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Abstract

Two 500-ps molecular dynamics simulations performed on the single transmembrane domain of the ErbB-2
Ž .tyrosine kinase receptor immersed in a fully solvated dilauroylphosphatidyl-ethanolamine bilayer DLPE are

compared to vacuum simulations. One membrane simulation shows that the initial a helix undergoes a local p helix
conversion in the peptide part embedded in the membrane core similar to that found in simulation vacuum.
Lipidrwaterrpeptide interaction analysis shows that in the helix core, the intramolecular peptide interactions are
largely dominant compared to the interactions with water and lipids whereas the helix extremities are much more
sensitive to these interactions at the membrane interfaces. Our results suggest that simulations in a lipid environ-
ment are required to understand the dynamics of transmembrane helices, but can be reasonably supplemented by in
vacuo simulations to explore rapidly its conformational space and to describe the internal deformation of the
hydrophobic core. Q 1999 Elsevier Science B.V. All rights reserved.

Keywords: Receptor protein-tyrosine kinase; Structure]dynamics activity relationships; a Helix stability; aªp
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1. Introduction

Ž .Molecular dynamics MD simulation is a use-
ful tool for describing at atomic resolution the
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w xmotions affecting protein structures 1 . It has
been successful in reproducing experimental

w xobservations in a growing number of cases 2]4 ,
it is now becoming routinely used to monitor
structural transitions and dynamics on a nanosec-
ond time scale. Such an improvement in the reli-
ability of molecular dynamics simulations comes
mostly from the explicit account of water
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w xmolecules in a soluble protein environment 5 .
Water is an integral component of the protein
structure by its ability to form hydrogen bonds
and to modify the accessible conformational space

w xaround the average X-ray or NMR structure 6]8 .
Through entropy, water is also responsible for

hydrophobic effects allowing the correct folding
of the proteins and therefore their functions
w x9]12 . Although there is some promising way to

w ximplicitly model hydration effects 13 , consider-
ing explicitly an aqueous environment is nowa-
days a standard in spite of the considerable in-
crease of computational resources it requires.
However, long time scales are not easily accessi-
ble and the study of the reproducibility of the
observed phenomenon is difficult.

In the case of intrinsic membrane proteins the
natural environment is mostly anhydrous. Mem-
brane proteins are composed of regions exposed
to the solvent distinct to regions embedded in the
membrane. The extramembrane parts contain a
significant amount of hydrophilic residues and
roughly behave as soluble proteins whereas the
intramembrane part, composed mostly of hy-
drophobic residues constituting the transmem-

Ž .brane domains TM is not affected by water
w xmolecules 14 . Polar groups of the main chain

are buried and are involved in intra-molecular
hydrogen bonds restricting their structure to
mainly helices or sheets with none or few dis-

w xrupted hydrogen bonds 15 .
The membrane environment effect is experi-

mentally evidenced when structureless soluble
peptides become structured when they are em-
bedded in membrane vesicles, bilayers or

w xmonolayers 16]19 . The same structuring effect
is also observed in apolar solvents which stabilize

w xsecondary structures 20 . A similar behavior is
observed when performing a molecular dynamics
Ž .MD simulation in a vacuum of polyalanine which
is maintained in a stable helix structure while it
unfolds in a few picoseconds in a water environ-

w xment 21 .
The structuring effect of the apolar medium

justifies theoretical works devoted to study the
structure and the dynamics of TM domains with-
out explicit lipid environment considering a low
dielectric constant as a reasonable approximation

w x22]25 . The complexity of membrane simulations
may also justify the use of a vacuum although
nowadays, they are becoming very accurate in

w xreproducing many experimental data 26,27 as a
result of increasing computer power and force

w xfield improvement 28 . Therefore, the possibility
arises now of examining the effect of an explicit
lipid environment on the behavior of inserted
transmembrane peptides but on a limited time
scale.

Nevertheless, if some properties of membrane
proteins could be predicted in vacuum. studies of
the dynamics of single transmembrane domains
and their association in complexes could be per-
formed easily on a large time scale. It is thus of
great interest to compare the results of MD simu-
lations of helical structures performed in vacuum
and in an explicit lipid environment and this is
the aim of the present study.

Our laboratory has been involved in the under-
standing of transduction signal mechanisms for a
few years, and particularly of the role of the
single TM of tyrosine kinase receptors of the

w xErbB-2 family 29,30 . The deregulation of this
w xprotein is involved in many human cancers 31 ,

and it has been shown that a highly specific
mutation occurs in the single transmembrane do-
main at the Val659 site of the whole protein. The
mutation that replaces Val659 by Glu constitu-
tively activates the receptor by triggering its
dimerization. The ErbB-2 TM has been success-
fully tested to be a specific target for the trans-
membrane domain of the deregulated receptor
w x32 and is expected to be used as a therapeutic
agent.

Experimental studies have shown that the
ErbB-2 TM is highly helical in a bilayer environ-

w xment 33 . Moreover, we have demonstrated from
20-ns in vacuo simulations that the helical struc-

w xture is retained 34 but reproducible conforma-
tional transitions affect the helix. These transi-
tions are characterized by the local replacement

Ž . Žof the a helix hydrogen bonds HB COi NH
.iq4 by a HB pattern characteristic of p helix

Ž .COi NH iq5 HB according to a well defined
w xmechanism 35 . These transitions do not depend

upon simulation parameters but appear strongly
Ž .related to b-branched residues Val, Ile, Thr
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largely present in the sequence and also to Gly
residues. However, it is important to evaluate the
lipid environment effect on the structure and the
dynamics of the ErbB-2 TM helix and the funda-
mental question raised is that of the possibility of
such a structural deformation within an explicit
membrane bilayer.

