix; 60% or more of the overall secondary structure). The helical
structure in the membrane is also evident from the profile of the
average Z coordinate shown in Fig. 2D. It is clear that the residues'’
positions vary as expected for a helical arrangement, though the
period is somewhat larger than the 3.6 residues/turn expected for a
strict a-helical structure, and is closer to the 4.1 residues/turn value
typical of a m-helix. Generally, there is good agreement between the
profile and the theoretical amphipathic profile of the peptide [13],
confirming that it is arranged as an amphipathic helix in both
membrane systems, located at the water/lipid interface, with mostly
hydrophilic residues facing the water medium and conversely for the
membrane side.

3.4. Peptide interaction with bilayers — Radial distribution functions
(RDF)

Radial distribution functions (RDFs) were calculated between all
the T-20 atoms and all the atoms of the phosphate (07, P8, 09, 010
and O11) and choline (C1, C2, C3 and N4) groups, and, in the
POPC/Chol bilayer, also the Chol hydroxyl group (06 and H7)
(Fig. 5A), for the last 25 ns of the simulation time.

The RDFs for the choline group have the highest densities within
each system (higher in the POPC system than in the POPC/Chol bilayer
in all cases) and the distribution function with the lowest density is
the one of T-20 with Chol's hydroxyl group. Although T-20/phosphate
RDFs have lower densities than those of the choline (but still higher in
the POPC system than in the POPC/Chol bilayer), T-20 appears
consistently at a shorter distance from the phosphate group than all
the others (~0.15 nm). This distance and the narrowness of its peak

suggest a very specific interaction between certain aminoacid
residues of the peptide and the phosphate group.

For further insight, RDFs between individual aminoacid residues
and the mentioned lipid polar groups were calculated. Lys28 and
Asn34 were found to be the main contributors to the 0.15 nm density
peak in the POPC/Chol system (Fig. 5C), whereas in the POPC system
the main contributors are Asn14, GIn15, GIn16, Lys18, Asn19, Lys28
and Asn34 (Fig. 5B). These aminoacid residues are all capable of acting
as an H donor in an H bond and the distance of the interactions is
supportive of such hypothesis.

The fact that the T-20/choline RDF has a very broad peak (in both
systems) at ~0.6 nm is probably related to the interfacial location of
the choline moiety and its accessibility to the solvent and hence to the
peptide itself, rather than to a specific T-20/choline interaction. On the
other hand, interaction with the cholesterol hydroxyl group appears
to be almost non-existing in comparison. In POPC/Cholesterol
mixtures, Chol is expected to be protected from water by the PC
headgroup (the so-called umbrella effect [34]). Chol molecules are
thus also separated from the peptide and unable to interact with it
directly and effectively.

3.5. Peptide interaction with bilayers — H bonds

Following the previous section, formation of H-bonds between
individual residues of T-20 (as well the whole peptide) and relevant
groups in the bilayer systems was investigated. For this analysis, an
H-bond for a given donor-H-acceptor triad was registered each
time the donor-acceptor distance was <0.35 nm and the H-donor-
acceptor angle was <30°.

Fig. 6 shows the time variation of the number of H-bonds formed
between T-20 and the POPC molecules. T-20 is capable of binding to
both bilayers via H-bonds and their number increases with time
during the 100 ns of the simulation. Adsorption gives rise to a
steep increase in the number of H bonds in the POPC system
for 10 ns <t<20 ns. On the other hand, the increase in number of
T-20/POPC H-bonds is much more gradual in the POPC/Chol
bilayer. In the latter, two significant events can be identified from
steeper increases: adsorption of the C-terminal region at ~10-
30 ns; and adsorption of the whole peptide length at ~80-90 ns
(which correlates with the sudden variation of distance between
the center of mass of T-20 and the bilayer surface apparent at
~85ns in Fig. 2C, as well as with the decrease in T-20/POPC
interaction energy shown in Fig. 3B). In any case, the number of H
bonds in the POPC/Chol system is clearly lower than in the POPC
system, and this significant difference cannot solely be explained
by the small difference in POPC molecules per leaflet (63 in the
POPC bilayer and 60 in the POPC/Chol bilayer).

