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Abstract Dimerization of the neu/ErbB-2 receptor ty-
rosine kinase is a necessary but not a su�cient step for
signaling. Despite the e�orts expended to identify the
molecular interactions responsible for receptor-receptor
contacts and particularly those involving the trans-
membrane domain, structural details are still unknown.
In this work, molecular dynamics simulations of the
helical transmembrane domain (TM) of neu and ErbB-2
receptors are used to predict their dimer structure both
in the wild and oncogenic forms. A global conforma-
tional search method, applied to de®ne the best orien-
tations of parallel helices, showed an energetically
favorable con®guration with the speci®c mutation site
within the interface, common for both the nontrans-
forming and the transforming neu/ErbB-2 TM dimers.
Starting from this con®guration, a total of 10 simula-
tions, about 1.4 ns each, performed in vacuum, without
any constraints, show that the two helices preferentially
wrap in left-handed interactions with a packing angle at
about 20°. The resulting structures are nonsymmetric
and the hydrogen bond network analysis shows that
helices experience p local distortions that facilitate inter-
helix hydrogen bond interactions and may result in a
change in the helix packing, leading to a symmetric in-
terface. For the mutated sequences, we show that the
Glu side chain interacts directly with its cognate or with
carbonyl groups of the facing backbone. We show that
the connectivity between interfacial residues conforms to
the knobs-into-holes packing mode of transmembrane
helices. The dimeric interface described in our models is
discussed with respect to mutagenesis studies.
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Introduction

Ligand-induced dimerization of receptor protein tyro-
sine kinase is a fundamental step to stimulate the
intracellular tyrosine kinase activity (Ullrich and
Schlessinger 1990). Receptor-receptor interactions in
which the transmembrane domain or the cytoplasmic
domain or both are involved were ®rst supported by
studies on the epidermal growth factor receptor (EGFR)
(Yarden and Schlessinger 1987). Similar inter-receptor
contacts within the membrane-spanning domain of the
rat neu and the human ErbB-2 receptors, two members
of the EGFR family, have been identi®ed (Coussens
et al. 1985; Bargmann et al. 1986; Yamamoto et al.
1986). The particularity of the transmembrane domain
(TM) of these receptors resides in the single point mu-
tation Val ® Glu that leads to a considerable increase
of receptor dimerization and tyrosine kinase activity
(Bargmann and Weinberg 1988; Stern et al. 1988;
Weiner et al. 1989a, b). This mutation at position 664 in
neu has not been identi®ed in human cancers (Lemoine
et al. 1990), but produces the same transforming e�ect
when it is introduced experimentally at the homologous
position 659 in ErbB-2 (Segatto et al. 1988). The hy-
pothesis of a key role played by the single transmem-
brane domain in the receptor dimerization process is
supported by the identi®cation of other intramembrane
mutations responsible for transformation as for EGFR
(Miloso et al. 1995), the insulin receptor (Longo et al.
1992), and the ®broblast growth factor receptor 3 that
leads to human dwar®sm (Rousseau et al. 1994; Shiang
et al. 1994; Webster and Donoghue 1996). Because of
the potential therapeutic use of transmembrane peptides
to interfere with signaling (Lofts et al. 1993; Hynes and
Stern 1994), many studies have been undertaken to
elucidate the mechanisms of dimerization by this muta-
tion. Activating mutation was ®rst suggested as acting to
stabilize the transmembrane helix structure, favoring
inter-receptor packing (Brandt-Rauf et al. 1990), but
alternatively it was thought that the Glu mutation might
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act directly in contacting its cognate or other amino
acids (Sternberg and Gullick 1989). The ®rst hypothesis
of intramolecular e�ects can be paralleled by the dif-
ference in structure and ¯exibility between the wild and
the oncogenic ErbB-2 TM detected from molecular dy-
namics (MD) simulations (Garnier et al. 1994). How-
ever, further MD studies on other mutated sequences
have proved a minor role for the mutating residue in
helix ¯exibility (Duneau et al. 1997). The second hy-
pothesis based on intermolecular contacts, that seems to
prevail but without totally excluding intramolecular
conformational changes in helices, is supported by ex-
periments which evidence Glu-Glu side chain interac-
tions between neu TM helices embedded in lipid bilayers
(Smith et al. 1996). Similar interactions have been
identi®ed from MD simulations on ErbB-2 TM helix
association (Garnier et al. 1997).

Occurrence of intramembrane Glu residues in neu/
ErbB-2 or in other activated receptors suggested that
polar residues capable of hydrogen bonding in appro-
priate positions are su�cient to induce dimerization and
activation (Longo et al. 1992; Jenkins et al. 1995;
Miloso et al. 1995). Studies have shown that activation
of the neu mutant can be achieved by simple heptad
sequences of Val residues including a central Glu residue
(Chen et al. 1997) an that it is su�cient to replace Val by
Ala in the last position of the heptad motif to modulate
the activation. This point was also addressed by evalu-
ating the power of dimerization and transformation of a
panel of neu mutants (Cao et al. 1992; Burke et al.
1997). These authors evidence the importance of the
VEG tripeptide domain for transforming activity, but
curiously this motif does not signi®cantly enhance di-
merization when it is introduced at alternative positions
in the sequence. Additional sequence context, packing,
or/and positional constraints are supposed to allow the
triplet to function properly in enhancing dimerization.

The whole set of studies on neu/ErbB-2 let emerge
important sites for TM dimerization (Sternberg and
Gullick 1990; Burke et al. 1997) and the recent muta-
genesis study by Burke and Stern (1998), which identi®es
a dimer interface, is a useful approach to give insight
into speci®city. Nevertheless, the ability of a Glu residue
to activate a particular TM domain and the dependence
of its position upon sequence-speci®c details is not yet
understood.

To progress in neu/ErbB-2 signal transduction it
seems necessary to investigate molecular interactions
that drive their TM association. These are still lacking
owing to the experimental di�culties of studying
membrane proteins.