To address this point, two distinct 500-ps simu-
lations have been performed on the whole trans-
membrane domain of the wild receptor embed-
ded in 52 dilauroylphosphatidylethanolamine
Ž .DLPE molecules fully hydrated by 1036 water
molecules. The trajectories have been analyzed in
terms of HB time series and time autocorrelation
functions to investigate the peptide structure and
the dynamics of the backbone and the side chains.
The peptide behavior within a bilayer model has
been compared to that observed in vacuum from
multiple 1-ns simulations previously performed
w x34 .

It is important to note that the present study
aims at describing the structure and the dynamics
of the embedded peptide and not the lipid dy-
namics. The properties that we have examined
prove that our DLPE bilayer model contains at
least some structural characteristics of pure lipid
membrane that should be sufficient to correctly
represent a realistic lipid environment around the
transmembrane peptide.

2. Methods

2.1. Peptide

The transmembrane domain extends from
residue Leu651 to residue Gln679 of the whole
ErbB-2 receptor and includes the hydrophobic
core and the presumed juxtamembrane residues
inserted at the membrane interfaces. The corre-
sponding sequence of the peptide numbered from
1 to 29 in our model is L T S IISAVV GI LLVV-1 9
V LGVV FGI L I KRRQ with V indicating the29 9
site sensitive to the activating E mutation. The9
b-branched residues are shown in italics. The
peptide is completed by additional acetyl and
N-methyl blocking groups at the N- and C-termini,
respectively to ensure null charges. The initial

w xstructure was built with the SYBYL package 36

in the canonical a helix configuration with the
standard fsy578 and wsy478 dihedral angle
values. The x side chain rotamers of the SYBYL1
library correspond to those of the backbone-inde-

w xpendent rotamer library 37 . In our previous ‘in
vacuum’ study, we reported that the initial side
chain conformation does not influence the pep-
tide dynamics and this will not be repeated here.

2.2. Membrane model

The lipid monomer is an L-a-dilauroyl-
Ž .phosphatidylethanolamine DLPE mole-

cule. This lipid was built as a template with the
hydrocarbon tails all in a trans configuration as

w xobserved in the crystal structure 38 . A copy of
the initial template was obtained by a 1808 rota-
tion followed by a translation to yield the elemen-
tary brick of the bilayer. The distance between

˚the two P atoms of the brick was initially 34 A
and the tails interdigitated by approximately four
carbon atoms. Twenty-six of these bricks were
assembled with all P atoms of each monolayer in
the same YZ plane to form a cylinder of two
concentric rings. The inner ring was composed of

˚10 lipids separated by 6.64 A and the outer ring
˚was composed of 16 lipids separated by 6.73 A

Ž .distance P]P . This gave rise to an area per lipid
˚2 ˚2estimated at approximately 50.6 A and 41 A for

each monolayer, the lower value being obtained
for the monolayer in which long side chains of the
C-terminal residues of the peptide are embedded.
These values are in the same range as experimen-
tally determined for pure L b and L a phases of

˚2 ˚2Ž . w xDLPE 41.0 A and 49.1 A , respectively 39 .
The cylindrical construction with a diameter ap-

˚proaching 48 A leaves a central hole large enough
to accommodate the peptide with its hydrophobic
portion, from Ala7 to Phe21, correctly inserted
between the two planes of the carbonyl groups of

˚the acyl chains separated by 26 A.
The lipidrpeptide system was immersed in a

cylinder of 3026 TIP3P water molecules previ-
ously equilibrated during 5 ps at 300 K. The
excess water molecules were removed in succes-
sive steps. First, water molecules located between
the two planes of the carbonyl groups of the acyl
chains were deleted leaving two hydration layers
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˚with a thickness of 13 A beyond the phosphate
planes which is sufficient to hydrate phosphatidyl-

˚choline bilayers, well above 5 A needed to hy-
w xdrate phosphatidylethanolamine bilayers 40 .

Second, water molecules within a distance of 2.3
Å from the lipid and peptide atoms and water

˚molecules farther than 24 A from the helix axis
Ž .X axis of the system were discarded to give the
final cylindrical shape of the system. The resulting
bilayer model is composed of 5560 atoms includ-
ing 1036 water molecules and includes approxi-
mately 20 waters per lipid. According to Woolf

w xand Roux 41 , the presence of 20 explicit water
molecules around the polar group is sufficient to
reproduce qualitatively the behavior found in bulk
water.

2.3. Constraints applied to the system

A cylindrical stochastic potential constituted by
a slightly attractive and a strongly repulsive part
was used to maintain water and lipids within a

˚radius of 24 A from the central axis of the system.
w xThis spline-based solvent boundary potential 42

was applied to the second aliphatic and terminal
carbon atoms of the acyl chains and to the water
oxygen atoms. A similar spherical boundary po-
tential centered very far away from the simulated
system to mimic planar boundaries was applied
on the two hydration layers to prevent water
escape.

2.4. Simulation parameters

The simulations were performed with the X-
Ž . w xPLOR program version 3.1 43 . Parameters

were taken from the CHARMM extended carbon
Ž . w xatom force field param 11 and param 19 44 .

The partial charges on DLPE atoms given in
Table 1 were obtained from semi-empirical calcu-
lation using MOPACrMNDO93. They are simi-

w xlar to those used by Damodaran 45 , except for N
atoms bearing a strongly negative charge, but the
complete NH group was positively charged with3
a net charge of approximately 0.6 in both cases.
The three basic residues at the C-terminal side of
the peptide were considered without net charges

to account for the absence of counter ions in our
model.

