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Three molecular dynamics (MD) simulations of 1.5-ns length were carried out
on fully hydrated patches of dimyristoyl phosphatidylcholine (DMPC) bilayers in
the liquid-crystalline phase. The simulations were performed using different ensem-
bles and electrostatic conditions: a microcanonical ensemble or constant pressure-
temperature ensemble, with or without truncated electrostatic interactions. Calcu-
lated properties of the membrane patches from the three different protocols were
compared to available data from experiments. These data include the resulting over-
all geometrical dimensions, the order characteristics of the lipid hydrocarbon chains,
as well as various measures of the conformations of the polar head groups. The com-
parisons indicate that the simulation carried out within the microcanonical ensemble
with truncated electrostatic interactions yielded results closest to the experimental
data, provided that the initial equilibration phase preceding the production run was
sufficiently long. The effects of embedding a non-ideal helical protein domain in
the membrane patch were studied with the same MD protocols. This simulation was
carried out for 2.5 ns. The protein domain corresponds to the seventh transmembrane
segment (TMS7) of the human serotonin 544 Teceptor. The peptide is composed
of two a-helical segments linked by a hinge domain around a perturbing Asn-Pro
motif that produces at the end of the simulation a kink angle of neaflyo8tveen
the two helices. Several aspects of the TMS7 structure, such as the bending angle,
backboned andW torsion angles, the intramolecular hydrogen bonds, and the over-
all conformation, were found to be very similar to those determined by NMR for the
corresponding transmembrane segment of the tachykinin NK-1 receptor. In general,
the simulations were found to yield structural and dynamic characteristics that are
in good agreement with experiment. These findings support the application of sim-
ulation methods to the study of the complex biomolecular systems at the membrane
interface of cells. © 1999 Academic Press
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INTRODUCTION

The stability, high resolution structure and dynamics of protehrelices have been the
focus of many studies addressing both the folding process and the biological functione
of these basic secondary structure units. These studies are especially relevant for ga
insights into the relationships between structure and function of many transmembrane (
proteins, such as ion channels or G protein coupled receptors (GPCR). The membrane
ning portions of these proteins are often constituted-blix bundles. For this reason, the
characterization of the interactions between such molecular assemblies and their memt
environments present a special interest [1-4]. Moreover, the proposed role of the memb
bilayer in modulating TM protein structure [5, 6] makes it essential to understand the n
tual effects and dynamics of singlehelices embedded in an explicit membrane bilaye
environment.

Both pure membrane and membrane-peptide complex structures have been studie
characterized by different experimental approaches. These have yielded valuable info
tion about average values of properties that are important in determining the dynan
and the structural details of the systems. Among the methods used to study lipid bil
structure, infra-red (IR) spectroscopy provides information aboutréresto gauchera-
tio in the hydrocarbon chains [7, 8], while x-ray and neutron diffraction methods provi
information about the spatial distribution of the different groups of atoms relative to tl
membrane plane normal [9-11]. Nuclear magnetic resonance (NMR) has been used to
acterize the internal conformations and dynamic behavior of the head groups and the
chains of lipid molecules [12-15], as well as the secondary structures and orientation
peptides embedded in bilayers [16—19]. The orientations of the acyl chains were probe
circular dichroism (CD) experiments [20, 21] or IR spectroscopy [22, 23]. Specific loci
bilayer-spanning helical polypeptides have been examined with time resolved fluoresce
anisotropy (FA) measurements [24], or solid state NMR [25] which revealed the dynar
behavior of tryptophan residues relative to the membrane. Similarly, details about lip
peptide interactions have emerged from NMR spectroscopy and from differential scanr
calorimetry (DSC) IR, and x-ray studies [26—30].

In spite of the tantalizing insights provided by these initial studies of very complex sy
tems, many of the observations remain poorly understood at the atomic level. Complen
tary insights about these biologically important membrane-protein systems have eme
from computational approaches. For example, Monte Carlo (MC) simulations have b
used to study the dependence of lipid-protein interactions on the form and size of the prc
(e.g., see [31]), and to describe thermodynamic properties of membrane-protein compl
in terms of heat capacity profiles and protein distribution [32]. Using both on-lattice and ¢
lattice Monte Carlo simulation, Skolnick and Milik have captured the essence of the physi
basis for spontaneous insertion of several peptides into implicit lipid membrane [33].

In parallel, molecular dynamics (MD) simulations with a great variety of conditions ar
parametrizations are increasingly utilized to gain insights into the structure and dynan
of both pure membrane patches membrane-peptide complexes [4, 34-48]. To imp
the utility, reliability, and economy of such simulations, much attention has been devo
to searching for the optimal conditions of simulations that best fit the experiments
pure membrane systems. These include boundary conditions imposing constant volt
ensemble definitions such as constant pressure or constant surface tension, the trea
of electrostatic interactions with a cutoff distance, Ewald summation, or others methc
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However, a unique protocol has not emerged that systematically succeeds in reprodu
the experimental observations.

Recently, several MD simulations of polypeptides surrounded by a lipid bilayer have be
published. Despite the significant computational cost of such simulations, some ofthem
included entire transmembrane proteins, including Bacteriorhodopsin [49], Gramicidir
Channel [50], the Pfl Coat Protein [51], a 5-HT2A receptor model [52], and the Om|
Porin [53]. Some studies have focused on the stability, structure, and dynamics of isolz
a-helix immersed in a membrane bilayer that explored the role of the hydrophilic a
hydrophobic domains of the membrane in stabilizing protein secondary structure. Yet o
studies have probed how phospholipids restrict the peptide internal flexibility or how
polypeptide insertion affects the surrounding lipid molecules [3, 54-59].