An alternative method to better understand the mo-
lecular details of activating mutations in neu/ErbB-2 is
to use predictive methods based on molecular modeling
and MD simulations. We have successfully used these
techniques to propose one dimer structure for ErbB-2
TM (Garnier et al. 1997), close to a model suggested
from experimental data (Smith et al. 1996). To further
out knowledge of TM interactions we extend our pre-

diction on ErbB-2 and neu, which exhibits large se-
quence homology. The aim of this study is to improve
the previously determined model that predicted left-
handed interactions between the two helices. In this
work, we examine one structure produced from a global
searching method, with the two uncoiled helices exhib-
iting the mutation site at the helix-helix interface and
found energetically favorable for both the transforming
and the nontransforming types for neu and ErbB-2. A
series of simulations, about 1.4 ns each, show that the
two helices cross in left-handed interactions at about 20°
practically for all the cases. A detailed analysis of the
interacting helices is presented for the di�erent models
obtained in relation to the internal structure of the
helices and hydrogen bonded interactions. The dimeric
interface de®ned from our simulations is asymmetric
and shows common features with the dimeric interface
proposed on the basis of mutagenesis studies.

Methods

Programs and calculation parameters

The structure of the TM is the canonical a helix built
with the SYBYL package (Tripos Associates). The
initial side chain rotamers are those provided by the
attached library giving the preferential rotamers of res-
idues in the secondary helix structure (Dunbrack and
Karplus 1993). All calculations employ the GROMOS
force ®eld (van Gunsteren 1987) using the ``in vacuum''
parameters and considering a united atom representa-
tion for the aliphatic hydrogen atoms and explicit polar
hydrogen atoms. A value of 1 for the dielectric constant
is used to implicitly model the low dielectric environ-
ment within a membrane bilayer. In all calculations in-
volving energy minimization and MD simulations, no
distance constraints are applied on the a hydrogen bond
network of the backbone nor anywhere else. The non-
bonded interactions, including van der Waals and elec-
trostatic one, are evaluated without distance truncation.

neu/ErbB-2 dimer models

The peptides have the sequence of the whole TM that
extends from Leu651 to Ile675 for ErbB-2 and from
Val656 to Ile680 for neu (Fig. 1). Their extremities are
capped by the acetyl andmethylamine blocking groups at
the amino and carbonyl termini, respectively. The Pro
residue at the N-terminus of the transmembrane se-
quence and the highly polar residues Arg, Lys, andGln at
the C-terminus, which act as a stop signal at the mem-
brane interfaces, are not included in our model. The 25
residues, numbered from 1 to 25, constitute the hydro-
phobic part of the TM and the mutation site is at position
9. The Glu664/659 mutated transmembrane sequences of
neu/ErbB-2 are obtained by replacing Val9 by Glu9. In
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all calculations, the Glu side chain is considered in the
protonated state, in accord with experimental studies on
the complete neu TM (Smith et al. 1996). This same as-
sumption was also made in our previous studies (Garnier
et al. 1994; Duneau et al. 1996, 1997).

Global search for dimer con®gurations

The search for stable low-energy conformations of the
dimer structures was carried out in two steps and the
strategy used in a previous study (Garnier et al. 1997) is
here resumed.

The initial dimer con®guration consists of two par-
allel identical a helices, named H1 and H2, separated by
a distance Dh between the helical axes. H2 is obtained by
translating a copy of H1 along the X axis de®ned by the
vector joining the ®rst Ca atom and its projection onto
the H1 helical axis (taken as the Z axis).

The ®rst step of the global search is to determine the
best value for helix-helix separation giving rise to at-
tractive intermolecular energy. For that, each helix, as-
sumed as a rigid body, is rotated by 360° by steps of 18°
about its helical axis. The set of 400 con®gurations ob-
tained was examined by calculating the intermolecular
energy evaluated as the summation of the nonbonded
van der Waals and electrostatic terms. This is repeated
for di�erent values of Dh. For the wild and the mutated
neu sequences, the best distance of separation is found at
1.11 nm; for the wild and the mutated ErbB-2 sequences
it is found at 1.07 nm.

The second step is to determine the con®gurations of
lowest energy for the determined distance Dh. The 400
con®gurations, characterized by the rotation angles h1
and h2 about the helical axes of H1 and H2 respectively,
are then energy minimized. The zero value for h1 and h2
corresponds to the Ca atom of the ®rst residue lying on
the X axis. All the terms of the GROMOS force ®eld are
used in this stage, and the total potential energy of the
dimer is calculated as the sum of the potential energy of
each helix (intramolecular energy) and the potential
energy between the two helices (intermolecular energy).
Since no distance constraints are used, the two helices
are totally free to optimize their interactions, particu-
larly through v dihedral angle rotations of the side
chains, helix-helix separation, and backbone distortions.

This protocol, previously used to identify the most
probable low-energy con®gurations of the ErbB-2 TM
dimers, is repeated for the wild and the mutated neu
TM.

neu/ErbB-2 model re®nement

MD techniques were used to optimize helix-helix inter-
actions with the aim of guiding the two straight parallel
helices towards the best helix packing. No constraints
were applied to the system, permitting helix structure
modulation, helix bending, variation in helix separation,
and helix shift. The MD protocol begins by a heating
period during which the system was gradually ther-
malized from 0 to 300 K by increments of 50 K for 2 ps.
New atomic random velocities were reassigned from a
Maxwell distribution at each temperature step. Constant
temperature was maintained by a strong coupling to a
heat bath (relaxation time 0.01 ps) all along the heating
period. Equilibration was continued for several hun-
dreds of ps with a low coupling (relaxation time 0.1 ps)
and followed by a production period for about 1 ns. The
SHAKE algorithm (Berendsen et al. 1984) was not ap-
plied and a short time step of 0.0005 ps was used for the
integration of motion equations. Atomic and energy
trajectories were stored every 0.05 ps.

To ensure a good convergence, each simulation was
reproduced several times starting from di�erent initial
atomic velocities. For ErbB-2 TM, three simulations
were carried on the wild type referred to as E1, E2, E3,
and two simulations were carried on the oncogenic type
referred to as E1* and E2*. For neu TM, two simula-
tions were carried on the wild type referred to as N1, N2
and three on the mutated type referred to as N1*, N2*,
N3*. The timescale of each simulation ranges from 1320
to 1380 ps. The last hundreds of ps of the simulations
were considered as representative of the behavior of neu/
ErbB-2 TM helices in homodimeric association.

Simulation analysis

Energy

Time series of the van der Waals and electrostatic en-
ergies were plotted to check the stability of the simula-
tions and to detect conformational transitions. The
mean structures are obtained by averaging the last
hundreds of ps (120±270 ps), depending upon the sta-
bility of the simulations. For structure N2*, the analysis
period is equal to 480 ps.