Individual residues were analyzed (last 25 ns of the simulation) to
determine which ones were responsible for the formation of H bonds
with the bilayer (Table 1). T-20 interacts via H bonds mainly with the
phosphate O atoms and the carbonyl O16 atom. In comparison,
interaction with the other POPC ester and carbonyl O atoms is
negligible. In the POPC bilayer, the main H bond donor residues are
Asn14, GIn15, GIn16, Lys18, Asn19, Lys28 and Asn34 which concurs
with the RDFs results. In the POPC/Chol bilayer, only Lys28 and Asn34
contribute significantly to H-bonding to POPC, which also agrees with
the RDFs results. Fig. 2D shows that the average positions of each of
the residues that act as major H bond donors are closer to the average
P z position in the POPC bilayer. This may be one of the causes for the
difference in behavior of these residues in the two systems: clearly,
the larger distances between most T-20 residues and the P atom plane
in POPC/Chol preclude efficient formation of H-bonds. Additionally, in
the POPC bilayer, some of the donors appear in clusters: Asn14-
GIn15-GIn16 and Lys18-Asn19. This probably stems from the fact
that formation of an H-bond between a given residue and phosphate
0 atoms contributes in turn to approximate and/or provide adequate
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orientation of the neighboring residues relative to the phosphate
group, facilitating their own involvement in H-bond formation.

This difference in H-bonding may explain the way the peptide
adsorbs differently to the bilayer surfaces: more H bonds in the POPC
bilayer, distributed evenly along the peptide helix, allow for a more
parallel adsorption, whereas in the POPC + Chol bilayer the H bonds are
more restricted to the C-terminus of the peptide for most of the
simulation, allowing more freedom of movement to the N-terminus.
Only in the later stages of the simulation is parallel adsorption observed.

3.6. Cross-sectional area per lipid and membrane thickness

The cross-sectional area per lipid (POPC or Chol) was calculated as
reported in [30] with minor modifications to take into account the
volume occupied by the peptide when present. Briefly, both parameters
were calculated according to Eqs. (1) and (2). The POPC/Chol bilayers,

when compared with the POPC bilayers, showed a lower area per POPC
as expected due to the Chol's condensing effect [30,35].

Membrane thickness was determined as the average of the
distance between P atoms of different monolayers (P-P distance).
Membrane thickness values are difficult to compare to experimental
results because a definitive definition of bilayer thickness is still
lacking [36]. Overall the POPC/Chol bilayers are thicker than the POPC
bilayers, as expected due to the acyl-chain ordering induced by Chol
[30,36]. The presence and interaction of the T-20 peptide with the
model membranes have the same effect in both cases albeit to
different extents: it induces a decrease in the membrane thickness of
about 0.8% the POPC membrane and of about 6% in the POPC/Chol
membrane (Table 2).

Upon adsorption with the POPC or POPC/Chol bilayers, T-20 in-
duces a decrease in the area per POPC of about 1.9% and 5.8%, re-
spectively (Table 2).
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Contrary to POPC surface area, the area/Chol molecule increases
approximately 9% upon T-20 adsorption to the model POPC-Chol
membrane (Table 2). This implies that globally the area of the
POPC/Chol bilayer is only slightly changed (=~1% decrease) upon
adsorption of the peptide. The fact that calculating the average
area/POPC and area/Chol using Eqs. (1) and (2) leads to a decrease in
the former, and an increase in the latter, should be viewed with
caution, because as there is a strong Z-dependence between the
cross-sectional areas of PC and cholesterol, the average area per
phospholipid and area per cholesterol in binary mixtures are in fact
poorly defined parameters [35]. The POPC bilayer is a fluid membrane
and upon adsorption, T-20 semi-penetrates the membrane surface
forming a crater-like burrow around itself as clearly shown in the 2D
plot of local bilayer thickness (calculated using the Gridmat-MD
program [28]) shown in Fig. 7. This plot represents a 2D map of the
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Fig. 6. Time course of the number of H bonds formed between T-20 and POPC molecules
in POPC (black) and POPC/Chol (red) bilayers.

bilayer in which the local bilayer thickness is represented across the
bilayer plane. Some POPC molecules, the ones directly below the
peptide, are pushed toward the bilayer core (Fig. 7). As a result, this
compression creates a concavity in the top leaflet that ultimately
leads to an average decrease in bilayer thickness, considering the
entire bilayer (Table 2).