According to the united-atom representation,
only polar hydrogen atoms of the peptide and of
the lipids were kept. A dielectric constant of 1, a
shifted electrostatic function with a cutoff value

˚ ˚of 11 A and a smooth switching function over 1 A
for van der Waals interactions were used. The
1]4 electrostatic interactions were scaled by an
e1-4 factor of 0.4 compatible with the force field
parameters used. The atom pair list was automat-

˚ically recalculated considering a distance of 12 A
for non-bonded list generation and a tolerance of

˚ w x0.5 A 43 .

2.5. Initial configuration for MD start

The starting configuration was energy
minimized in successive runs for several hundred

w xsteps of conjugate gradient 46 to suppress steric
contacts between the peptide, lipids and water
atoms. The first minimization run was performed
subject to weak distance restraints at the first and
the last helix turn in order to avoid helix end
disorder at the membrane interfaces. We have
shown that such weak constraints at helix termini
do not affect the dynamics of the peptide under

w xvacuum conditions 34 . For the second minimiza-
tion run, a smooth restraining potential was added
between the two last methyl carbon atoms of the
acyl chains of each outer lipid keeping them at a

˚distance of approximately 7 A. These constraints
were maintained during the simulations to pre-
vent a too large lipid disorder near the cylindrical
wall. Constraints at helix extremities were also
maintained. After these two minimization stages,
steric contacts disappeared without affecting the
helical peptide structure.

2.6. MD protocol

2.6.1. In membrane en¨ironment
The resulting minimized structure was slowly

heated to 300 K in steps of 50 K, each during 4
ps. New atomic velocities taken from a Maxwell
distribution were assigned at each temperature
step. At 300 K the temperature of the system was
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further increased to 315 K in 5 ps with a new
velocity assignment every 1 ps. This temperature
of 315 K is well above the gel]liquid crystalline

w xphase transition temperature of 303.5 K 47 . The
system was equilibrated during 50 ps with a fric-
tion parameter equal to 100 psy1 on all atoms,
then during 75 ps with a value of 50 psy1 and
finally the last 25 ps with a value of 20 psy1. The

w xSHAKE algorithm 48 was applied and a time
step of 2 ps was used. The whole process of the

Ž .heating and equilibration periods over 150 ps
was repeated with different initial atomic veloci-
ties leading to two final equilibrated conforma-
tions taken as starting structures for two different
500-ps MD simulations. Coordinates were stored

every 0.4 ps to generate two trajectories referred
to as MD1 and MD2 in the following.

2.6.2. In ¨acuum
The MD protocol applied to generate in vac-

uum trajectories for the same wild sequence was
w xpreviously described 34 . The two trajectories

therein referred to as MDv6 and MDv 7 are used
for comparison with the results of ‘in lipids’ simu-
lations presented here.

2.7. Trajectory analysis

The helix structure was probed from HB time
series generated using the PROMHB module of



( )J.-P. Duneau et al. r Biophysical Chemistry 76 1999 35]5340

GROMOS. Criteria for HB existence are that the
Ž .distance between the donor D and the acceptor

Ž .A atoms is smaller than 0.35 nm and that the
DHA angle value ranges from 135 to 1808. In
order to underline large amplitude variations, a
smoothing technique was applied to plot HB and
energy time series.

To follow the dynamics of the peptide, time
autocorrelation functions of covalent bond vec-
tors of all the residues were computed. The
Ca]Cb vector was considered for the backbone
dynamics and the Cb]Cg , Cg]Cd , Cb]Og , ...
were considered for the side chains.

The calculated autocorrelation function corre-
sponds to

2 Ž .3cos u i t y1Ž .A t s¦ ;2

Ž .where u i t is the angle between the direction of
a vector at times T and Tq t, respectively. The
angle brackets represent an average over T along

Ž .the trajectory. A t is comprised between 1 and
w xy0.5. In the Lipari]Szabo 49,50 formalism of-

ten used to calculate these autocorrelation func-
tions, a plateau different from 0 is reached when
the motion is restricted to a limited area.

2.8. Bilayer analysis

The membrane behavior was characterized by
the electron density distribution normal to the
membrane and distribution of water molecules
around the lipid polar heads.

Ž .The electron density profile e x along the
Ž .bilayer normal X axis was calculated as

all atoms
Ž . Ž .e x s ne x rVÝ¦ ;

sinV

Ž .ne x is the number of electrons associated to
one atom within the volume V comprised between

˚two parallel planes located at x and xq0.5 A.
The number of electrons assigned to one atom is
the atomic number minus its partial charge. The
brackets represent an average over a given period
of the simulation.

The hydration of lipid head groups was probed
Ž .by evaluating the radial distribution function g r

of water oxygen atoms around phosphorous, ni-
Ž .trogen and carbonyl carbon atoms. g r was ex-

Ž . Ž . 2 Ž .pressed as g r sd N r r4p r d rr , where d N ro
is the number of water oxygen atoms comprised
between two concentric spheres of radius r and

Žrqd r centered on the reference atom r ranging
˚ ˚.from 0 to 10 A and d rs0.05 A and r is theo

number of water molecules of the total volume of
the simulated system.

3. Results

3.1. Full system

The minimized starting configuration used to
Žproduce the two 500-ps simulations MD1 and

.MD2 and the resulting structures obtained after
100 ps of equilibration at 315 K are displayed in
Fig. 1a]c, respectively. During equilibration, the
water molecules remain confined within the ap-
plied boundaries and the global cylindrical shape
is conserved. Consistent with the liquid crystalline
phase some transitions occur in the aliphatic
chains of the lipids.