Hydrogen bonds

Dimer structures are characterized by the backbone hy-
drogen bond (HB) network of the two helices, which
probes the helicity of each monomer and intra- and inter-
helix HBs. Their residence time was calculated for the 10

Fig. 1 Sequence of the neu/ErbB-2 transmembrane domains used in
molecular dynamics simulations. The residues conserved between the
two sequences are shaded

650



simulations. It is expressed as the percentage value of HB
existence during a de®ned period considering the follow-
ing criteria. One HB exists when both the distance be-
tween the donor (D) and the acceptor (A) is less than
0.35 nm and the DHA angle is between 130° and 180°.
The time series drawn to follow the dynamics of HB for-
mation or HB rupture are smoothed over a 25 ps period.

Packing angle and helix separation

The crossing angle (W) measures the angle between the
two helix axes. The helical axis is de®ned by the principal
axis that corresponds to the lowest eigenvalue of the
inertia tensor (longer axis) considering the coordinates
of the helix backbone atoms (N, H, Ca, C, O) with all
the atomic masses equal to unity. According to the
de®nition used by Chothia et al. (1981), a negative angle
of W characterizes a right-handed helix packing and a
positive angle characterizes a left-handed helix packing.

Helix-helix separation is the distance computed be-
tween the geometric centers of a corresponding set of
seven consecutive Ca atoms for both helices (Nilges and
BruÈ nger 1991; Garnier et al. 1997).

Inter-helix nearest-neighbor residues

The nearest-neighbor analysis is performed by using a
home made program. The algorithm regards every res-
idue of one helix having an atom in contact with an
atom of a residue of the facing helix. Two atoms are
considered in contact when their distance is within
0.06 nm of the sum of their van der Waals radii (ali-
phatic C 1.87 AÊ ; C (CO, COOH) 1.76 AÊ ; N 1.65 AÊ ; O
1.40 AÊ ; H 1.20 AÊ ). This de®nition of contacting atoms
used by Bowie (1997a, b) is equivalent to the rule that
imposes a cuto� atomic distance of 0.45 nm (Langosch
and Heringa 1998). Two residues are considered as
contacting neighbors when at least three atoms of a
residue are in contact with three atoms of a facing res-
idue. This rule allows us to identify most of the neigh-
boring residues. Additional contacts are identi®ed from
a graphical view of all the dimer structures. This leads to
de®ne distance criteria for ``soft contacts'' as follows: a
``soft contact'' exists when three atoms of one residue are
within a distance of 0.65 nm with three atoms of a facing
residue, one atomic pair, at least, having a distance
greater than 0.45 nm. Such a strategy allows us to de®ne
almost all the neighboring residues that compose the
helix-helix interface.

Results

Starting con®guration

The potential energy surfaces obtained from the grid
search method applied to neu/ErbB-2 TM for the wild

and oncogenic types are given in Fig. 2. They show
several low-energy con®gurations among which one,
noted A, is common for the four dimer types and is
located at rotation angles h1 and h2 equal to 90° and
)162°, respectively. This state is the state of lowest en-
ergy for the wild type of neu and ErbB-2 with the values
)1812 kJ/mol and )1850 kJ/mol, respectively. State A is
a secondary minimum for the oncogenic type with an
energy value of )2030 kJ/mol for neu and )2085 kJ/mol
for the ErbB-2. The lowest state for the neu oncogenic
type is found at h1, h2 = 270°, )90° ()2040 kJ/mol),
and at h1, h2 = 126°, )144° ()2100 kJ/mol) for ErbB-2.
This last state has been studied in a previous work
(Garnier et al. 1997). In the present study we focus on
state A, common for all cases.

Resulting coiled-coil structures

Crossing angle

The time series of the crossing angle calculated for the 10
simulations are shown in Fig. 3 and the angle values
calculated for the energy minimized time-averaged
structures are given in Table 1. The ®ve simulations
carried on neu TM dimers converge to a left-handed
coiled-coil structure with a crossing angle ranging from
13° to 31°. The largest packing angle is obtained for the
two simulations performed on the wild sequences, where
the two helices wind round each other at 24° and 31°.
For ErbB-2 TM dimers the ®nal structures are more
diversi®ed, particularly for the wild type for which
helices wrap round each other in a left or in a right sense
or stand in a nearly parallel arrangement. When Glu
replaces Val, left-handed coiled-coil interactions prevail
with a packing angle of about 15±19°.

The time series reveal di�erent pathways to reach the
equilibrated structure. The left-handed structure initiates
very early in the simulation, often during the heating
period, and is maintained all along the simulation (E1,
E1*, E2*, N2, N2*, N3*). In other cases, helices stand
nearly parallel or are slightly right-handed wound (N1,
N1*) before wrapping in the left sense. Two simulations
do not follow this pathway of coiled coil formation.
Simulation E2 shows that the two helices wound in the
left sense at the beginning of the simulation rapidly
wound in the right sense before adopting the parallel
arrangement. Simulation E3 shows a transition between
a left- and right-handed packing at about 1000 ps.

Helix-helix separation

The distances of closest approach calculated for the
minimized averaged structures are given in Table 1.
Helix-helix separation ranges between 0.945 and
1.030 nm for ErbB-2 and between 0.927 and 1.073 nm
for neu, showing a signi®cant decrease of the initial
distance of separation up to 0.173 nm for neu. The
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smallest distance is obtained for the two left-handed
structures E2* and N2*, which show regular helices. As
expected, the largest distance is observed for E1* and
N1, two structures with distorted helices. These dis-
tances of closest approach are within the range observed
for packed TM helices (0.96 � 0.19 nm) (Bowie 1997b).

Structure comparison

The root mean square deviation (RMSD) values ob-
tained from the superimposition of the Ca atoms of the
two helices (except the Ca termini) ranges from 1.12 to
5 AÊ . This gives a picture of the diversity of the energy
minimized time-averaged structures. The two structures,
E2* and N2*, are very similar with a RMSD of 1.12 AÊ

and are close to N3* and DI (Ca RMSD around 2 AÊ )
[DI is the structure previously determined for ErbB-2

TM starting from the lowest energy con®guration
(Garnier et al. 1997)]. The comparison between all other
left-handed coiled coils results in a value about 3 AÊ that
re¯ects the local distortions of the helices occurring
transiently along the simulation. Finally, the right-
handed structure E3 di�ers from the ensemble by about
5 AÊ .