Profiles of the mass density were calculated for the molecules
present in the bilayer systems in study (averaged over the last 25 ns of
the simulation) along the normal to the membrane plane as shown in
Fig. 8. The compression caused by peptide interaction with the top

Table 1
Average number of H bonds between T-20 (or some relevant aminoacid residues), and
relevant atoms in the POPC structure.

Phosphate O atoms 016 (carbonyl O atom of

sn-2 chain)
POPC POPC + Chol POPC POPC + Chol
T-20 8.40+1.19 3.93+0.67 1.36+1.26 1.77 +£0.90
Tyr01 0.134+0.34 0.0940.28 0.3540.48
Thr02 0.0040.03
Ser03 0.00 4 0.06
His06 0.00+0.04 0.0140.08
GIn13 0.0040.04
Asn14 1.02+0.14
GIn15 1.36+0.48 0.5540.50
GIn16 0.874+0.34 0.0040.04
Lys18 0.904+0.35 0.0040.02
Asn19 1.004+0.10 0.46 £0.50
Lys28 1.81+£0.65 2.0440.21
Trp29 0214044
Ser31 0.0040.03
Trp33 0.0940.28 0.3640.48
Asn34 1.00£0.11 0.684-0.48 1.4040.51
Trp35 0.034+0.16
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Table 2
Cross-sectional area per lipid in all systems under study and their respective membrane
thickness.

Lipid Area per lipid /nm?>  Membrane thickness /nm

POPC POPC  0.645+0.020 3.82+0.13

POPC:CHOL POPC  0.526 +£0.017 4.59+0.14
CHOL  0.252+0.008

T-20 + POPC POPC  0.633+0.020 3.79+0.13

T-20 +POPC:CHOL ~ POPC  0.495+0.016 432+0.14
Last 10 ns CHOL  0.274+0.009

leaflet is also visible in the POPC density in this region (but not in the
cholesterol density). The top leaflet, upon which the peptide adsorbs,
consistently has a lower POPC peak density and a slight POPC profile
distortion when compared with the bilayers without peptide.

3.7. Order parameters

The order parameter tensor, S, is defined as:

Sap = %< 3 cos(6,) cos(By) — 64>

a,b=xy,.z 3)
where 6, (or 6,) is the angle made by ath (or bth) molecular axis with
the bilayer normal and &, is the Kronecker delta (<> denotes both
ensemble and time averaging). In our simulations using a united atom

€
c
=
z
x
o
o

Box(X)/nm

force field, the order parameter for saturated and unsaturated carbons
Scp can be determined using the following relations [37]:

2 1

—5\?3 = §Sxx + §Syy (4)
1 3 V3

—S& = 152 15w T 35 (5)

-Scp may vary between 0.5 (full order along the bilayer normal)
and —0.25 (full order along the bilayer plane), whereas -Scp=0
denotes isotropic orientation. Due to the slow convergence of this
parameter [38], analysis was restricted to the last 10 ns of the
simulations.

-Scp profiles along the sn-1 and sn-2 chains in POPC, POPC/Chol,
T-20/POPC and T-20/POPC/Chol systems are shown in Fig. 9. In
the POPC/Chol bilayer, T-20 adsorption generally evokes a decrease
in -Scp values in both acyl chain C atoms. In the POPC bilayer the
C2-C4 atoms of the sn-1 acyl chain suffer a slight increase in -Scp,
which can be a result of a more local and intense interaction
between the bilayer and the peptide, as this effect is not observed in
the POPC/Chol bilayer in which peptide adsorption induces chain
disordering. In the POPC/Chol bilayer the general effect of peptide
adsorption, as stated earlier, is a decrease in -Scp values in both acyl
chain C atoms. However, this effect is more pronounced in the sn-2
acyl chain's C2-C7 carbons.

Xgox/nM

Fig. 7. Membrane thickness contour plot of the last configuration in each system; (A) POPC, (B) T-20 + POPC, (C) POPC/Chol and (D) T-20 + POPC/Chol. Peptide position is depicted

as a black ellipse.
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3.8. Lateral diffusion of T-20

The diffusion coefficients D of T-20 in water and in contact with
bilayers were calculated from the d-dimensional mean square
displacement (MSD; d = 3 for water, 2 for bilayers) using the Einstein
relation:

1 lim dMSD(t)

D=54 @ ()
In this equation, MSD(t) is defined as:
- N 2
mspt) = {[[Rce + t) k(o)) @)

where R is the (x,y,2) (for water) or (x,y) (for bilayers) position of the
center of mass of the peptide, and the averaging is carried out over
time origins to. To eliminate noise due to fluctuations in the center of
mass of the monolayer that interacts with the peptide, MSD analyses
of peptide in contact with bilayers were carried out using trajectories
with fixed center of mass of this leaflet [39,40].