The stability of the potential energy of the full
system has been checked in the two simulations.
In both cases a very small drift, essentially due to
variations in electrostatic interactions at the

Žmembrane interfaces, is observed 0.8% for MD1
.and 0.5% for MD2 . van der Waals energy re-

mains remarkably stable. Fig. 2 shows snapshots
of the system at the end of the two 500-ps pro-
duction periods. Water molecules penetrate the
bilayer to hydrate the lipid glycerol groups and no
diffusion of water within the hydrophobic core of
the fatty chains is observed. The chains become
slightly disordered during the simulations but the
lipid configurations remain consistent with that

w xusually observed 51 compatible with what is
expected for the liquid crystalline phase of a
DLPE bilayer at 315 K. The lipids of the inner
ring match the hydrophobic portion of the pep-
tide and ensure a stable environment during the
whole production period.
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Ž .Fig. 1. a Mininmized structure of the wild ErbB-2 transmembrane helix embedded in a fully hydrated L-a-dilauroylphosphatidy-
Ž . Ž .lethanolamine DLPE bilayer used as the starting configuration for MD1 and MD2 simulations. b Snapshot of the full system

Ž .after 100 ps of equilibration at 315 K showing the a helix structure of the peptide observed in MD1. c Snapshot of the full system
after 100 ps of equilibration at 315 K showing a p deformation at the mutation site in MD2. The ErbB-2 transmembrane helix is
shown as a thick tube.

3.2. Membrane beha¨ior

Our simple model for representing the lipid

environment raises the question of the lipid bi-
layer behavior. To evaluate possible distortions of
the membrane due to the cylindrical boundary
conditions, we have first calculated the electron

Ž . Ž .Fig. 2. Snapshots of the lipidrpeptiderwater system after 500 ps of production at 315 K. a The a helix is maintained in MD1. b
The p deformation at the mutation site is still present in MD2 and covers 5 p HB. As in Fig. 1, the ErbB-2 transmembrane helix is
shown as a thick tube.
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Ž .density profile e x along the bilayer normal aver-
aged over the last 200 ps of the production phase
of the simulation. The total electron density pro-
file and the separate contributions of lipids and
water are shown in Fig. 3. The highest peaks of
the overall density coincide with the maximum of
the density profile of the phosphate and amine
groups. The distance between the two peaks is

˚approximately 31 A and this is in correct agree-
ment with the values experimentally obtained for

˚Ž . w xthe liquid crystalline phase 33.0"0.6 A 39 .
The shoulder of the peaks corresponds to the
maximum of the lipid contribution which is also
the maximum of the ester groups electron density

Ž .profile not shown . The water electron density
˚has its maximum at "21.3 A and decays to zero

after the phosphate groups and the glycerol ester
region. The trough in the total electron density
corresponds to the terminal methyl region. This
low density region is consistent with the experi-
mental observation and shows that the two
monolayers do not move apart during the simula-
tion. This profile also confirms that the tran-
smembrane helix remains in close proximity with
the lipids.

The width of the bilayer and of its hydrocarbon
core can be estimated from the total density
profile, using the definitions given by McIntosh

˚ ˚w xand Simon 39 , to 39"1 A and 21"1 A, respec-
tively. Given the error bars on the estimations,

Fig. 3. Total electron density profile along the bilayer normal
and contribution of lipip and water molecules averaged over
the last 200 ps of MD1.

these values are very close to those measured
˚ ˚Ž . w xexperimentally 41"0.6 A and 23"0.6 A 39 .

This result, in addition to the analysis of the
electron density along the bilayer normal shows
that our simple DLPE model bears experimental
features characteristic of the lipid crystalline
phase of the DLPE bilayer and clearly demon-
strates that the stochastic boundary conditions do
not induce significant distortions.

The radial distribution functions of water oxy-
gens about the lipid atoms have been calculated
to probe the hydration of the polar head groups.
As an example, the radial distribution functions
of water about the phosphorous and nitrogen

Ž . Ž .atoms are given in Fig. 4. The P]O wat g r
˚function has a maximum at 3.725 A and the

Žprimary hydration shell around P atoms mea-
Ž .sured as the integral of g r up to its first mini-

˚.mum at 4.85 A is constituted of 8.3 water
Ž . Ž .molecules. The N]O wat g r function shows a

˚ ˚sharp peak at 2.8 A and a first minimum at 3.6 A.
The primary hydration shell around the N atoms
is constituted of 4.3 water molecules. The posi-

Ž .tions of the peaks in the P]O wat and N]O
Ž . Ž .wat g r functions are very similar to those
obtained from DLPE lipid bilayer simulations

w xwith periodic boundary conditions 45 . Approxi-
mately 12 water molecules are associated to one
lipid which is quite a good estimate compared to
10 waters per lipid estimated from experiments
w x39,40 , and to 15 waters per lipid estimated from
simulations under periodic boundary conditions
w x45 . The remaining eight water molecules per

w xlipid and the solvent stochastic potential 42 ap-
plied on each side of the bilayer model, constitute
the bulk solvent.

These results show that our model is quite
reasonable and reproduces features that are char-
acteristic of the liquid crystalline phase of the
DLPE bilayer. This gives confidence in the dy-
namic features of the ErbB-2 transmembrane he-
lix.

3.3. Peptide structure

3.3.1. Equilibration periods
The structure of the peptide is shown in Fig. 1b

as it appears at the end of the equilibration
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Fig. 4. Radial distribution functions of water oxygens about
the phosphorous and the nitrogen atoms of the MPE head
groups averaged over the last 200 ps of MD1.

period of MD1. The peptide retains its regular a
helical conformation characterized by a complete
hydrogen bond network between the carbonyl
groups of residues i and the amide groups of
residues iq4. On the contrary, the peptide

Žobserved at the end of equilibration of MD2 Fig.
.1c is helical but over the 26 i iq4 potential HB

that lock the complete a helical structure, only
24 exist. At the oncogenic mutation site, two i

Ž .i q 4 HB, namely CO8]NH12 8]12 and
Ž .CO9]NH13 9]13 are disrupted and replaced by

two others involving the CO groups of residues i
Žand the NH groups of residues iq5 7]12 and

.8]13 . This characterizes an incipient p helix. At
this stage of equilibration the 7]12 p HB exists
as a bifurcated HB with the 7]11 a HB. The
rupture of the 9]13 a HB liberates the carbonyl
group at the Val9 site. This p deformation is
viewed on the tube diagram as a wide helical turn
consistent with a local unwinding of the helix.