Here we report on MD simulations of dimyristoyl phosphatidylcholine (DMPC) bilayer
containing the putative transmembrane segment 7 (TMS7) of the serotonin Bidihan
receptor, a member of the G protein coupled receptor (GPCR) family. The structural :
dynamics properties of this segment are of special interest since they are believed to ha
importantrole in the signal transduction function of GPCRs through conformational chan
induced by agonist binding [60, 61]. In particular, TMS7 contains an absolutely consen
proline residue, which has been implicated in the functionally important kinking of tt
helix [62], and in flexibility properties related to the proline kink [63—-69]. The purpos
of this study is to understand how the bilayer membrane can stabilize, by interplay
betweenintra- andinter-molecularinteractions, the TMS7 structure in which some backb
hydrogen bonds are broken because of the proline residue positioned around its mic
Moreover, we have investigated the restrictions imposed by the phospholipid membr
on the structure of the isolated TMS7 and the effects of the polypeptide on the phys
properties of the surrounding membrane.

The simulation of the peptide-containing membrane patch follows a protocol defin
from a comparison of results from the three different simulations of the pure DMPC bilay
structures to experimental results. The first calculation (NVE-CUT) was performed in
microcanonical (NVE) ensembile, i.e., constant particle number, volume, and total ene
with electrostatic interactions truncated to a cutoff distance oh1Phe second protocol
(NPT-CUT) was done in the NPT ensemble using the same truncation of the electrost
interactions. The third simulation (NPT-EXT) was carried out in the NPT ensembile, t
with long-range Coulomb interactions accounted for with the extended electrostatic met
developed by Karplus and collaborators [7Bpcause the aim was to enable a direct
comparison of the results of the three different lipid bilayers simulations with experimente
measured properties, the pure membrane systems were constructed to model at the a
level of resolution samples used for NMR experiments.

METHODOLOGY

Initial Structures

The nomenclature of the DMPC molecule is reported in Fig. 1 [71]. The initial coord
nates of TMS7 used in the simulation of the peptide-containing membrane patch (protc
NVE-CUT-TMS7) were taken from a model proposed for this TM helix exhibiting the
conserved NP/DP motif in the GPCR family [72]. This starting structure of the transme
brane segment is primarily i-helical form except at the position preceding the proline
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FIG. 1. Nomenclature of the DMPC molecule atoms and torsion angles [71].

that confers a bend of about 4t the peptide [72]. The peptide consists of the sequenc
ng-LNVFVWIGYLSSAVNPLVYTLFN- ngwhere both ends have been capped with neutrz
groups (g).

The two simulations identified above as NVE-CUT and NVE-CUT-TMS7 were carrie
out in the NVE ensemble with hexagonal periodic boundary conditions iX thdirection.
For the two constant pressure calculations, NPT-CUT and NPT-EXT, tetragonal bounc
conditions were used. For all four simulations, the multilayer systems were constructe
the Z direction using a periodic box length of 722 The DMPC molecules (Fig. 1) were
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assumed to have a cross sectional area dhf4awvhich represents an average value from
experimental data [73—77]. The calculated cross sectional area of NVE-CUT-TMS7 vat
from 100A2 (at the termini) to 2032 (near the NP motif). A value of 1882 was used

to construct the initial membrane-peptide complex. These parameters, combined with
requirement that a minimum of three lipids separate peptides in neighboring images, yiel
a primary cell with an edge length of Z4A and containing 22 lipids surrounding the helix
in each leaflet . For the NVE-CUT simulation of the pure membrane patch, a primary c
with an edge length of 28 A was built using 25 lipids in each leaflet, whereas an initial
tetragonal box with an edge length of &land containing 26 lipids in each leaflet was
constructed for both NPT simulations.

The construction of the initial hydrated lipid bilayers was carried out using a protoc
developed by Benoit Roux and collaborators [50, 78] and briefly described below. The lip
were assembled into the primary cells (and around the peptide, when appropriate) by
placing spheres of 682 cross sectional area (spherical pseudo-headgroups representing
molecular fragments) at random positionXiviplanes situated & = +17A. The assembly
of pseudo-headgroups was subsequently energy minimized and subjected to MD simula
to relieve any close contacts. The coordinates of these spherical groups provide the
for initial positioning of the explicit phospholipid headgroups. The DMPC molecules we
randomly selected from a library of 2000 preequilibrated and prehydrated conforme
These had been generated from Monte Carlo simulations on isolated molecules, usi
mean field approximation that was empirically adjusted to reproduce experimental c
such agH quadrupolar splitting antfC NMR relaxation time [47]. This procedure in the
protocol from the Roux lab had been developed to reduce the long equilibration times tha
required when MD simulations start from bilayer crystalline structures or for membrar
peptide patches built by deleting lipids from a pure bilayer state [79]. Optimal latel
packing is achieved by eliminating as many bad contacts as possible using a serie
rigid body translations in th&Y planes and rotations about tiZeaxis. Hydration was
completed subsequently by immersing the membrane systems in water layers of ahout
thickness. Finally, the systems were further optimized to eliminate bad contacts using en
minimization and constrained Langevin dynamics simulations, as originally described
[47, 50, 78].

Simulation Details

The CHARMM program package [80] was used for all MD simulations with the PAR2
all-atomforce field including parameters for phospholipids [81] and the TIP3 water poten
[82]. Electrostatic and Van der Waals group-based interactions were truncated at a cl
distance of 12A with a smooth switching function over aRinterval. A cutoff distance
of 13 A was used to calculate the nonbonded lists that were updated every five st
The lengths of all bonds involving hydrogen atoms were constrained using the SHA|
algorithm [83] which allows a 2-fs time step to be used for the numerical integration of t
equations of motion. For the two NPT simulations, the constant pressure is controllec
the Langevin piston method [84] derived from the extended system formalism [85]. T
mass of the pressure piston and the Langevin piston collision frequency were respectsi
set to 250 A.M.U. and 25 ps. The reference internal isotropic pressure of the simulate
systems was equal to 1 Atm. In addition, the temperature control algorithm developec
Nose [87] and Hoover [86] was used with a mass of the thermal piston set to 500 Kcal.|
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TABLE |
Summary of the Four MD Simulations?