Fig. 10A and B shows MSD(t) of T-20 in the studied systems. By
fitting Eq. (6) to the linear region of the MSD, D=(2.98+
0.23)x10~%cm? s~ ! was obtained for T-20 in water. This value is
close to those calculated for similarly sized peptides in water (e.g.,
[41]). Additionally, it compares well with the simple estimate from
the Stokes-Einstein equation,

1/3
D= kKT _ kT (4_11)1/3: kT an 8)
6myr— 6m\3V) 6 \3m/Ny (v + b))

In these equations, k is the Boltzmann constant, T is the absolute
temperature, 1 is viscosity, r and V are the hydrated radius and molar
volume (respectively) of the peptide, M =4.4921x 10> g/mol is the
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(B). (C) T-20 long axis rotational autocorrelation function for all studied systems.

peptide molar mass, N, is the Avogadro constant, ¥ is the protein
specific volume and h is the hydration (typical peptide/protein values
of 0.73 cm?/g and 0.23 cm?/g [42] were used for ¥ and h, respective-
ly). By substitution, D=2.05x 10~ % cm? s~ ! is obtained. The reason-
ably small discrepancy between the Stokes-Einstein and MD
simulation values can be understood by noting that T-20's shape is
not spherical (as assumed in Eq. (8)) and SPC water has reduced
viscosity relative to H,O [43].

As shown in Fig. 10B, the peptide moves considerably slower
when in contact with the bilayer models than in water, as a result of
adsorption. Lateral peptide diffusion is almost an order of magnitude
faster in the POPC system (Djq; = (3.37 £ 0.39)x 10~ 7 cm? s~ !) than in
the POPC/Chol bilayer (where Dy = (3.95+048)x10"8cm?s1).
Diffusion of T-20 is less hindered by adsorption to the bilayer systems
than T-1249, which showed slower diffusion interacting with POPC and
POPC/Chol bilayers [15]. This suggests that T-20 has a lower degree of
interaction with the bilayer models and reinforces its lower affinity
toward adsorption to POPC/Chol.

3.9. Rotational dynamics of T-20

Rotational dynamics of the T-20 long axis was studied by cal-
culating the rotational auto correlation function C(t) defined below:

C(t) = P,( cosb(€)) 9

where 6(§) is the angle between the peptide long axis at times § and
t+€, and Py(x) = (3x%—1)/2 is the second order Legendre polyno-
mial. Averaging is performed over §, which assuming a sufficiently
ergodic trajectory is an approximation of the ensemble average. It
should be mentioned that this is a good approximation in water, but
probably is not valid in the bilayer systems, where peptide rotation
is much more impeded, as described below.

Fig. 10C shows the C(t) functions calculated for the three systems.
In water, where the peptide rotates freely, C(t) decays rapidly to zero,
and an exponential decay fit to C(t) yields a rotational correlation time
of 8~ 1.50 ns. This value can be compared with the rough estimate
obtained using the equation (approximately valid for globular
proteins, which is clearly not the case) [42]

9:%5%(94—@ (10)

where R is the ideal gas constant and other symbols have the same
meaning as in Eq. (8). This equation yields 6 =1.48 ns, in excellent
agreement with the value obtained from simulation.

In contrast, rotation of the peptide interacting to the bilayer
surface is impeded in both bilayer systems, as evident from Fig. 10C.
The calculated C(t) functions decrease only 10-30% in the two bilayer
systems during the simulation timescale. It is, however, noteworthy
that the extent of rotational hindrance is not as severe as that verified
for T-1249 (C(t) functions decreased only by 1-3% in the same
simulated time [15]), especially for POPC/Chol, and in agreement
with the above mentioned experimental data regarding the extent of
partition/adsorption to the bilayers.