3.3.2. Production periods
Fig. 2a,b shows snapshots of the peptide em-

bedded in the bilayer model at the end of the
500-ps production periods for MD1 and MD2,
respectively. In MD1, the whole a helical struc-
ture is maintained whereas in MD2 we observe
an increase of the length of the p deformation up
to 5 p HB.

The time evolution of the backbone HB net-
work over the 500 ps of MD2 is shown in Fig. 5.

During the first 25 ps, the backbone HB network
is conserved with the free CO9 group and the
bifurcated 7]11 and 7]12 HB. After 100 ps, a

Ž .third p HB appears 6]11 concomitant with the
total rupture of the 7]11 a HB. The new N-
terminal boundary of the p bulge consists of the
bifurcated HB including 6]10 and 6]11. By the

Ž .same cooperative process, a fourth p HB 5]10
is transitorily formed between 100 and 300 ps and
then locked. The strong 5]10 HB formation is
correlated with the disruption of the 6]10 a HB.
Finally, between 300 and 500 ps, the destabiliza-
tion of the 5]9 a HB is observed simultaneously
with the formation of the 4]9 p HB leading to a
p bulge of 5 p HB in length at the end of the
simulation. The carbonyl CO9 group remains free
and does not participate in HB interactions with
the peptide or lipid atoms during the overall
simulation. The rest of the peptide displays the
typical a helical HB network. The successive p
HB formation induces several distinct states of
the helical structure as shown from the variations

Ž .of the root-mean-squared deviations RMSD of
the peptide coordinates calculated from the ini-

Ž .tial configuration with time Fig. 6 . RMSD values
are calculated vs. the first configuration of the
trajectory.

Fig. 7 shows, for comparison, the time series of
the a and p backbone HB extracted from the
simulation performed in a vacuum for the wild
type of the transmembrane domain previously

v w xnamed MD 7 34 . During this simulation, a 4 p
HB deformation appears within the a helix 100
ps after the end of equilibration. We determined
that the transition is initiated when the 7]12 p
HB is spontaneously formed. Then the deforma-
tion extends towards both the N- and C-extremi-
ties according to the mechanism previously de-

w xtailed 35 . Towards the N-terminus, two additio-
Ž .nal p HB 6]11 and 5]10 are formed, similarly

to those occurring in the membrane environment,
with a tendency to the reappearance of the a HB
for the 5-10HB. Only one additional p HB is

Ž .formed at the C-terminal side 8]13 leaving the
CO9 carbonyl group free without HB interactions
with the peptide, lipids or water. In both environ-
ments, the p bulge extends over the same portion
of the peptide ranging from residue 4 to residue
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Ž .Fig. 5. Backbone HB time series of the ErbB-2 transmembrane helix in a membrane environment MD2 showing the propagation
Ž .of p HB formation. In ordinate, the value 1 indicates the presence of a a HB noted by the residue numbers iiq4 , the value y1

Ž .indicates the presence of a p HB noted by the residue numbers i iq5 , the value 0 means that no HB is formed. The smoothing
Ž .technique used window of 11 elements for the plots explains intermediate values.

13. In a vacuum, the propagation of the deforma-
tion towards the N-terminus occurs within a few
picoseconds whereas it takes at least 300 ps in a
membrane environment. The C-terminal propa-
gation observed in the vacuum is not detected in
the lipid environment.

3.4. Correlation functions

The ‘in lipids’ MD1 simulation and the first 500

ps of the in vacuum MDv6 simulation were used
Žto characterize the a helix backbone. MD2 in

. v Ž .membrane and MD 7 in vacuum served to
characterize the motions of the helix backbone
when it experiences p deformation.

3.4.1. Backbone motions
The dynamics of the backbone part of the TM

helix was analysed by evaluating the autocorrela-
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Ž .Fig. 6. Coordinate root mean square deviations rmsd, in nm
Ž .between the structure obtained at time t abscissa and the

initial structure during the 500-ps molecular dynamics trajec-
tory MD2. The steps in rmsd values are correlated to the
formation of p H-bonds shown in Fig. 5.

tion functions of the Ca]Cb vectors for all
Ž .residues. The curves not shown exhibited little

variation with the residue number and were thus
averaged over all residues to improve accuracy.

Ž v .In the case of the a helix MD1 and MD 6 ,
the autocorrelation functions exhibit a very weak
decrease and converge in a few picoseconds to-
wards the value of 0.95 in a membrane environ-
ment and 0.90 in a vacuum. This weak decrease
indicates that the backbone motions are strongly
limited in both environments, in agreement with
the almost identical value of the root-mean-square
Ž .rms of the f and c dihedral angle fluctuations

Žcalculated for the two simulations 108 in vacuum
.and 98 in membrane . The same weak decrease of

the autocorrelation functions is observed when
Žthe helix undergoes p deformation MD2 and

v .MD 7 .

3.4.2. Side chain motions
Rms fluctuations of x dihedral angles for all1

residues are shown in Fig. 8. In a vacuum, the rms
values are generally high, particularly for residues
undergoing numerous x transitions. In contrast,1
in the membrane, x transitions are much less1
frequent giving rise to low rms values. To further
compare the side chain motions in the two envi-
ronments in relation to the helix structure, the
autocorrelation functions of the Cb]Cg1 vector
of Val and Ile residues and of the Cb]Og vector

Ž .of Thr2 13 b-branched residues , were calcu-

lated. Autocorrelation functions for some of these
residues, representative of all side chain motions,
are shown in Fig. 9.

