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Abstract Computational methods are useful to identify
favorable structures of transmembrane (TM) helix oligo-
mers when experimental data are not available or when they
cannot help to interpret helix—helix association. We report
here a global search method using molecular dynamics
(MD) simulations to predict the structures of transmembrane
homo and heterodimers. The present approach is based only
on sequence information without any experimental data and
is first applied to glycophorin A to validate the protocol and
to the HER2-HER3 heterodimer receptor. The method
successfully reproduces the experimental structures of the
TM domain of glycophorin A (GpAryy) with a root mean
square deviation of 1.5 A. The search protocol identifies
three energetically stable models of the TM domain of
HER2-HER3 receptor with favorable helix—helix arrange-
ment, including right-handed and left-handed coiled-coils.
The predicted TM structures exhibit the GxxxG-like motif at
the dimer interface which is presumed to drive receptor
oligomerization. We demonstrate that native structures of
TM domain can be predicted without quantitative experi-
mental data. This search protocol could help to predict
structures of the TM domain of HER heterodimer family.
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Introduction

Membrane proteins encoded by nearly ~20-30% of the
genome (Krogh et al. 2001; White 2004) are involved in
complex signaling and transport functions. Because of their
crucial role in many cellular processes they constitute the
most biologically important family of proteins that serve as
targets for drug discovery. However, their great biological
importance contrasts with the very small number of struc-
tures resolved at high-resolution (Jayasinghe et al. 2001;
White et al. 2001; Berman et al. 2002; White 2004). Solving
membrane protein structures is necessary for a complete
understanding of cellular processes (Fleishman and Ben-Tal
2006a, b). To overcome the difficulties to express mem-
brane proteins and to obtain experimental structure using
X-ray crystallography (White 2004) and nuclear magnetic
resonance (NMR) (Opella and Marassi 2004) various
computational methods for predicting the topology and the
packing of transmembrane (TM) helices have been devel-
oped. Helical proteins are the dominant class of TM pro-
teins and the identification of sequence segments embedded
in membranes represents the fundamental step to progress
into the membrane protein folding problem (Krogh et al.
2001; Chen et al. 2002; Kim et al. 2003; Kokubo and
Okamoto 2004; Akula and Pattabiraman 2005; Adamian
and Liang 2006; Fleishman et al. 2006b). Another step is to
predict how TM helices associate. Various computational
approaches have been developed all based on the two-stage
model of membrane protein folding (Popot and Engelman
1990). The two simple rules are that helices are individually
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inserted into the plasma membrane, and next, helices
associate to shape the tertiary structure of the protein.

Specific interactions take place between hydrophobic
segments within the bilayer and the major contribution to
helix—helix interactions in membrane comes from van der
Waals packing (Popot and Engelman 1990; White and
Wimley 1999). Therefore, modeling approaches including
molecular dynamics (MD) simulations and energy mini-
mizations, combined with experimental information clearly
identify structures of helix bundles (Herzyk and Hubbard
1995; Fleishman et al. 2004; Beuming and Weinstein 2005;
Fleishman and Ben-Tal 2006a, b).

Computational methods can be used also to identify the
most favorable interactions between TM helices when
biochemical and biophysical data have no existence or
when they cannot help to interpret helix—helix association.
The best example is that of the TM dimer of glycophorin A
(GpA) for which global search MD studies (Treutlein et al.
1992; Adams et al. 1995, 1996) had first identified
the structural model of the dimer, latter solved by
NMR experiments in micelles (MacKenzie et al. 1997).
Exhaustive studies have been undertaken to explore the
determinants of stability in GpA dimerization highlighting
the role of small residue sequences called the GxxxG
motif, in mediating inter helix contacts (Russ and Engel-
man 2000). GxxxG-like motifs in which Gly residue is
substituted by a small residue like Ala, Ser and Thr are
frequently found in mediating TM helix association in a
variety of protein families, like signal transduction proteins,
channels, transporters and enzymes (Eilers et al. 2000;
Dawson et al. 2002; Senes et al. 2004).

This motif is present in the TM domains of all the
members of the HER family of growth factor receptor
tyrosine kinase (ErbB1/HER or EGFR; ErbB2/HER2,
ErbB3/HER3, ErbB4/HER4). Activation of HER receptors
involves ligand-induced oligomerization, which in turn
leads to receptor trans-phosphorylation and activation
within dimers or higher order oligomers (Schlessinger
2000). Subsequent studies have shown that interactions
between TM domains do contribute significantly to homo
and hetero dimerization processes (Tanner and Kyte 1999;
Mendrola et al. 2002). The single TM domain of HER
members exhibits a conserved GxxxG-like motif at the
N-terminal and the C-terminal ends. The HER>1y; domain
exhibits this motif only at the N-terminus. Mutational
analyses suggest that TM dimerization may involve one of
the two motifs for a separate function (Fleishman et al.
2002; Mendrola et al. 2002). As an example, in the case of
the HER'1y; and HER?py; one motif at the C-terminus
serves for homo dimerization and the other at the
N-terminus for heterodimerization (Gerber et al. 2004).