Peptide helicity

The analysis of the di�erent trajectories was undertaken
to detect the presence of COi� � � NHi + 5 HBs and the
frequency of their appearance served to identify motifs
particularly sensitive to a/p helix conversion. HB time
series have been systematically plotted when i, i+5 HBs
were detected at more than 20% of the total duration of
the simulation (this threshold value is signi®cant to in-
dicate changes in a helix structure).

Six simulations out of 10 show that the associated
TM helices undergo p distortions. The residence time of
these HB during the analyzed period are greater than
80%. Figure 4 gives a schematic representation of the
two helices showing their location. For the four other
simulations the a helix is retained (E3 and N2*), or only
one C-terminal i, i + 5HB is detected on one helix (E2
and E2*). This p HB probably results from end e�ects
and is not structurally signi®cant. Generally, helix dis-

Fig. 2 Potential energy surfaces obtained from the two-body grid
search applied to neu/ErbB-2 transmembrane domain (TM) helices
for the wild sequence (top) and the mutated sequence (*) (bottom).
Abscissa, the rotational angle h1 about the helix axis of H1; ordinates,
the rotational angle h2 about the helical axis of H2. The zero value for
h1 and h2 corresponds to the X axis (perpendicular to the helix axis Z)
going through the Ca atom of the ®rst residue. Energy contours are
plotted at intervals of 10 kJ/mol from the lowest-energy minimum.
State A, common for neu and ErbB-2, is the starting structure for the
simulations
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tortions are unsymmetrical and are observed on both
helices or only on one helix.

A ®rst helical distortion appears at the N-terminal
side, from Thr2 to Val8, as observed in E1* and N2,
giving rise to the exclusion of the CO Ile4 from the a HB
network. In E1, the distortion is less pronounced owing
to the fact that the COIle4-NHVal8 a HB is only
weakened but not broken. A second region sensitive to p
alterations, more central, lies over Ile4- Leu13 in N1 and
Ile5-Leu13 in N1*, also leading to the exclusion of one
carbonyl group pertaining to residue Glu9. In E1, the
H2 deformation is shifted and involves the Gly10-Gly18
portion. A third region concerns the C-terminus of the
helix where a three p HB portion extending from Gly18/
Val18 to Ile25 is often observed. This sequence includes
consecutive Val residues and, in the case of neu where
four consecutive Val residues are present, the carbonyl
group of Val21 is excluded from the HB network.
The most extended p portion is observed for E1* with
the distorted portion Val14 to Ile25 interrupted by the
presence of the Gly22 residue. In that case, the CO
groups of Leu17 and Phe21 are excluded from the a HB
network.

These results indicate that a helix distortions are se-
quence dependent and primarily caused by consecutive
Val residues. Analysis of inter-helix HBs presented in the
following shows that the exclusion of a carbonyl group
from HB interactions observed at the terminal end of a p
stretch is important for helix association since such a
group becomes a potential site for intermolecular HB
interactions.

HBs involving side chains

Table 2 summarizes the di�erent type of HB detected
during the analysis period. HBs are formed between the
polar groups of the side chains and their own backbone
(intra-HB) or between the polar groups of two facing
side chains or between one side chain and one excluded
carbonyl (inter-HB). When the sequence bears the Glu
mutation the potentiality of HB interactions increases
and the side chain extremities, when favorably oriented
at the interface, participate in inter-helix HBs.

For ErbB-2, intramolecular HBs between the Ser and
Thr hydroxyl groups are often formed. These same
groups also participate in intermolecular HBs. The Ser6
hydroxyl group is found hydrogen bonded to CO Ile4 of
the facing helix with a residence time that depends on
the accessibility of the carbonyl. In E2* it is observed for
a short period in a bifurcated form because the carbonyl
group remains involved in the a HB network. In E1 and
E1* it is observed for a longer time owing to a greatest
accessibility due to its exclusion. The HB and packing

Fig. 3 Time series of the crossing angle W (°) along the total length of
the simulation for the wild type and the Glu mutated type (*) of ErbB-
2 (E) (a) and neu (N) (b) TM dimers

b
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angle time series show that this side chain-backbone
interaction forces the two helices to slightly reorient,

thus allowing inter-HB interactions involving the Glu
side chains in the case of the mutated form. The Oe2H
extremity ¯uctuates between the facing CO Ile4 or CO
Ile5 with HB residence time of 55% and 30%, respec-
tively, indicating an important v4 rotational motion. In
E2*, helices are undistorted and one HB between the
Glu side chain and the facing CO Ile5 is observed at a
signi®cant percentage (50%). In that case, crossed Glu-
Glu side chain HBs are formed for 25% of the time of
the last 120 ps of the simulation.

Similarly, intra- and intermolecular HBs are ob-
served in neu TM dimers. The Thr7 hydroxyl group is
very frequently hydrogen bonded to the CO of Phe3 of
its own helix and in some cases this interaction is al-
most symmetric. The Thr2 side chain is engaged in
inter-helix HBs with the facing CO Ile4 and CO Ile5
(detected in N2) or, more often, with the carbonyl of
the ®rst N-terminal residue of H2 (detected in N1*,
N2*, and N3). As observed for ErbB-2, the two Glu
side chains are hydrogen bonded through their ex-
tremities (HB almost symmetrical in N1*) or only one
Glu side chain interacts with the facing CO Ile5 still
involved in the helical HB pattern through a bifurcated
HB. Glu-Glu interactions are favored by a reorienta-
tion of the two helices induced by helical distortions as
shown in Fig. 5.

For the parallel helix association obtained in E2, the
absence of inter-helix HBs involving side chains all along
the simulation is to be noted. For E3, when the helices
wrap in the right sense, HB interactions are established
for short laps of time but are not responsible for the
transition from the left to the right helix packing ob-
served at about 1000 ps. This event is essentially driven
by van der Waals forces.

Dimer stability

The stability of the di�erent models is expressed as
the sum of the intramolecular energy of individual
helices and the intermolecular energy between the two
helices. The results are given in Table 3 and are an-
alyzed in relation to the monomer helicity and inter-
helix HBs.