The side chain motions are examined when the
helix remains in the a structure, in vacuum
Ž v .MD 6 and in an explicit lipid environment
Ž . Ž .MD1 Fig. 9a . In most cases, the autocorrela-
tion functions exhibit a rapid initial decrease fol-

Ž .lowed by a plateau at approximately 0.8 vacuum
Ž .and 0.9 DLPE . The corresponding amplitude of

the angular displacement of the vectors is esti-
mated at 21 and 158, respectively, according to
the Lipari]Szabo formalism. This indicates a very
restricted motion generally observed for the Val
side chains as exemplified for Val9. The same
kind of motion is observed for residues like Ile23,
at the C-terminal extremity of the peptide. The
Val19 side chain shows a larger angular ampli-
tude, estimated at approximately 408 in vacuum,
reflecting the frequent x transitions. A major1
damping of the motion of this side chain is
observed in the membrane, also visible in the case
of the Thr2 side chain. This side chain protrudes
into the hydration layer and is largely hydrated all
along the simulation. Only a few interactions with
the polar head groups are detected. The corre-
sponding autocorrelation function shows that, in

Ž .a vacuum, a plateau order parameter of approx-
imately 0.6 is rapidly reached, and is significantly
smaller than 0.85, measured when the peptide is
embedded in the bilayer.

To evaluate the effect of the backbone struc-
ture on the side chain motions, the autocorrela-
tion functions were compared between simula-
tions MD1 and MD2, in the bilayer environment,
on the one hand, and between simulations MDv6
and MDv 7, in a vacuum, on the other hand,

For nine residues out of the 13 b-branched
residues considered, simulations MD1 and MD2

Žlead to very similar autocorrelation functions Fig.
.9b , such as that shown for Ile5. Globally, the side

chain mobility is not strongly affected by the helix
deformation. The angular displacement of the
Cb]Cg bonds remains relatively constrained as
attested by the value of the plateau at 0.8]0.9.
However, for residues Val8, Val14 and Val16,
some differences in mobility are detected as shown
for Val16, and also, for Ile4 with slightly larger
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Fig. 7. Backbone HB time series of the ErbB-2 transmembrane helix showing the p deformation occurrence in the vacuum
v Ž .simulation MD 7 same as in Fig. 5 .

angular motions in the altered helix, as confirmed
by higher rms values. However, the number of

Žtransitions remains low only 16 transitions are
detected in MD2 for the whole set of the b-

.branched residues , and the observed differences
could also be the result of a miss averaging over
the 500-ps time scale. A potential coupling
between the motions of the side chains and the

motions of the backbone cannot be clearly evi-
denced from the simulations.

The same autocorrelation functions calculated
Ž v v .from in vacuum simulations MD 6 and MD 7

Ž .Fig. 9c , reveal two different behaviors. Five
Ž .residues including residues 2, 11, 20, 23, 25 out

of the 13 residues considered show a very similar
side chain mobility when the helix keeps its a
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Fig. 8. rms fluctuations of x side chain dihedral angles during molecular dynamics simulations. Top: in membrane, a helix1
Ž . Ž . Ž v .structure MD1, 500 ps , p altered helix MD2, 500 ps . Bottom: in vacuum, a helix structure MD 6, first 500 ps , p altered helix

Ž v .MD 7, 1 ns .

structure and when it is p deformed. This is
illustrated for Ile11. For the eight other residues,
a slightly larger decrease of the autocorrelation
functions is observed when the a helix is altered.
This behavior is illustrated for Val8.

In summary, p helix alteration noticeably in-
creases the dynamics of the side chains in vac-
uum, leading to larger x fluctuations for residues1
located within the p deformation area. When the
peptide is embedded in a DLPE membrane, the
motions of the side chains are strongly reduced,
masking a potential effect of the helix backbone
deformation.

3.5. Energetic study

The internal energy of the peptide in the a
Ž .helical structure MD1 is approximately 12 kcal

moly1 on average, below the internal energy of
Ž . Ž .the altered helix MD2 Fig. 10 . The difference

in stability comes both from van der Waals and
electrostatic interactions. The p deformation
leads to less favorable electrostatic interactions
Ž y1 .approximately 15 kcal mol probably due to
weaker p HB interactions and to the absence of
the a 9]13 HB, but also to more favorable van
der Waals energies reaching almost 20 kcal moly1
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Ž . Ž .Fig. 9. Autocorrelation functions of the Cb]Cg or Cb]Og vectors illustrating different type of side chains motions. a Thr2,
Ž v Ž . . Ž Ž . . Ž .Va19, Val19, Ile23: a helix structure, in vacuum MD 6 }}} , first 500 ps and in membrane environment MD1 ... , 500 ps . b

Ž Ž . . Ž Ž . . Ž .Ile5, Val16 in a membrane environment, a helix structure MD1 }}} , 500 ps , p altered helix MD2 ... , 500 ps . c Ile11, Val8:
Ž v Ž . . Ž v Ž . ..in vacuum, a helix structure MD 6 }}} , first 500 ps , p altered helix MD 7 .... , 1 ns .

during the last 200 ps of MD2. These same obser-
vations have been reported from our analysis of
simulations performed in vacuum using the
GROMOS or CHARMM force field.