Number of Number of Number of Simulation Last velocity

amino acids DMPC waters length (ps) scaling (ps)
NVE-CUT — 50 2033 1550 325
NPT-CUT — 52 1996 1730 —
NPT-EXT — 52 1996 1600 —
NVE-CUT-TMS7 25 44 1986 2525 670

2 All calculations were performed at 32.

In all simulations, the reference temperature was sett€ 8310K) which is 13 C above
the pure DMPC gel/liquid crystal transition temperature [88].

For each of the four simulations (NVE-CUT, NPT-CUT, NPT-EXT, and NVE-CUT-
TMS7), a total of 180-200 ps of Langevin dynamics were run for equilibration whi
gradually decreasing the harmonic constraints imposed during the construction of the
tial structures [50]. After this initial equilibration phase all constraints were relaxed a
the systems allowed to evolve 1.5 ns for the pure membranes and around 2.5 ns fo
membrane-peptide complex. (The time origin was fixed just after the Langevin dynarr
phase.) After all constraints were relaxed, temperature scaling was allowed for an additit
50 ps for the two simulations in the NVE ensemble, and then the runs were continue
the production mode. We found, however, that this length of equilibration time was insu
cient as evidenced by an increase in temperature starting after the first 100—200 ps of
production. The protocol was therefore altered by allowing velocity scaling if the avera
temperature went out of a temperature window of 31®'K. Additional temperature scal-
ings were observed for both simulations much later in the run, but after the last scaling |
Table 1) the systems remained in equilibrium as shown by the complete constancy of
total energy and temperature (Fig. 2), allowing statistically valid data to be collected
one or more nanoseconds. Coordinates and energy data were saved every 0.2 ps ani
averaged structural analyses were carried out using the last 500 ps of the trajectorie
both pure membranes and the lipid-peptide complex. A summary of the four MD simulat
parameters for all four systems is reported in Table I.

RESULTS AND DISCUSSION

Structure Analysis of the Pure Membrane Patch

General aspects.The evolution of the internal energy and lipid surface area of th
three lipid bilayers is displayed in Fig. 2. From the energy plots, it can be seen that
NVE-CUT simulation seems to be well equilibrated after 325 ps of dynamics, but tf
the two NPT runs do not seem to achieve convergence until at least 700 ps. It shoul
noted that compared to the NPT-CUT calculation, the fluctuations of the internal ene
in the NPT-EXT simulation remain large until about 1100 ps of simulation. Neverthele:
the trajectory for the last 500 ps appears to be quite stable (no significant drifting) and:
therefore used for all analyses. About 600 ps into the trajectory, the lipid surface area
the two constant pressure simulations reached plateaus with values of 60 Addf&1
NPT-CUT and NPT-EXT, respectively. These are somewhat lower than the lipid surfe
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FIG. 2. Time evolution of the total energy (upper panel) and the lipid surface area (lower panel) for the pi
membrane simulations NVE-CUT (light line), NPT-CUT (solid line), and NPT-EXT (dashed line).

area of 6442 assigned initially (Fig. 2), but all these values of the DMPC surface area &
in the range of experimental measurements (59&%’)0[73—77]. As reported in Table I,
the computed volume per lipid and bilayer thickness are in relatively good agreement v
experimental measurements, with errors less than 5% [74, 76, 77, 89]. The thickness o
hydrophobic region for the two NPT simulations is larger than the experimental estimat
by around 3A [76, 77], corresponding to an error of 12% (Table I1). In terms of bilayer an
hydrophobic region thickness, the NVE-CUT simulation gives better results than the t
constant pressure calculations.

The average value of the membrane electron density profile along the bilayer nor
was calculated from the last 500 ps of the trajectory. Comparison (Fig. 3) of the simula
electron density profiles with the profile measured by small-angle x-ray diffraction [9] sho
that the positions and heights of the two peaks (corresponding to the lipid polar groups
the MD profiles are quite similar and agree well with experiment. However, the calcula
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TABLE Il
Comparison of Geometrical Parameters for Bilayers
from Experiment and Simulation

Bilayer Hydrophobic
Surface area Volunie thicknes8 thicknes$ Percentage of
(A?) (A?) (A) (A) gauchebonds

NVE-CUT 63.9 1081 35.3 24.6 18
NPT-CUT 59.8 1061 36.5 25.9 17
NPT-EXT 60.8 1095 36.0 25.8 19
Nagleet al.[10] — 1109 (37) — — —
Janiaket al.[74] 62.2 (37) — 35.5(37) — —
Lewis et al.[76] 65.7 (36) — 34.0 (36) 23.0 (36) —

De Younget al.[79] 70.0 (35) — — — —
Randet al.[77] 65.0 (27) — 34.5(27) 22.3(27) —
Koeniget al.[75] 59.5 (30) — — — —
Casalet al.[7] — — — — 25 (29)
Pinket al.[91] — — — — 27 (30)
NVE-CUT-TMS7 64.1 — 35.7 25.0 18

2 Calculated from the relatioWyox = Nip Vip + NuatVivar WhereViey, Nip, and N, are respectively the volume

of the cell and the number of lipid and water molecuMg.is the lipid volume and/., is the volume per water
molecule (30A3).

b Computed as the difference between the avezageordinate of the phosphate and nitrogen atoms in the tw
leaflets of the bilayer.