Table 1 Crossing angle values and helix-helix separation of the
neu/ErbB-2 transmembrane domain (TM) dimer models. Values
are calculated for the energy-minimized time-averaged structures
over the last simulation period ranging from 120 ps to 270 ps or 480
ps for N2* (see text). A positive value of W indicates a left-handed
coiled coil structure and a negative value indicates a right-handed

coiled coil structure. DI is the ®rst model proposed for ErbB-2 TM
dimer model (Garnier et al. 1997). Inter-helix distances (in nm) are
calculated between the geometric centers of seven consecutive Ca
atoms considering an a helix of 3.5 residues per turn. The initial
distance of separation between parallel helices is 1.07 AÊ for ErbB-2
and 1.10 AÊ for neu

Wild type Mutated Glu

ErbB-2 E1 E2 E3 E1* E2* DI
W (°) 15 )5 )31 15 17 19
d (nm) 0.956 0.998 0.999 1.030 0.945 0.997

neu N1 N2 N1* N2* N3*
W (°) 24 31 16 23 13
d (nm) 1.073 0.993 0.989 0.927 0.954

Fig. 4 Schematic view of neu/ErbB-2 TM dimer structures showing
distorted helices. Each helix is represented as a tube (H1 at the right,
H2 at the left). The p bulge is darker. The residues are indicated that
limit the p stretch at the N and the C terminus with respectively their
CO and NH groups involved in p hydrogen bonds (HBs). All the
COi� � �NHi+5 HBs along the p stretch are present at more than 80%
of the time of the analyzed period (see Table 2)
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Van der Waals energies of individual helices range
from )591 to )668 kJ/mol for ErbB-2 and from )558 to
)660 kJ/mol for neu. The origin of these variations
mainly comes from the internal structure of the helices.
When the helices keep the a HB network practically all
along the chain (E2*, N2*), they di�er only by a few kJ/
mol in stability. When the a HB network is broken and
replaced by p HB, the van der Waals stability increases.
This is illustrated in Fig. 6 for N1*. On the other hand,
the presence of local structural defaults tends to desta-
bilize electrostatic interactions. These results have been
already described for isolated helices (Duneau et al.

1997). p HB formation releases steric constraints in-
duced primarily by Val side chains and weakens elec-
trostatic interactions by the presence of bifurcated HBs
at the junction of the a and p HB networks and by the
exclusion from the HB network of CO groups.

Van der Waals interactions between the two helices
are the main component for dimer stability and the
di�erence in energy depends upon the monomer struc-
ture. As an example, the intermolecular energy of the
two left-handed coiled-coil structures of the mutated
ErbB-2 TM dimer di�er by about 30 kJ/mol, the energy
being lower when the helices keep the a structure. An-
other interesting result is that, for the wild ErbB-2
helices, left-handed interactions of are much favorable
than parallel or right-handed interactions.

Obviously the di�erences in van der Waals interac-
tions re¯ect the di�erences in the mode of packing re-
sulting from the relative position of the two helices and
local backbone distortions. This is shown by comparing
N1 and N2. In both cases the two helices that are shifted
along the helical axis lose packing interactions at the
their N-terminal extremities and N1, with the most dis-
torted helices shows inter-helix interactions 50 kJ/mol
lower than in N2.

Another factor that contributes to reinforce the dimer
stability is the formation of inter-helix HBs, particularly
those involving side chain-backbone interactions which
are correlated to an important increase (several tens in
kJ/mol) in electrostatic energies. An example of a gap in
energy is given for N2 (Fig. 7a), when the inter-helix HB

Table 2 Hydrogen bonds (HBs) in neu/ErbB-2 TM dimer models. Intra and inter hydrogen bonds involving side chains are detected
during the ®nal period of the simulations given in parentheses. HB presence time is given as a percentage of the time of this period

Simulations N1
(1155±1335 ps)

N2
(1200±1380 ps)

N1*
(1200±1320 ps)

N2*
(900±1380 ps)

N3*
(1200±1350 ps)

Intra HB H1 Thr7OcH-Phe3CO 30% 38% 62% 24% 29%
Thr7OcH-Ile4CO ± ± ± ± 20%

Intra HB H2 Thr7OcH-Phe3CO 47% ± 24% 32% ±

Inter helix HB Thr2OcH-Val1CO ± ± 95% 68% 98%
H1-H2 Thr2OcH-Ile4CO ± 27% ± ± ±

Thr2OcH-Ile5CO ± 68% ± ± ±
Glu9Oe2H-Glu9Oe1 ± ± 39% 30% ±
Glu9Oe2H-Glu9Oe2 ± ± ± 27% ±
Glu9Oe2H-Ile5CO ± 97% ± 25% 85%
Glu9Oe1-Glu9Oe2H ± ± 50% ± ±

E1
(1065±1335 ps)

E2
(1200±1320 ps)

E3
(1200±1320 ps)

E1*
(1155±1335 ps)

E2*
(1200±1320 ps)

Intra HB H1 Thr2OcH-Ser6Oc 66% ± ± 82% 29%
Ser3OcH-Thr2CO 21% 22% 26% ± ±
IIe5NH-Ser3Oc 40% ± ± 37% ±
Thr2OcH-Thr2CO 21% ± 27% ± ±

Intra HB H2 Ser6OcH-Leu1CO 55% ± 26% ± ±

Inter helix HB Ser6OcH-Ile4CO 72% ± ± 97% 36%
H1-H2 Glu9Oe2H-Glu9Oe2 ± ± ± ± 25%

Glu9Oe2H-Ile4CO ± ± ± 55% ±
Glu9Oe2H-Ile5CO ± ± ± 30% 50%
Leu1CO-Leu1NH ± 97% 34% 92% 69%
Thr2Oc-Thr2OcH 90% ± ± ± ±

Fig. 5 Stereo view of the symmetric HBs between the two Glu side
chains observed in the neu TM dimer (N1*). The backbone is
represented by a tube (H1 at the right, H2 at the left). The local p
distortion on H2, from Ile4 to Phe14 (from top to bottom), is shaded
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between Thr2 and CO Ile5 is formed. The HB transition
between CO Ile5 and CO Ile4 has no drastic e�ect on the
stability. This type of side chain-backbone interaction
permits a close approach of the two helices and induces
the formation of other inter-helix HBs, as revealed by
the time series. The major result is that the Glu mutation

leads to a strong stability of the dimers both for neu and
ErbB-2 (Fig. 7b).