3.5.1. Lipid and water effect on the a helix
It is interesting to analyze the effect of the

different components of the bilayer on the em-
bedded peptide. The water]peptide interactions,

between y300 and y350 kcal moly1, are rela-
tively strong compared to the lipid]peptide inter-
actions, approximately y200 kcal moly1. The
analysis of the interaction forces applied on the
peptide indicates that the forces induced by water
molecules are twice as strong as those induced by
the lipids but their distribution along the peptide
varies according to the nature of the residues
Ž .Table 2 . The transmembrane peptide can be
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Ž .Fig. 10. Smoothed time series window of 11 elements of the
intramolecular energy of the peptide embedded in a hydrated

Ž . Ž . Ž .DLPE bilayer: MD1 }}} and MD2 ... simulations. a
Ž . Ž .potential energy; b electrostatic energy; c van der Waals

energy.

Ž .divided in three parts: i the N-terminal part
Ž .residues 1]6 describes a first hydrophilic jux-

Ž .tamembrane portion; ii the intramembrane part
Ž . Ž .residues 7]24 is the hydrophobic core; and iii

Ž .the C-terminal part residues 25]29 corresponds
to the other hydrophilic juxtamembrane portion.

Table 2 shows that the forces exerted by water,
essentially due to long range electrostatic interac-
tions with polar backbone atoms, are four to five
times stronger at the helix termini than at the
hydrophobic core. On the contrary, the lipid con-
tribution is almost equally distributed along the
three peptide parts although the forces applied at
the C-terminal extremity are slightly stronger due
to the presence of polar residues. The forces
exerted by the lipids on the peptide hydrophobic
core are of the same order of magnitude as those
exerted by the water molecules but are predomi-
nantly of van der Waals nature. At this level of
the transmembrane helix, the major contribution

Ž .of the forces 70% originates from intrapeptide
interactions.

4. Discussion

The aim of this study was to probe the effect of
an explicit lipid environment on the structure and
the dynamics of the ErbB-2 transmembrane do-
main.

From a series of 1-ns molecular dynamic simu-
lations performed in vacuum on the wild se-

Žquence and on different mutants Val659 re-
.placed by Gly, Asp, Glu or Gln , we previously

demonstrated that the a helix experiences local
w xp deformations 34 . This structural phenomenon

was systematically reproduced under different
conditions of simulations. Nevertheless, the vac-
uum approximation used to simulate the motions
of the transmembrane peptide remained ques-
tionable.

In the present study, we address this point by
analyzing the results of two 500-ps simulations of
the wild transmembrane peptide in a membrane
model composed of a fully hydrated DLPE bi-

Table 2
Forces applied on the ErbB-2 transmembrane peptide

Forces Peptiderwater Peptiderlipids Intra-peptide

Ž .N term Leu1]Ala6 12.9 3.5 10.2
Ž .Core Va17]Leu24 2.5 2.0 10.2
Ž .C-term Ile25]Gln29 10.0 4.2 10.2

Note. The contributions of water and lipid molecules are normalized over the number of atoms contained in each of the three
˚Ž .distinct parts of the peptide. The intramolecular forces exerted on the peptide are calculated for all the atoms in kcalrmolrA .
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layer. One simulation shows that the peptide re-
mains in the regular a helix structure and the
second one shows that the a helix undergoes a p
deformation initiated at the same site as observed
in vacuum. These results are not contradictory. In
the vacuum, we found that the appearance of the
first p HB arises after at least 500 ps on average.
It is reasonable to think that this time should be
much longer within an explicit membrane envi-
ronment and that p alterations would have been
observed in the first simulation, too, for longer
simulation times.

The formation of additional p HB towards the
N-terminus occurs according to the same mecha-
nism described from our previous in vacuum

w xsimulations 35 and corresponds to the successive
replacement of a HB by p HB resulting in a
deformation of 5 p HB in length at the end of
the simulation. Even for this short p deforma-
tion, the structural consequences are very impor-
tant. A register shift is induced by the p bulge
formation which results in a helix unwinding ap-
proximately 1008 and changes in the helix faces.
b-Branched residues, often in successive arrange-
ment in the sequence, were previously shown to
be a crucial determinant for the aªp transi-
tion. The steric contacts that they generate within
the a helix are relaxed through the effect of the
local helix unwinding and lead to van der Waals
stabilization. This gain in stability is also observed
when the peptide is immersed in a hydrated bi-
layer and reaches 20 kcal moly1 for four or five
successive p HB. Similar changes in electrostatic
interactions associated to the p deformation are
also observed in both environments.

The internal dynamics of the peptide involves
global peptide motions such as the overall helix
deformation and local motions such as the side
chain dynamics. We have shown that the essential
difference between vacuum and explicit mem-
brane environment is the time scale of the propa-
gation of the p deformation. In our membrane
model, 100 ps are necessary on average to form a
new p HB whereas 10 ps are sufficient on average
in a vacuum. Furthermore, the p HB propagation
towards the C-terminus has not been observed in
the present simulation but it is often seen as a
slow rate process in a vacuum. This is probably

due to a too short 500-ps time scale relative to
the slowing down of the propagation. In addition,
we already demonstrated that, in vacuum, the
C-terminal propagation often fails to overcome
Gly residues because of their flexibility. Gener-
ally, Gly is located at the junction of the a HB
and p HB networks. In membrane simulation,
this feature is also reproduced.

The present work also shows that the structural
behavior of the backbone is not affected by the
membrane environment, but that the dynamics
are slowed down, very probably through the effect
of the coupling between the backbone and the
side chain motions, generally found more con-
strained. Interactions between the backbone
atoms of the hydrophobic core and water are
weak and come essentially from electrostatic in-
teractions that act on polar atoms. On the side
chains, the electrostatic contribution is null and
their restricted motions, observed in explicit
membrane, are only a consequence of van der
Waals interactions. At the two N and C helix
ends, where hydrophilic residues are present, the
membrane interface contributes to a further de-
crease of atomic fluctuations owing to more com-
plex interactions involving both van der Waals
and electrostatic contributions with the polar head
groups and water molecules.