¢ Calculated as the difference between the aveiageordinate of the C22 and C32 atoms of the two leaflets
of the bilayer. For experimental results, the measured temperatu@)(is given in parentheses.

electron density profiles in the central region of the bilayer have minima that are too shal
with values around 0.25 &# compared to the experimental value of about 0.88eTo a

lesser extent, this phenomenon was also observed from molecular dynamics simulatiol
DPPC inthe NPT ensemble [44, 46]. Because the position of the polar groups is in relatiy
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FIG. 3. Electron density profile along the bilayer normal for the pure membrane simulations, NVE-CL

(solid line), NPT-CUT (dotted line), and NPT-EXT (dotted-dashed line). The dashed curve is the profile resul
from x-ray diffraction study at 3% [9].
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good agreement with experiment, such shallow minima in the middle of the bilayer sugc
that these MD simulations overestimate the orientational order of the lipid acyl chail
The simulated system seems to be closer to the gel state than suggested by the simu
temperature of 3. This would occur if the gel-liquid crystal transition temperature of
the DMPC bilayer in the CHARMM22 force field were inappropriately higher than th
experimental transition temperature of 2K8

Acyl chain conformation. The liquid crystal state of the membrane’s hydrocarbon chai
region can be characterized by two different physical quantities: the numgauchieC—C
bonds and the deuterium order parameters of C—D bonds in the lipid acyl chains. In cont
to a membrane bilayer in the crystalline state where all the acyl chain C-C bonds ar
thetrans conformation [90], the hydrocarbon chains of DMPC bilayers in the fluid phas
have an average percentaggaticheC—C bonds of about 25-27% as measured by Rame
and infra-red spectroscopies at8]7, 91]. In the simulations, the percentage of lipid acyl
chain C—C bonds in thgaucheconformation (averaged over the last 500 ps) is about 18
which is lower than the experimental estimates by about one bond per acyl chain (Table

In a complementary way, the deuterium order param&er,, provides an estimate of
the motional anisotropy of the deuterated C—D bonds in the lipid acyl chaihdénotes
the angle between a C—D bond and the bilayer normal, then the order parameter is give

S0 = (1/2)(3C0g(©) - 1) 1)

(where the brackets) indicate a time average) and can be measured directly from the NIV
deuterium quadrupole splitting,

Avg = (3/4)(€’qQ/M)[Sc—ol. @)

where the constare’qQ/ h is equal to 170 KHz for aliphatic C—D bonds [15]. Figure 4
presents the C—D deuterium quadrupole splitttng, at several hydrocarbon positions of
the DMPC acyl chain as calculated from MD simulations and as measured by NMR
30°C [13]. The calculated order parameters were all found to be negative indicating t
the highest values ohvqg correspond to C—-D bonds preferentially oriented in direction:
more parallel to the membrane plane. It can be observed that MD-calculated deuter
quadrupole splitting values are slightly higher than the experimental ones, indicating 1
the modeled acyl chains are overall more parallel to the bilayer normal than estimated f
NMR.

The comparison with experiment of the number of Gya@lichebonds and order param-
eters of the C-D bond vectors within the membrane hydrocarbon region suggests tha
lipid acyl chains in the simulations are oriented too parallel to the membrane normal al
are more ordered than they should be in the liquid crystal stBecause the calculated
bilayer thickness (or the averaged distance between phosphatidylcholine groups of the
layers) is close to the value observed experimentally (Table Il), these structural feature
the modeled hydrocarbon chains could lead to an excessive interpenetration of some
acyl chains into the opposite monolayer. This explains the shallow minimum observed in
calculated electron density profiles (Fig. 3). In spite of these small differences, the patte
exhibited by the calculated deuterium order parameter along the hydrocarbon chains
quite similar to those determined by NMR, showing that MD simulations can qualitative
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FIG. 4. Deuterium gquadrupole splitting at different hydrocarbon positions on the DMPC acyl chains Sr
(upper panel) and Sn-2 (lower panel) calculated from the NVE-CUT (circle), NPT-CUT (square), and NPT-E
(triangle) simulations and as measured by NMR study (diamond) & [3(].

reproduce the disordered conformations of the acyl chains characteristic of the liquid cry
state.

Polar group conformation. The geometries of the lipid head groups calculated from th
simulations are in quite good agreement with many NMR spectroscopy studies, despite s
discrepancies in the internal conformational details. Consistent with neutron diffraction ¢
NMR observations on phosphatidylcholine bilayers [92, 93], the averaged orientation
the DMPC head groups was found to be parallel to the membrane surface for the tl
MD calculations (Table Ill). The orientations of the lipid glycerol segments relative to tt
bilayer normal are also given in Table Il as estimated by MD and NMR studies. It is se
that the calculated orientation of the C2—C1 bond, which constitutes the junction betw
the phosphatidylcholine group and the two hydrocarbon chains, is in good agreement
NMR results [94], whereas the calculated orientation of the C2—-HC2 bond appears tc
more parallel to the membrane surface than observed experimentally [95].
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TABLE IlI
Time Averaged Angle (in Degrees) between Different Lipid
Headgroup Vectors and the Bilayer Normal

P-N c2-C1 Cc2-C3 C2-021 C2-HC2 Ci1-pP

NVE-CUT 88 40 74 60 93 44
NPT-CUT 90 40 78 58 88 44
NPT-EXT 98 42 74 63 90 54
Durfourcet al. [94] — 36 — — — —
Honget al. [95] — 35 — — 109 —
NVE-CUT-TMS7 90 42 71 60 95 44

Note Available NMR results are also reported for comparison.