Helix packing

We now examined our results in terms of the two prin-
cipal models that have been developed to characterize
how helices are packed. The ®rst one is the ``knobs-into-
holes'' (K/H) model (Crick 1953) that describes residues
of one helix (knobs) at the center of the interface that ®t
into cells (holes) formed by four neighboring residues in
the other helix. In such a model the residues form a
repeated motif of seven amino acids (abcdefg)n. In the
case of parallel helix pairs, the interface is characterized
by residues a¢ and residues d¢ on one helix that pack
against residues a, d, d, g and d, a, a, e of the neighbor
helix, respectively (Langosch and Heringa 1998).

Application of the K/H model to our unsymmetrical
MD structures necessitates consideration of the two
helices individually to respect this rule. Under this as-
sumption, the helix packing of E2* and N2* conforms to
the K/H model (Fig. 8a). Close contacts are observed for
the total length of the structures except at the N- and C-
termini, which are slightly distorted. For some structures
with distorted helices theK/Hpacking canbedescribedby
introducing discontinuities in the heptad repeat (Brown
et al. 1996). The unwinding induced by one additional
residue in a helix turn leads to a shift of a heptad of one
residue. E1 with the central p deformation on H2 clearly
illustrates this e�ect. Contacting residues are identical to
those observed for E2* in the ®rst half of the structure and
the e�ect of the p bulge overGly10-Gly18 is to skip Val15,
which is replaced by Val16 at position d. For the second
half of the structure, helix packing is symmetric and
residues Gly10 and Gly18 on H2 are shifted out of the
interface. Tight contacts are observed all along the
helix-helix interface, stronger than in E2* (Fig. 8a).

In the case of N3*, for which a distortion a�ects the
C-terminus on H1, the regularity of the packing is de-
stroyed (not shown). The cavities formed by the two last
cells are widened and each can accommodate two facing
side chains of H2 (Leu15, Val19 and Val19, Ile23). This

Table 3 Energies (in kJ/mol) of the neu/ErbB-2 TM dimer structures. Values are averaged over the analyzed period of the simulation
(given in Table 2)

Potential energy Simulations Electrostatic energy van der Waals energy

Intra H1 Inter H1-H2 Intra H2 Intra H1 Inter H1-H2 Intra H2

E1 (1065±1335 ps) )545 )352 )36 )356 )595 )335 )619
E2 (1200±1320 ps) )520 )345 14 )395 )613 )286 )608
E3 (1200±1320 ps) )482 )362 29 )390 )593 )287 )606
E1* (1155±1335 ps) )798 )445 )41 )451 )646 )303 )668
E2* (1200±1320 ps) )762 )460 )18 )472 )591 )339 )627

N1 (1155±1335 ps) )374 )361 30 )319 )640 )258 )645
N2 (1200±1380 ps) )412 )377 )10 )321 )594 )304 )620
N1* (1200±1320 ps) )640 )466 )15 )420 )620 )283 )660
N2* (900±1380 ps) )645 )472 11 )456 )617 )322 )615
N3* (1200±1350 ps) )650 )459 )12 )447 )640 )312 )558

Fig. 6 Time evolution of intramolecular van der Waals energies
illustrating the stabilizing e�ect induced by p helix formation. In the
neu TM dimer N1*, the four p HBs at the N-terminal side on one
helix correlate with a decrease in energy. This same deformation is
correlated to the change in helix packing going from a parallel helix
arrangement to a left-handed helix arrangement at about 600 ps (see
Fig. 3b)
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structure is exempli®ed by an intermediate state between
the regular K/H packing and that obtained after a
skipped residue.

The other structures, with shifted helices or with
more important helical distortions, are better described
by the ``ridges-into-grooves'' (R/G) model proposed by
Chothia et al. (1981). The R/G pattern describes ridges
formed by residues with sequential spacing 1, 4, or 3 in
the ®rst helix that ®t into grooves formed by residues
with sequential spacing 4 in the second helix. This 3-4
basic packing type that optimizes at a crossing angle of
+23° includes that of the K/H. It is easily applied to
N2* as shown in Fig. 8b (this pattern is identical to
E2*), but can be softened to describe the organization of
interfacial residues of noncanonical helices.

The graphical view of the averaged minimized struc-
tures, using space ®lling representation for the Cb atoms
of the contacting residues, was very helpful to describe
most of the structures by a slightly varied 3-4 packing
type. The R/G model illustrates particularly well the
e�ect of the helix shift along the axis by the displacement
of the ridges of one helix into the grooves of the facing
helix. This is shown for N2 (Fig. 8b) by the exclusion of
the ®rst residues of the grooves on H2 and the appear-
ance of new residues at the tail. The distortion at the
N-terminus of H2 does not a�ect the regularity of the 3-
4 spacing. Such a model can also be applied to E1*, N1,
and N1, for which the conjugated e�ect of the distor-
tions within the helices results in modifying the com-
position of the ridges (not shown).

Finally, parallel and right-handed interactions found
in E2 and E3, respectively, do not conform to the K/H
or the R/G models.

To summarize, Fig. 9 gives a representation of the
interface observed in N2*.

Discussion

Methodology and its limitation

Molecular modeling has proved its relevance to suc-
cessfully predict the structure of the coiled-coil assembly.
An automated model building procedure (Nilges and
BruÈ nger 1991) was used to predict the structure of the
dimerization domain of GCN4 leucine zipper and gly-
cophorine A (Treutlein et al. 1992). This protocol based
on a simulated annealing (SA) approach via restrained
MD simulations, has been largely applied to modeling
single transmembrane helices and bundles of trans-
membrane helices (Sankararamakrishnan and Sansom
1995a, b; Kerr et al. 1996; Biggin et al. 1997; Tieleman

Fig. 7 Time evolution of electrostatic energies between the two
helices: a for simulation N2 of the wild neu TM dimer, showing the
large increase in energy induced by HB formation between the
hydroxyl group of Thr2 and the carbonyl group of the facing Ile5
residue; during the simulation this HB is broken and CO Ile4 replaces
CO Ile5; b for simulation N1* of the mutated neu TM dimer, showing
the e�ect of side chain-backbone and side chain-side chain HB
interactions involving the Glu mutant

b
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et al. 1999). The procedure starts from a helical Ca
templates incorporating distance restraints such as HBs
and intra-helix separation to ensure the generation of
homogenous ensembles of structures.