4. Discussion

POPC and POPC:Chol bilayers represent membranes in two clearly
distinct phases, namely the liquid disordered and liquid ordered
phases, respectively. 100 ns molecular dynamics simulations of sol-
vated bilayers (POPC and POPC/Chol 1:1) were performed for com-
parison purposes, as stated earlier. Those bilayers were also analyzed
and several parameters where determined both for validation
purposes and comparison with the peptide simulations. Our results
for the cross-sectional area per POPC (Table 1) agree with the
experimental values of 0.65 nm? (T=298 K; Lantzsch et al., [44]),
0.64 nm? (T=298 K; Konig et al., [45]), and 0.63 nm? (T=297K;
Smaby et al., [46]), as well as with those obtained from MD simulations
by Béckmann et al. [47] (T=300K, a=0.655 nm?), Mukhopadhyay
et al. [48] (T=298 K, a=0.62 nm?), Gurtovenko and Anwar [49]
(T=310K, a=0.65nm?), and Pandit et al. [50] (T=303K,
a=0.63 nm?). Order parameters were also calculated for both acyl
chains of POPC (Fig. 9). The profiles obtained agreed with both
experimental (e.g., [51,52]) and simulated (e.g., [47,49,53]) data.
Calculated lateral lipid diffusion coefficients (not shown) agreed with
values obtained both from NMR experiments [54,55] and MD
simulations [47]. Together, these findings validate our bilayer model
systems for the study of interaction with T-20.

This study shows that HIV fusion inhibitor peptide T-20 interacts
with POPC (liquid disordered phase) and POPC/Chol 1:1 (liquid
ordered phase) bilayers, but to a smaller extent than T-1249 [15]. This
was verified experimentally by Veiga et al. [13,14]. These authors
measured the variation of peptide fluorescence intensity (from the
five Trp residues) and determined a lipid/water partition coefficient of
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K,=(1.6+0.1)x10% in POPC, using a formalism of distribution
between aqueous and lipid phases (valid assuming peptide insertion
in the bilayer; see below for discussion of the latter hypothesis),
significantly lower than that of T-1249 in the same system ((5.1+
0.7)x10%). Veiga et al. verified no variation in the peptide's
fluorescence parameters upon interaction with POPC/Chol (2:1)
liquid ordered bilayers, which could indicate absence of peptide
interaction with this bilayer system. These authors discuss the
importance of binding to ordered POPC-Chol bilayers as possibly
correlating to the increased efficiency of T-1249 relative to other inhibitors
such as T-20. The present work shows that, although superficial
interaction of T-20 occurs in both POPC and POPC:Chol systems, limited
penetration of the C-terminal region occurs only in the former system,
whereas in the Chol-rich, ordered phase, the peptide's C-terminal just
rests on top of the headgroup region of the bilayer for most of the
simulation and only in the last ~15 ns of the simulation it adopts an
almost parallel position on the surface of the bilayer.

This can also explain why it is experimentally verified that there is a
measurable change in peptide fluorescence upon interaction with
POPC and not so upon interaction with POPC/Chol membranes. Veiga
etal.[13,14] hypothesized that absence of T-20 adsorption in the Chol-
rich bilayer could leave the Trp fluorescent residues largely exposed to
water, and therefore their fluorescence properties would remain
unaltered relative to bulk aqueous medium, whereas the peptide
would insert in Chol-free bilayers, leading to a measurable increase in
Trp emission intensity. Our results agree with this hypothesis in that
the three Trp residues (29, 33 and 35) are all in average located above
the P atoms of the POPC headgroups in the POPC/Chol system, that is,
largely exposed to water. Also in agreement, all three Trp residues
have a shallow position in the POPC bilayer, near the water/lipid
interface, but clearly deeper than in the POPC/Chol system. In POPC,
two of the residues are on average located below the lipid P atoms. This
could explain the peptide fluorescence quantum yield increase upon
interaction with POPC. However, no effective peptide insertion is
observed in the timescale of our simulations, and the peptide stays
adsorbed at the interface. This does not necessarily mean that the
partition treatment of Veiga et al. and their model of the involvement
of lipid membranes in the T-20 mode of action, both of which assume
peptide insertion in Chol-free bilayers, are incorrect, because peptide
insertion cannot be ruled out for larger timescales, inaccessible to MD
simulations. Our simulations show that peptide adsorption is clearly
related to the formation of H-bonds between some peptide residues
and mainly the POPC phosphate O atoms. The fact that weaker
interaction is observed in the POPC/Chol system correlates with the
smaller average number of such H bonds in this system. In turn, this is
probably due to the reduction in the number of POPC molecules at the
expense of Chol, and the fact that the latter is unable to form H-bonds
with the peptide because of shielding of the Chol hydroxyl by the
phospholipid headgroups (umbrella effect). However, from Fig. 6, it
appears that the number of H bonds may still be increasing for both
systems near the end of the simulations, supporting further evolution
at longer time scales.