Information on the spatial orientation of the lipid polar groups can be obtained frc
various NMR data [96, 97] including’C—-*H or 3'P-3C dipolar coupling measurements
[14, 95]. The®'P-3C dipolar couplingsivp for ten carbon atoms of the head groups have
been evaluated from the three MD simulations using the expression

Avp = 122365/((3Cog(0) — 1)/(2R%))], 3)

where® measures the angle between the C—P vectors and the bilayer nornfatiandtes

the internuclear distances between the lipid phosphorus and the carbon atoms [14].
results, given in Fig. 5, show that the NVE-CUT and NPT-CUT simulations qualitative
reproduce the measured P—C dipolar couplings for most of the carbon atoms, despite ¢
slight discrepancies for the C11, C1, or C2 carbons [14]. In contrast, the dipolar coupl
from the NPT-EXT simulation strongly disagrees with the measured value at carbon at
C1. For all three MD simulations the P—C dipolar couplings for C2, C21, and C22 c:
bons are lower than observed experimentally. According to the analysis of the NMR d
given by Hong and co-workers [95], this suggests that the calculations underestimate

N
)]
(]

n

o

o
T

150

100

31p . 13C Dipolar Coupling (Hz)
S

o

C13C12C11C1 C2C21C22C3C31C32
Polar Head Group Carbon
FIG.5. S3'P-*3Cdipolar coupling for ten carbon atoms of the DMPC headgroup calculated from the NVE-CL

(circle), NPT-CUT (square), and NPT-EXT (triangle) simulations and as measured from NMR (diamond] at 4(
[14].
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population of DMPC lipids in a conformation close to the crystalline molecule B, which
mainly characterized by a bend of the headgroup toward the Sn-2 acyl chaintrand a
configuration of the; dihedral angle [90, 95] (see below).

Indeed, from the dihedral angles determining the conformation of DMPC headgrol
(Fig. 6), it can be seen that the three MD simulations yield a majority of DMPC headgrot
with thed; dihedral angle igauche- conformation (the percentage@fangle ingauche
conformation being 61, 58, and 65% whereas the percentagansfconformation is 24,
20, and 21% for the NVE-CUT, NPT-CUT, and NPT-EXT simulations, respectively). |
contrast, the dihedrats; andds are principally in @ransconformation, wheregé; seems
more variable (Fig. 6). Note that, in thnsregion, thex; angle distribution in the NPT-
EXT simulation is slightly different from the two other calculations. This results in a
averaged orientation of the P—C1 vector that is more perpendicular to the bilayer nor
(Table 111) and could explain the abnormally low P—C1 dipolar coupling in the NPT-EX
simulation (Fig. 5). These calculated preferential geometries differ significantly from t
conclusions of Hong and co-workerg, & 185, a; =110, 63=-95°, 8, =14%) and
confer to most of the DMPC molecules a conformation in which the phosphatidylcholi
groups tend to point toward the opposite direction of the Sn-2 chains, in a similar way a
the crystalline DMPC molecule A{ =58, a1 =163, 63 =—178, 8, =82) [96]. This
result could explain the relatively low P—C dipolar couplings for the C2, C21, and C.
carbons in the MD simulations compared to NN#R-*3C dipolar coupling measurements.
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FIG. 7. Complete structure of the membrane-TMS7 complex embedded in water at the end of the N
CUT-TMS? simulation. The view shows the extracellular region at the top of the figure. Shown in the CI
representation, the lipid headgroup phosphates (purple), the nitrogen atoms (blue), and the lipid glycerol ox
atoms (red).

Nevertheless, it should be noted thatin the NVE-CUT and NVE-CUT simulations the res
of headgroup conformations may constitute only a slight deviation from experiment, si
the precise proportions of lipids similar to the molecules A and B within a fluid membra
is still debated [94-97].

Conclusion. The analysis of the three separate 1.5-ns MD simulations of DMPC &

layers using different ensembles and electrostatic parameters indicates that the si
tions yielded reasonable qualitative pictures of hydrated phospholipid membranes.
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calculated structural features are in reasonable general agreement with available ex
mental data, but some differences are evident in the details, including the percentag
the acyl chain C—C bond in thgaucheconfiguration, and the predominant internal con-
formation of the polar headgroups. Such differences between calculated and experime
inferences about the orientation of the headgroups have also been observed in othel
simulations [36, 42, 43, 46]. From NMR studies the characteristic times of dihedral an
dynamictrans-gaucheisomerizations within lipid molecules have been estimated to be |
the range of 10-100 ps for the hydrocarbon chain C—C bonds [98] and in the range
400-700 ps for the headgroup torsion angles [94]. Consequently, while it is likely that
discrepancies between MD simulations and experimental results are the result of inade
cies in the force field, the dynamics of the headgroup torsion angles is such that lor
simulation times are indicated to explore the agreement with experiment [42, 43].

Structure Analysis of the Membrane-Peptide Complex

General aspects. Figure 7 shows aribbon representation of the TMS7 peptide embedd
in the membrane at the end of the NVE-CUT-TMS7 simulation. dHelical segment of
the starting structure of the peptide is conserved, but a strong bend has been induced :
asparagine residue of the NP motif. The bend is close tp@9)compared to 135n the
starting structure [72]. The short C-terminal helical segment of TMS7 lies at the a
chain/headgroup interface, almost parallel to the bilayer surface (Fig. 7). Most of the anr
acid residues of the peptide seem to be buried in the acyl chain hydrocarbon region of
bilayer. However, as shown in Fig. 8, the termini of the helix are approximately position
in the glycerol region. It is also noteworthy (Fig. 8) that on the time scale of 2.5 ns, wa
molecules rarely penetrate beyond the polar environment of the DMPC bilayer, exc
perhaps at the C-terminal half of the peptide (see below).