Another approach based on the two-stage model of
membrane protein folding (Popot and Engelman 1990)
uses complete search methods that sample all possible
helix interactions. Such a global search succeeds in
predicting the structure of the pentameric transmem-
brane domain of phospholamban (Adams et al. 1995)
and to improve the dimer structure of glycophorin A
(Adams et al. 1996). Less sophisticated than the SA/MD
procedure, the global search of interacting helices im-
proves the sampling of all possible packing interactions
between helices and a careful consideration of muta-
genesis data may be a reliable indicator of model cor-
rectness.

We have used a similar approach to predict the left-
handed structure of the wild and oncogenic types of the
ErbB-2 TM helices (Garnier et al. 1997) and this ®rst
model was closely related to the oncogenic form of the
neu TM dimer model suggested from experimental data
(Smith et al. 1996).

The present work goes further in the structure pre-
diction of the transmembrane domain dimerization for
two members of the erbB family, neu and ErbB-2 (Sajot
et al. 1999). The study concerns one particular con®gu-
ration, issued from a global search method for favorable
orientations of parallel helices. This low-energy con®g-
uration is identical for the wild and the oncogenic type
of the two TM receptors and exhibits the mutation site
within the helix-helix interface. From a large sample of
con®gurations obtained over about 13 ns of in vacuo
MD simulations we demonstrate that uncoiled helices of
neu/ErbB-2 TM preferentially wrap in left-handed
interactions.

The global search was undertaken without any as-
sumption and MD re®nement was carried out without
any structural constraints. This strategy explains why
substantial distortions from helical geometry, particu-
larly at the terminal ends, are observed, contrary to the
structures of the helices obtained from SA/MD (Biggin
et al. 1997).

Fig. 8 a Knobs-into-holes packing observed in ErbB-2 TM dimer
models: side chains of one helix (knobs) protrude into cells (holes)
formed by four residues of the facing helix. Contacting residues, with
three atoms within 0.06 nm of the sum of their van der Waals radii
with three facing atoms, are boxed in dark gray. ``Soft'' contacting
residues (see text for criteria) are boxed in light gray. When atomic
distances are greater than 0.65 nm the residues are boxed in white. For
model E2* of the oncogenic ErbB-2 TM dimer the helix-helix
interface is unsymmetrical. Model E1 of the wild ErbB-2 TM dimer
exempli®es the heptad disruption induced by the p helix portion over
Gly10 to Gly18, leading to a symmetrical interface. b Ridges-into-
grooves packing model applied to the neu TM dimer N2* and N2. In
model N2 the shift of the two helices along their axis results in a shift
of the ridges of one helix onto the grooves of the facing helix.
Compared to N2*, residues disappear from the helix-helix interface
(boxed in gray) and residues moved within the interface (boxed in
white)

Fig. 9 Stereo view of the helix-helix interface observed in neu TM
dimer (model N2*). Helical backbones are represented as a tube (H1
gray and H2 dark gray). Residues in position a (dark gray) and in
position d (gray) (see Fig. 7b) within the interface are represented in a
space ®lling model
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The main limitation of our approach is that MD
simulations are performed without a membrane envi-
ronment. Nevertheless, as already discussed (Duneau
et al. 1996, 1997), the vacuum approximation is rea-
sonable owing to the fact that the core of the membrane
is a highly hydrophobic medium with a low dielectric
constant. This approximation, used by other authors to
describe models for dimer structure (Treutlein et al.
1992; Lemmon et al. 1994), is supported by our recent
results showing that isolated helices simulated in a vac-
uum or with an explicit membrane environment explore
the same conformational space (Duneau et al. 1999a).
The main factors that drive TM dimerization come from
the hydrophobic side chains that must be docked with
their neighbors to optimize helix packing. If the role of
lipid-peptide interactions cannot be ignored it is cer-
tainly not speci®c for helix-helix association. Conse-
quently, one may suppose that structural dimer features
found within a vacuum are close to those adopted in a
membrane environment.

A few experimental have studies addressed the
structure of neu and neu* transmembrane domains,
demonstrating the a helical structure of a short modi®ed
fragment of the neu TM domain (Gullick et al. 1992)
and of the complete TM domain that extends through
the membrane interface (Smith et al. 1996; Burke and
Stern 1998). Our MD simulations show that TM helices
undergo p deformations. We have previously shown
that, in isolated helices, occurrence of these deforma-
tions is mainly caused by the presence of successive
b-branched residues (Duneau et al. 1997). The HB an-
alyses indicate that the sites sensitive to deformations in
associated helices are identical to those found in isolated
helices. This suggests that this sequence-dependent
property might play a role in the association process. It
is worth noting that similarly deformed helices are ob-
served in transmembrane proteins (Henderson et al.
1990; Kuhlbrandt et al. 1994; Deisenhofer et al. 1995;
McDermott et al. 1995; Grigorie� et al. 1996; Tsukihara
et al. 1996; Xia et al. 1997). In addition, the HB formed
between a Trp residue on one helix (helix VIII of the
subunit I) and a Gly carbonyl group of the facing helix
(subunit VIIa) within the dimer interface of cytochrome c
oxidase (Tsukihara et al. 1996) seems determinant for
the dimer stability. This side chain-backbone HB inter-
action is induced by local p helix structure, as described
in our MD models.

Coiled coil structures

Two experimental studies (Smith et al. 1996; Burke and
Stern 1998) strongly suggest that dimerization might be
achieved by left-handed coiled-coil or parallel helical
interactions but no structural detail is given for their
association.

The present MD simulations provide important
structural information by demonstrating that, from an
unbiased protocol, neu/ErbB-2 TM helices prevail in

left-handed interactions at about +20°. Only two sim-
ulations relative to the wild ErbB-2 sequence fail, one
describing parallel interactions, the other describing
right-handed interactions. However, an important point
to underline is that the other continuation of this last
simulation over 10 ns converges to helices crossed at a
left packing angle (data not shown). Then, it is highly
probable that all the simulations would converge to the
same left-handed coiled coil provided that the simula-
tion is su�ciently long. This study also shows the ne-
cessity to perform multiple simulations to evidence
structural features.

All our models describe unsymmetrical structures.
Asymmetry comes from the starting point for MD
re®nement for which the mutation site is not sym-
metrically positioned within the interface. Even if the
simulation is pursued over 10 ns, as mentioned above, it
does not converge on a symmetric interface. One may
suppose that the two helices are initially too close to
each other, thus preventing the facing side chains from
crossing over to reach symmetry. Symmetry could be
achieved by starting from an initial symmetric structure,
but this does not conform with our ab initio strategy of
global search.