This study also indicates that T-20 displays helical conformation
both in water and in interaction with membranes. This behavior
seems to be important, since it has been recently reported that helix-
stabilized HIV-1 fusion inhibitor peptides display high inhibitory
efficiency [16]. A non-dominant (8% and 10%) a-helical component
was already inferred from circular dichroism (CD) spectra of T-20 in
both buffer and POPC [13], respectively. In our study, the predominant
structure is 5’-helix (m-helix) (~63-78%), and the a-helix component
is reduced to ~4-15% across the three studied systems (Fig. 4). This
discrepancy may be caused by different determination methodolo-
gies. CD results were treated with the k2d package [56,57] that
determines peptide or protein secondary structure from CD spectra
using a Kohonen neural network with a 2-dimension output layer and
has the limitation of only estimating three general types of secondary

structure: the percentages of helix, beta (no differentiation in either
case) and all other possible peptide or protein secondary structures. In
our MD simulations, secondary structure was determined using the
DSSP program [27] that from the atom coordinates determines bond
angles and assigns secondary structure motifs based on this
unequivocal data. In this view, our results show that the helical
structure is, in fact, predominant and is maintained throughout the
time scale studied, which implies that this structure is needed for both
interaction with the solvent and the membrane.

Regarding T-20's mobility in presence of membranes, it is apparent
that both lateral and rotational diffusions are considerably slower than
in water (as an obvious consequence of adsorption to the bilayer,
Fig. 10). Rotational motion is much more hindered in POPC compared
to POPC/Chol (Fig. 10C), which probably reflects the higher number of
H-bonds existing between T-20 and POPC in this system. Due to the
large energy penalty associated with breaking H-bonds, together with
the highly directional character of these interactions (implying that
they cease to be operative upon peptide rotation), it is very clear that
the larger the number of T-20/lipid H bonds, the more impeded is the
peptide's rotation. On the other hand, lateral diffusion shows the
reverse trend, being considerably slower in POPC/Chol (Fig. 10B). This
apparently contradictory finding can be explained taking into account
that, due to the peptide adsorption to POPC headgroups by means of
persistent H bonds, most lateral motion of the peptide is actually due
to that of the POPC lipids underneath, which is faster in the liquid
disordered POPC bilayer than in the liquid ordered POPC/Chol system.
Finally, both rotation and lateral diffusion of T-20 are significantly less
impeded than those of the similar peptide inhibitor T-1249[15], which
is a probable consequence of the stronger membrane interaction of the
latter.

5. Concluding remarks

In sum, despite the obvious limitations concerning the sampling
timescale (which precluded the study of slower interaction processes,
such as eventual peptide insertion) and simulation of a single peptide
molecule (with obvious consequences in terms of statistics; a possible
way to circumvent this would be averaging over a number of shorter
simulations with different initial structures), our simulations provide
detailed insight on the nature of the interaction of T-20 with model
membranes, indicating that the peptide adsorbs (with less affinity
than T-1249) to the surface of both POPC and POPC/Chol 1:1 bilayers
(weakly in the latter case), without insertion in the studied timescale.
A defined amphipathic helical structure is observed, which has been
related in the literature to increased efficiency in HIV fusion
inhibition. The peptide diffuses in the plane of the bilayer (accom-
panying the host POPC molecules to which it is bound) and possesses
some rotational freedom, higher in the POPC/Chol system. T-20 is able
to establish H-bonds with POPC but not with Chol, and therefore the
number of H-bonds is higher in the pure POPC system, which could
explain the peptide's higher affinity to this bilayer system. These
observations mostly agree with the model of Veiga et al. [13] for the
role of lipid bilayers in the mode of action of the peptide and may
explain the relative poor action of the peptide against HIV fusion
when compared with other similar, more recently developed peptides
[13-15] since low affinity to the bilayers implies low local concen-
trations of the peptide and the bilayer surface is thus unable to act
efficiently as a reservoir for the anti-fusion peptide.
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