Lipid bilayer structure. As seen from the results in Table II, the overall structure o
the DMPC bilayer is not very sensitive to the presence of the helical peptide. Thus,
average distance between the phosphatidylcholine groups, the average hydrophobic r
thickness, and the average percentage of acyl chain C—C bondsgaubkeconforma-
tion are all close to the values found for the pure bilayers. Furthermore, the lipid po
group orientation and internal conformation within the membrane-peptide complexes
not differ significantly from pure membrane patches (see Table Ill). The headgroup dihe
angle conformations of the lipids surrounding the transmembrane peptide also do notd
significantly from those of the NVE-CUT calculation (figure not shown). Particularly, th
probability of thetrans conformation for thex; dihedral angle is still lower than that for
gauche-. Itis noteworthy, however, that perhaps because of the longer simulation time in
membrane-helix complex, the dihedral angleexhibits about 13% higher percentage of
transconformation than within the pure lipids, which brings it closer to the experimental
determined structural parameter.

To determine the effect of TMS7 on the lipid acyl chain orientation, we identified tt
DMPC acyl chains with an overall minimum distance from the embedded pepticb Af
and compared their orientational order parameters to those of the other acyl chains w
distance>5 A from the peptide (Fig. 9). From thex244 acyl chains, we have found 31
in contact with the embedded TMS7 peptide. Figure 9 shows that the “contact” lipids h:
slightly higher orientational order parameters (particularly the Sn-2 chains) and thus
pear to be more parallel to the bilayer normal than the “bulk” acyl ch@itms.result seems to
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(top) and Sn-2 (bottom) for the NVE-CUT (circle) and NVE-CUT-TMS7 (square) simulations. Acyl chains |
contact with the TMS7 peptide are displayed with solid lines and closed symbols, whereas those not in co
with TMS7 are represented by dotted lines and open symbols.

indicate the existence of a “first shell” of lipid acyl chains surrounding the transmembrar
helix (but not necessarily a first shell of lipids)his finding is in good agreement with
several experimental studies, which have identified effects of transmembrane peptide
the order of their surrounding lipid acyl chains [28, 30].

Transmembrane peptide structurél he time evolution of the RMS deviations from the
starting structure is shown in Fig. 10. The RMS deviations converge to a plateau ve
around 1.3 ns into the simulation, indicating that the system has reached an equilibrium
appears to be stable for the rest of the trajectory. It is also noted that the helix underg
some structural change starting at about 700 ps that appears to be completed by «
1300 ps. The structural change indicated in Fig. 10 is reflected in the time-evolution
the tilting and bending of the transmembrane helix: Starting at about 1.2 ns of simulat
the TMS7 develops an increase in the bend of the NP motif from abouto680° (see
Fig. 10) that appears to be completed in around 150-200 ps. Interestingly the ben
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FIG. 10. Time evolution of the (all heavy atom) RMS deviation from the starting structure (upper panel) a
of the helical axes angles of TMS7 (lower panel): The angle between the helix axis of residues 1-15 and the bil
normal (dashed, black line), the angle between the helix axis of residues 17—25 and the bilayer normal (solid |
line), and the interhelical axes angle (gray line).

process occurs via a reorientation of the short C-terminal helical segment (from residu
to 25) almost parallel to the bilayer surface, whereas the long N-terminal helical segmr
remains approximately parallel to the bilayer normal (Fig. 10).

The helical characters of the peptide can be quantified from the values of the main cl
® andV¥ angles; the results are given in Fig. 11. The valued ahdW¥ calculated from the
last 500 ps of the simulation are all in the range of classidat¢lices (from—100° to —40°
for ® and from—60° to —20° for W), except for thel angles of VAL;5 and ASNg which
are about 18and 137, respectively. These particular values yield an internal conformatic
of the TMS7 peptide that is in excellent agreement with the main conclusions of an NN
study performed on an isolated 15 residue transmembrane segment of the GPCR tachy
NK-1 helix 7, which has a very similar sequence to that of TMS7 [17]. In addition, th
side chain X torsion of residue ASh; remains in aransconformation for the entire MD
simulation. Considering also that the fluctuations in structural parameters are very sn
as shown in Fig. 11, we can suggest more precisely (Table 1V) that the MD calcula
TMS7 structure has an internal conformation that is quite close to the strictieduced
from NOE constraints measured in a perfluoro-tert-butanoJ@D solvent of the NK-1
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TABLE IV
NP Motif Backbone ¢ and ¢ Dihedral Angles (in Degrees) for the MD-Simulated TMS7
and the Tachykinin NK-1 Helix 7 Structure 2 Deduced from NMR Data [7]

TMS7 NK-1 helix
0] v P v
SER13 —74 -39 THR5 —62 —40
ALA14 —63 —-34 MET6 —68 —18
VAL15 —86 18 TYR7 -71 64
ASN16 —-93 137 ASNS8 —-132 112
PRO17 —69 -1 PRO9 —43 —36
LEU18 —78 —38 ILE10 —65 —45
VAL19 —75 -57 ILE11 —75 —45
TYR20 —68 —26 TYR20 —53 —42

helix 7 [17]. That study also deduced from the NMR data that the bending of the isola
transmembrane helix 7 should be around, @hich is not far from the value obtained here
for TMS7 after the MD simulation.

Notably the final conformation of TMS7 differs from its initial structure mainly in the
values of the VAlis ¥ and the ASNg @ torsion angles (Fig. 11). As shown in Fig. 12,
the time evolution of these two dihedral angles reveals a transition at about 1.0 ns
simulation. Because these dihedral angle transitions occur a few picoseconds before
bending of the helix (Fig. 10), they may be precursors that induce the reorientation of
TMS7 short C-terminal helical segment relative to the bilayer surface. Finally, frod the
and ¥ dihedral angle fluctuations displayed in Fig. 11, it is noted that on the time sc:
of 500 ps the high flexibility of the TMS7 peptide is rather localized between the;¥AL
and ASNg residues rather than within the WAmnotif since the fluctuations of thed( )

180

120

5 10 15 20 25
Residue Number

FIG. 11. Values and fluctuations of the dihedral angie(closed circle) andl (closed square) for TMS7
residues, averaged over the last 500 ps of simulation. Iritiahd ¥ values are also displayed with dotted lines
and open symbols.
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FIG. 12. Time evolution of dihedral angles: VAL15Y) (solid line) and ASN16®) (dashed line).

angles around their mean values are’(2D°), (18, 7°), and (9, 12°) for VAL 15, ASNyg,
and PRQy, respectively.