Another result of importance is that left-handed in-
teractions conform to the R/G model used to describe
the helix packing and more precisely that the dimer
models with helices close to the a structure conform to
the K/H side chain packing. This model, that appears as
the central determinant of coiled coil structures, well
exempli®ed by the GCN4 leucine zipper helix packing
(O'Shea et al. 1991), is generally used to describe asso-
ciated TM helices. In addition, we have shown that, in
some cases, p deformations on helices do not disrupt the
K/H packing and allow to partially retrieve the sym-
metry for the contacting surface.

Energy variations between the di�erent structures
show that the Glu residue present at the helix-helix in-
terface contributes to a large increase in stability. Van
der Waals interactions between the two helices are more
favorable than those observed for the wild-type dimers
and electrostatic interactions are generally lower. Neg-
ative values of electrostatic energy between the helices of
the wild dimers reported in few cases come from inter
hydrogen bonding involving the polar side chains of Ser
and Thr residues that ¯ank the TM region.

Considering the three types of helix winding found
for wild ErbB-2 TM dimer, we have shown that left-
handed interactions allow closer contacts than observed
in a parallel or a right-handed arrangement. The helix-
helix separation varies according to the volume of the
contacting side chains and the locations of backbone
distortions along the helix. These three di�erent models
obtained for the wild ErbB-2 dimer could be interpreted
as a weaker speci®city than for the mutated sequence,
but this might be smoothed out when embedded in a
bilayer model.

The energy of the system alone is not su�cient to
ensure the correctness of the models. Experimental
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observations validate the presence of hydrogen bonding
between the two Glu residues in the mutated TM dimer,
but potential hydrogen bonds to lipids and water cer-
tainly compete, particularly at the membrane interface
(Duneau et al. 1999b; Forrest et al. 1999). Also, hydro-
phobic interactions involving the helix faces exposed to
the aliphatic tails of the lipids, which are missing in our
approach, may contribute to modulate dimer stability.

The e�ect of hydrogen bonding is to hold the TM
dimer in place in the bilayer but, before we quantify the
relative contributions of hydrogen bonding and hydro-
phobic interactions to TM helix/bilayer interactions,
further MD studies of TM helices are required (Biggin
and Sansom 1999).

Dimer interface

By constructing a consecutive series of cysteine substi-
tutions in the neu juxtamembrane domain, Burke and
Stern (1998) identify a productive inter-receptor interface
formed by helical contacts distributed along the juxta-
membrane domain and the transmembrane domain.
Considering a helix with 3.5 residues per turn, the subset
of transforming substitutions spreads over 250° about
the helix axis, and nontransforming substitutions de®ne a
small region out of the receptor-receptor interface. On
the basis of these data, the authors proposed a helix in-
terface (noted B) involving residue Val656 at position d
(and d¢) and residue Thr657, aligned with Glu664, at
position e (and e¢) [heptads are designated a through g
from the amino terminus (Langosch and Heringa 1998)].
This model respects the ionic interactions at the juxta-
membrane interface at positions g and e, but appears
incompatible with inter-helix HBs between the two Glu
side chains or with crossed HBs between Glu and the
facing Ala 661 as presumed by Sternberg et Gullick
(1989) except assuming major helical defaults.

A comparison of this interface (B) with that described
in our MD models E2* (D) is shown in Fig. 10a. The
helical wheel representation shows that the H2 inter-
acting face matches with B and that the H1 interacting
face de®nes the D interface. One may remark that the D
interface corresponds to a dimer model which places,
according to cysteine transforming activity, residue
Thr657 at position d (and d¢) aligned with Glu664, and
residue Ala 661 at position a (and a¢) that might be more
favorable for the presumed HB interactions. Interfaces B
and D spread over 150° each and are superimposed over
50°. Interestingly, taken together they perfectly match
the region de®ned by the subset of strongly transforming
and intermediate transforming substitutions of Burke
and Stern (1998). One may remark that the helix face
(F), predicted unfavorable for dimerization from cys-
teine mutagenesis analysis, is located outside the dimer
interface de®ned in our model E2*.

If we consider the other left-handed model E1, less
regular than the previous E2*, it can be remarked that

the same unsymmetrical interface (a combination of B
and D) is de®ned for the ®rst half of the structure and
that the central p deformation on one helix, that induces
a rotation of 100°, restores the symmetric D interface for
the second half (Fig. 10b). One may imagine a similar
rotation of 100° of the second helix that would restore
the symmetrical B interface. This observation raises the
question of the functional role of helical deformations.

For the other MD models the same combination of B
and D interfaces is found, with minor variations ac-
cording to helix deformations or shift of helices.

Another comment concerns the conservation of the
Ala661, Val663, Glu664, and Gly665 motif that en-
compasses the VEG triplet necessary for full trans-
forming activity according to the mutational analysis of
the neu TM region (Cao et al. 1992). Considering the
symmetrical dimeric interface proposed by Burke and
Stern (1998), only the two residues Val663 and Glu664
are present within interface and the third one, Gly665, is

Fig. 10a, b Helical wheel representation of the ErbB-2 TM dimer
interface. a In model E2*, relative to the oncogenic type the
unsymmetrical interface is composed of B [the helix face proposed
by Burke and Stern (1998)] and of D. This helix face D corresponds to
another activating mutation T657C at position d within the interface
(see text). B and D have a common region over 50° about the helical
axis. F is the helix face forbidden for dimerization according to
mutagenesis studies. b In model E1, a symmetric interface is de®ned in
the second half of the structure, through the e�ect of a p distortion
that occurs on one helix (H2)
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outside. In our unsymmetrical model the four residues
are present within the D interface and, in addition, all
the residues conserved between the neu and ErbB2 TM
sequences are facing each other.

Conclusion

Our molecular modeling study gives insight into the neu/
ErbB-2 transmembrane helix association process.
However, although mutagenesis studies and theoretical
models describe common features of the TM dimer in-
terface, all the results of transforming activities are not
totally well interpreted. The possibility of hydrogen
bond rupture of the helical network, that makes appear
potential sites for intermolecular interactions, compli-
cates the analysis. At this stage of knowledge of neu/
ErbB-2 dimerization, left-handed interactions of the
transmembrane domains are highly probable, but es-
sential residues required for activity are still unde®ned.
Further modeling studies are under investigation to
progress in this ®eld of RTK signal transduction.
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