As a global result, the tendency for the peptide
backbone at the hydrophobic core is to behave
similarly in vacuum and in membrane environ-
ments, but the different behaviors observed for
the side chains make the vacuum approximation
inappropriate to describe their dynamics.

The fact that the transition is initiated at the
same site within the helix core and is propagated
according to the same mechanism in both envi-
ronments demonstrates that the lipid proximity
does not modify the conformational space acces-
sible to the helix. Therefore, the vacuum environ-
ment emphasized as extremely hydrophobic
w x52,53 can reasonably be used to explore the
conformational space of the hydrophobic part of
transmembrane domains on a large time scale.
Moreover, the aªp transition extends from
Ile4 to Val13 including some residues lying in a
more hydrophilic environment. At this level,
where water and polar head groups may interact
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with the peptide, the p deformation seen in vac-
uum is also reproduced within the explicit mem-
brane. This result is rather unexpected owing to
the different properties of the two environments.
Therefore it could be hypothesized that the in-
trinsic structural properties of the transmem-
brane peptide, as they are characterized in vac-
uum, dominate the environmental effects even

w xwhen it becomes more hydrophilic 52 .
To date, few simulations on peptides inserted

w xin an explicit bilayer have been reported 54]59 .
Shen and collaborators have analyzed the stability
of a single homogeneous alanine helix immersed
in a hydrated dimyristoylphosphatidylcholine
Ž .DMPC bilayer and in vacuum. Very interest-
ingly, they show the existence of the p helix for a
length of time almost equivalent to that spent in
the a form in vacuum and a smaller p helix
percentage in membrane. Recently, dynamic
simulations of individual helices of bacteriorho-
dopsin in a hydrated DMPC bilayer have shown
the appearance of short p structures within some

w xhelices 58 . In a similar lipid environment, they
are also detected in the transbilayer- synthetic
peptide including a leucine-rich hydrophobic part
w x59 .

Subtle p deformations in the ErbB-2 tran-
smembrane segment have not been evidenced
from the structural studies published to date
w x w x33,60 . However, as widely discussed 34 , p helix
deformations are not rare and are observed in the
high resolution crystal structure of soluble pro-
teins and membrane proteins. Therefore the pres-
ence of such alteration in ErbB-2 TM is interest-
ing in discussions relating to biological activity.

The activation process of many cell surface
w xreceptors is triggered by dimerization 61 and, in

the case of the ErbB-2 receptor, it is demon-
strated that the oncogenic Glu mutation is in-

w xvolved in dimer formation 33 . A better under-
standing of receptor dimerization and particularly
of the interactions governing the transmembrane
helix dimers lead us to propose atomic models on
the basis of theoretical modeling and MD simula-

w xtions 62 . We have shown that the wild and the
Glu mutated dimer structures use the same helix
faces for the best contacts with an increased
stabilization by direct hydrogen bonding between

the Glu side chains. An interesting fact is that the
formation of the dimer is accompanied by a p
deformation for one of the two helices and very
often observed at the site essential for cellular
transformation. The change in the properties of
helix faces is the most dramatic consequence of a
helix alteration and could play an important role
in the whole receptor function. Transmembrane
helix plasticity in a membrane medium is very
often suggested from theoretical studies and this
property might be used to favor best contacts for
optimizing helix]helix interactions.

The p bulge model could help to interpret the
results of mutational experiments that cannot be
explained in the context of a canonical a helix
w x Ž63,64 . In the case of the rat neu protein ho-

.mologous to ErbB-2 , it is shown that Glu664
flanked by Val663 and Gly665 are absolutely re-
quired to maintain the transforming potency of
the transmembrane domain. Since these three
successive residues cannot participate together in
helix packing, one possible interpretation would
be to associate a structural alteration with the
mutations. This interpretation would also explain
why a non-transforming effect is obtained when
the same VEG triplet is shifted at one or two
turns after the mutation site on the same face of
a canonical a helix. This suggests that either the
mutations suppress possible additional interac-
tions necessary for the transforming effect or that
the triplet is not correctly located on the helix
faces to form a dimer.

5. Conclusion

One of the most important causes of misinter-
preting the results of MD simulations of bio-
molecules is the lack of a correct averaging over
the configuration space. A good estimate of tran-
sitory phenomena with 95% confidence would

Žrequire the reversibility of the transition system
.at equilibrium and a simulation time scale 20

times larger than the mean time associated with
w xits observation 65 . Therefore, the unambiguous

description of structural transition arising well
over 1 ns would be out of range to date in an
explicitly lipid environment.

In the present work, we have demonstrated
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that in a DLPE bilayer model, water molecules
and lipids have only a small influence on the
configurational space available to a transmem-
brane peptide in the core of a membrane on a
1-ns time scale. This is mainly because most of
the stability of the peptide comes from internal
hydrogen bonds. Compared to in vacuum simula-
tions, the time explored in the membrane model
is too short to observe important rotamer transi-
tions of the side chains mostly hindered by the
presence of the lipid chains. Therefore, vacuum
simulations appear like a cheap tool accurate
enough to have access to important information
on the internal deformation of a hydrophobic
peptide. However, they must be completed by
simulations in an explicit solvent and lipid envi-
ronment when one is interested in the details of
the peptide dynamics or in interactions with other
peptides. Such interactions are particularly im-
portant for peptides susceptible to form dimers
like the ErbB-2 transmembrane domain.

From our series of simulations and the analysis
of transmembrane domains of a few crystallized
membrane proteins, it emerges that peptides
spanning the bilayer are not structured strictly in
the a canonical helix structure. When the biolog-
ical processes involve helix]helix associations or
conformational changes as often suggested in sig-
nal transduction, helix alterations could play a
major role.
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