The hydrogen bond network within the membrane-peptide complexoverall picture
of the hydrogen bond (HB) networks that stabilize the transmembrane helix emerges f
Fig. 13, which shows the percentage of time (within the last 500 ps of simulation) for whi
all peptide HB acceptors and donors are involved in hydrogen bonding. The backb
carbonyl oxygens of the TMS7 C-terminal as well as the backbone NH hydrogens
the N-terminal are partially stabilized by hydrogen bonds with water molecules. The |
droxyl groups of SER and SER3; form HB with the backbone carbonyl oxygeng é&nd
Og whereas the ASN TYRyo, and THR; polar side chains are well stabilized by water
molecules. Surprisingly, the three polar side chains of TR R, and ASN, do not
make HB with waters. As shown in Fig. 8 (lower panel), the polar atoms of the side cha
of these residues are deeply buried in the hydrophobic region of the membrane. Th
expected to result in a lower probability for these residues to be near enough to a w
molecule to form a hydrogen bond, explaining the results in Fig. 13. Interestingly, the
three side chains are positioned on the face of the peptide that is expected to be orie
toward the interior of the:-helix bundle of the receptor protein, and are thus likely to forn
interhelical HBs [72]. For residues 1 to 11 iadhelical Q—HN;, 4 hydrogen bond stabilities
are relatively well preserved. The-HN;, 4 hydrogen bond network is less stable in the
C-terminus part of the peptide, but nevertheless atheelical structure is roughly main-
tained for the peptide segment from AgNo the C-terminal end. (Note, however, that the
carbonyl oxygen @, prefers to hydrogen bond to the ThiRside chain hydroxyl group
rather than to the main chain NHgroup (Fig. 14).)

Because PRQ does not contribute an NH group, the backbone carbonyl oxyggn O
tends to form an [+ (i + 3)] hydrogen bond with the NH of ASN. The presence of a
proline in the TMS7 sequence also disrupts dhkelical hydrogen bonds {@-HN;g and
O:15-HNjg9. To compensate for these HB breaks, the backbone NH hydrogen ofgASH
partially hydrogen bonds to the alanine carbonyl On addition to SER @), while the
ASN;j¢ side chain carbonyl group forms an HB with the LiUackbone NH hydrogen
(Fig. 14). Instead of the:-helical Os—HN19 hydrogen bond, a3 helix-like hydrogen
bond [i— (i + 3)] is formed between the g carbonyl and the backbone NH of the VAL
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FIG. 14. Configuration of the TMS7 hydrogen bond network around the NP motif from a single entry in tt
trajectory (snapshot) at the end of the NVE-CUT-TMS7 simulation.

backbone NH group. At the same time the lone carbonyl oxyggnsartially stabilized
by a water molecule that has penetrated into the hydrophobic region of the membran
addition, it should be noted that the Ag/Nesidue backbone NH hydrogen is involved in
hydrogen bonds with the two carbony]£and Q4 oxygens, and therefore can hardly form
an [i— (i + 4)] hydrogen bond with the SERbackbone carbonyl oxygehlowever, this
latter HB is satisfied by a water molecule that has penetrated the membrane deeply enc
to provide an hydrogen bond donor to this backbone carbonyl oxygen about 50% of
time (Figs. 13 and 14).

Itis significant that the main features of the TMS7 intramolecular hydrogen bonding p
tern predicted by the MD simulations are in good agreement with the HBs deduced from
NMR data obtained on the tachykinin NK-1 helix 7 in a perfluoro-tert-butangj@Dsol-
vent [17]. In particular, the NH backbone group of residue A8Nachykinin NK-1, which
corresponds to ASN in TMS7, is predicted to form hydrogen bonds of type-[ii + 2)]
and [i— (i + 3)] with METs and THR, backbone carbonyl oxygens. Similarly to TMS7,
the NK-1 helix backbone carbonyl oxygen @rms both [i— (i + 3)] and [i— (i + 4)] HB
with NH amide groups of residues IEand TYR;, (which correspond to the residues
VAL 19 and TYRy, respectively, in TMS7). In addition, it is found experimentally that the
side chain of residue ASiNforms an HB with the proton of the NH group in ILgas was
found here between the residues Aglind LEU g of the TMS7 peptide. Finally, it is noted
that for both of these similar transmembrane segments, the backbone carbonyl oxyge
the proline tends to form an HB with the side chain of the fourth succeeding residue, wh
is respectively the SERand THR; in the NK-1 and TMS7 peptides [17].
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TABLE V
Hydrogen Bond Distances &) around the TMS7 Peptide NP Motif

Expected Initial Last 500 Ps Instead Initial Last 500 Ps
[i—(i+4)]HB structure average observed HB structure average
012-HN16 5.8 4.3 012-0H2 — 4.7
O13-HN17 — — 013-HN16 4.7 2.5
014-HN18 6.3 6.8 014-HN16 2.6 2.8
OD16-HN18 2.8 2.4
0O15-HN19 6.8 6.3 015-0H2 — 3.9
016-HN19 3.4 2.4

The average lengths of some of the crucial hydrogen bonds that stabilize the NP n
of TMS7 are reported in Table V. The distances @b-€HN;6 and Qs—HN;5 are shown
to have decreased most from the initial TMS7 structure, suggesting that the backbone
group of ASNg, which originally forms an [i- (i + 2)] hydrogen bond with the carbonyl
oxygen Q4[72], has a strong tendency to interact with the two preceding carbonyl oxyge
of residues 12 and 13 to form more commos [ii + 3)] and [i — (i + 4)] hydrogen bonds.
Furthermore, the time evolution of these two distances (Fig. 15) shows a transition aro
1 ns for both of them that indicates the formation of a weak HB with@d a normal one
with the O3 atom. Thus, it seems that the local hydrogen bonding interactions between
carbonyl oxygens @, O;3, and Q4 and the backbone NH group of Agiare precursors
for the local transitions of the VAls ¥ and the ASNg @ torsion angles identified in Fig. 12.
These transitions are likely responsible for inducing the subsequent global reorientatio
the C-terminal helical segment of TMS7 (Fig. 10).