Multiple short MD simulations in vacuum have been
used to identify possible structures of the TM domain
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association of the HER2/Neu receptors demonstrating the
importance of the GxxxG-like motif in the formation of
homodimers in the wild and the oncogenic forms (Garnier
et al. 1997; Duneau et al. 1999a, b; Sajot and Genest 2000).

Besides the fact that the dimerization motif is involved
in the association of the TM domain of the HER receptors,
structural data on TM heterodimers are still unknown.

In this paper we describe a computational method that
allows the prediction of structural models of HER hetero-
dimers. For that, we have revisited our MD search protocol
used to model helix-helix packing of symmetric homodi-
mers (Garnier et al. 1997; Duneau et al. 1999a, b). In the
case of heterodimers, symmetry constraints cannot be used
and the overall energy surface has to be explored. The
conformational sampling is described by the rotational
pitch angle of each helix allowing the complete exploration
of helix-helix interfaces.

Structural data of heterodimers of TM helices are not yet
available (Caballero-Herrera and Nilsson 2003) and to test
our search method it is first applied to the GpAry dimer
and second to the HER2-HER3 TM domain. HER?2 is the
preferred dimerization partner of all HER receptors and
preferentially associate to HER3 (Tzahar et al. 1996;
Graus-Porta et al. 1997). HER2-HER3 heterodimer shows
the strongest potency in terms of stimulating cell prolifer-
ation (Pinkas-Kramarski et al. 1996; Rubin and Yarden
2001; Citri et al. 2003).

Our method successfully describes the right-handed
structure of the GpAry; dimer with a root mean square
deviation (RMSD) of 1.5 A from the experimental struc-
ture (MacKenzie et al. 1997).

The excellent agreement obtained for GpAry dimer
leads us to explore TM domain structures of HER?™.
Experimental information relies on the presence of the
GxxxG-like motif at the dimer interface. Our prediction
shows that three MD models, with helices in right-handed
and left-handed interactions conform to the presence of the
GxxxG-like motif in the dimer interface.

Methods
TM domain systems

Two helical dimers are studied. The first one is the dimer of
the GpAty domain (MacKenzie et al. 1997) which is used
as template to validate the method. Both helices comprise
23 residues from residue Ile73 to I1e95 constituting the
hydrophobic sequence of the TM domain (Tomita et al.
1978). The second one results from the association of the
HER2 and HER3 receptors referred to as the HER? >y
domain in the following. Each helix comprises the 25 res-
idues of the hydrophobic sequence of the TM domains of
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Table 1 Sequence of the TM domains

Protein Sequence Residues
GpAmm ITLITFGVMAGVIGTILLISYGT 73- 95
HER 2y LTSIVSAVVGILLVVVLGVVEGILI 651-675
HER3mv LTMALTVIAGLVVIFMMLGGTFLYW 642-666

The sequences of HERZTM (Coussens et al. 1985; Yamamoto et al.
1986; Ehsani et al. 1993) and HER3TM (Kraus et al. 1989) are listed,
alongside the GpAry sequence. Regions corresponding to the po-
tential GxxxG dimerization motifs in each TM domain are shaded

gray

the receptors (Coussens et al. 1985; Yamamoto et al. 1986;
Kraus et al. 1989; Ehsani et al. 1993). The sequences of the
two systems are given in Table 1. For both systems, each
helix has the amino terminus acetylated and the carboxyl
terminus methyl-aminated to mimic the peptide bond.

Global search method

All calculations were undertaken by using the program
CHARMM Version 26 (Brooks et al. 1983) and the all
hydrogen PARAM?22 force field (MacKerell et al. 1992).
All calculations were carried out in vacuum and the
dielectric constant was set to 1.0. This value is a good
approximation of the membrane environment (Adams et al.
1995; Duneau et al. 1999a, b) and is justified for our pur-
pose to define a set of possible structures of the TM dimers.
Electrostatic interactions were not truncated and an atom-
based switching function was used for the van der Waals
interactions between 10 and 12 A. The nonbonded list was
generated with a cutoff of 13 A. All calculations were
performed on a multi-processor platform Linux Beowulf
clusters with dual 3.06 GHz Intel Xeon processors.