Water penetration into the membraneAs seen in the previous section, some wate!
molecules penetrate into the hydrophobic region of the DMPC bilayer where they can fc
hydrogen bonds with acceptor and donor residues in TMS7 that have no other partner.
average number of water molecules in the bilayer hydrophobic region calculated from
last 500 ps of the simulation is presented in Fig. TBe presence of the peptide clearly
allows significantly more water molecules to penetrate the bilayer than in the case of
pure membrandHowever, this observation seems to be true only for the C-terminal segme
perhaps because it penetrates more deeply into the lipid polar headgroup region tha
N-terminal ends (Fig. 7). Considering that the hydrophobic regions of the membrane ext
from —7 to 7A, as shown in Fig. 8, the last 500 ps of the simulations reveals that rougt
one water molecule can consistently penetrate the hydrocarbon regions of the memk
in the presence of the peptide (Fig. 16). This finding of water molecules in the membr:
hydrophobic region close to the peptides is consistent with results from several experime
studies that reveal the presence of water at the peptide-lipid hydrophobic interface of var
membrane-protein complexes [99-101].

Figure 17 illustrates the difference in water penetration behavior between the pept
containing bilayer (NVE-CUT-TMS7) and pure membrane (NVE-CUT). The positior
of the water molecules that penetrate the deepest into the lipid hydrocarbon region
displayed along the bilayer normal as a function of time. Notably, in the pure membran
water molecule entering the hydrophobic region does not remain there longer than a
picoseconds and then returns very rapidly to the lipid glycerol region (ar¢@dd). In
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FIG.15. Time dependence of the distances between the ASN16 backbone NH group and the carbonyl ox
of the SER12 (top panel), SER13 (middle panel), and ALA14 (bottom panel) in the TMS7 peptide.

contrast, the NVE-CUT-TMS7 simulation reveals one water moleculgdd\that remains

in the lipid hydrocarbon region for several hundred picoseconds. This water moleculs
strongly hydrogen bonded to the SERackbone carbonyl oxygen (Fig. 14) and to a lesse
extent to the backbone oxygen of VAJ. (Note that three different water molecules that
penetrate into the membrane were found to stabilize successively the backbone cark
oxygen Qs.)
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CONCLUSIONS

Three separate 1.5-ns molecular dynamics simulations under different computatic
conditions (NVE-CUT, NPT-CUT, and NPT-EXT) were performed on pure DMPC bilayel
in the liquid-crystalline phase. Averages from the last 500 ps of the simulations were use
estimate various properties of the bilayer and compared to available experimental value
the overall geometrical dimensions, lipid hydrocarbon chain ordered states, and polar t
group conformations. The agreement with experiment is good in spite of some discrepar
that probably result from shortcomings in the force field and, in some cases, to the short
production runs. It is interesting to note that this agreement with experimental data is q
robust. This is indicated by comparisons in Table Il showing that the differences amc
results obtained with the three computational models employed here are smaller thar
corresponding differences among experimental measurements. Notably, the fluctuatiol
such values for structural parameters calculated from the simulations were found to be
small (e.g., see Fig. 11 for results with the NVE-CUT model). The results of this comparat
study suggest that the simulation carried out in the microcanonical ensemble using trunc
electrostatic interactions yielded more reasonable descriptions of the membrane stru
than the two constant pressure calculations. However, in order to obtain reasonable, s
results in the microcanonical ensemble, it has proven essential for the systems to be allc
to equilibrate fully. This may often require considerable trajectory time, the length of whi
cannot be predicted a priori.

The good agreement with available experimental data pertains also to the study of
peptide-membrane complex. The resulting equilibrated and averaged structure of the i
brane spanning peptide TMS7 of the 5-ATreceptor comprises twe-helical segments
linked by a hinge domain around ASNPRO, 7 residues. The details of this conformation,
including the hydrogen bond network and the bend angle, were found to be in good ag
ment with the structure of the tachykinin NK-1 receptor helix 7 deduced from NMR da
[17], as well as with the known structural considerations about this transmembrane don
(for details see [72]). Both the properties of the membrane lipids surrounding the pep
and the stabilizing role of individual water molecules that are found to penetrate the me
brane bilayer agree with experimental observations from similar systems. These findi
further support evidence from other studies that MD simulations can predict reasone
structures of membrane-peptide complexes.

The details of the observed hydrogen bond organization strongly suggest that lipid bil
ers stabilize even single transmembrane helical segments that contain a structure-disru
proline. In part, this stabilization is realized with the help of a few water molecules th
penetrate into the membrane hydrophobic region. This penetration is more pronounce
the peptide-membrane complex than in the pure membrane patches. An additional fe
that may influence stability is the significant difference found here between the orientatic
order parameters of lipid acyl chain neighboring transmembrane helices and those of “b
lipid acyl chains. This effect results from van der Waals interactions between parts of
transmembrane peptide and surrounding lipid hydrocarbon chains and seems to depel
the orientation of the helices. It will be important to explore these local arrangements ¢
the resulting interactions with the membrane and water, for a complete GPCR struc
imbedded in a membrane patch. These key elements of protein-membrane interaction
likely to affect the structural organization of the proteins containing seven transmembr
segments, as well as their function.
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