Conformational sampling

A parallel dimer was first generated with the two helices
(H1 and H2) built with the standard torsion angles (¢ = —57°,
Y = —47°) and the helix axes aligned along the Z-axis. This
initial construction corresponding to two superimposed
helices was used to generate multiple configurations of the
dimer by rotating each helix about its own axis. 0; and 0,
are the rotational angles of H1 and H2, respectively. For a
complete search over the two-body rotational interaction
space, 0, was increased by 10° steps from 0° to 360° and,
for each 0; value, 0, was varied by 10° steps from 0° to
360°. A total of 1,296 (36 x 36) initial configurations was
generated.

For each of these configurations, helix H2 was translated
along the X-axis from its initial position (0 A) by a distance
D of 20 A between the two helix axes sufficiently large to
avoid atomic contacts. D was gradually decreased by
increment of 0.25 A to reach the distance Dh for which the

two helices are in favorable interactions. Dh is obtained as
follows: at each translation step, the system was energy
minimized using first the steepest descent (SD) method
and then the Adopted Basis Newton—Raphston (ABNR)
minimization algorithm for 50-100 steps. During the
minimization process the two helices have been maintained
in a parallel orientation by fixing the backbone atoms for
the optimization of the side chain orientation. For the 1,296
minimized structures Dh ranges from 9.0 to 11 A. These
minimized structures have been used as starting structures
for the simulations. This minimization process has been
applied to the GpAry dimer and to the HER? >y dimer.

Molecular dynamics protocol

Molecular dynamics simulations were carried out at
constant temperature 7 = 300 K. The SHAKE algorithm
(Ryckaert et al. 1977) was applied to fix all the bonds
involving hydrogen atoms. The integration time step was
1 fs. The MD protocol begins by a heating period (18 ps)
during which the system was gradually thermalized from 0
to 300 K by increment of 50 K. New atomic random
velocities were assigned from a Maxwell distribution at
each temperature step. The o helical structure was main-
tained by restraining the O;—NH;, 4 distance of the backbone
hydrogen bonds (Hbonds) at 2.8 A. The vertical shift of one
helix relatively to the second helix along the Z-axis was

Fig. 1 Parameters defining structure quality, Ly: distance between
the C,, atoms of the first residue C,/'Nter and the last residue C,"Cter;
Lgc:crossed distance CaH'Nter—CaHQCter and C1H2Nter—CaH1Cter;
Adc: difference between the crossed distances. AZ(Nter) = | (Z(C,H!
Nter) — Z(CxHz Nter) | : difference in Z positions of the C,, atoms of
the first residue of H1 and H2; AZ(Cter) = | (Z(C,M"! Cter) — Z(C,H?
Cter) |: difference in the Z positions of the C, atoms of the last residue
of H1 and H2. Q (°): crossing angle. 6, and 6, are the rotational
angles of H1 and H2, respectively, about their own axis
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monitored by applying harmonic crossed distance restraints
L. (see Fig. 1 for definition) at 35 A and 36 A with a force
constant of 250 kcal mol™' A~ for the GpArm dimer and
the HER> 1y dimer, respectively. The values are based on
those measured on the experimental model of the GpAry
dimer (MacKenzie et al. 1997) and our previous MD
models of HERZTM homodimers (Sajot and Genest 2000).

Equilibration was continued for 1 ns applying the same «
Hbonds and crossed distances restraints with a force constant
of 250 kcal mol™! A2 for the first 300 ps and reduced to
150 keal mol™ A~ for the following 300 ps. The last 400 ps
were continued without any constraint allowing the two
helices to move freely. During the heating and the equili-
bration periods helix—helix separation D was not restrained.

The production period was conducted during 3 ns
without any restraint. Atomic coordinates and energy terms
were saved every ps. The last ns was used for averaging
and further analysis.

Analysis of helix—helix assembly
Geometric criteria

Several geometrical parameters were used to evaluate the
quality of the simulated structures. These parameters,
shown in Fig. 1, are: (1) the helix length Ly defined as the
distance between the C, atoms of the first residue at the
N-terminus (CMHNter) and of the last residue at the C-ter-
minus (C,HCter). The Ly value informs directly on helix
elongation or helix contraction resulting from 3, or 7 helix
distortions. Distortions of the helical backbone are cur-
rently observed during MD simulations. We have consid-
ered, after several tests that a o helix is structurally correct
when Ly does not deviate up to 3 A from 32 A for the GpA
helix and 35 A for the HER helix. For a canonical o helix,
Ly is about 35.25 A for a 25 residues helix (HERT\) and
32.5 A for a 23 residues helix (GpAtm). These values are
close to those measured along the Z-axis. One may notice
that Ly can also be obtained from the calculation of the
helix length along the Z-axis. However, the helix axis is not
correctly defined in this case because the a helix structure
is not strictly maintained after MD simulations. (2) The
difference between the two crossed distances (Lg.). This
parameter noted Ay, allows the control of both the vertical
shift of the helices and the length of the two helices. (3)
The helix register AZ defines the vertical position of the
helices relatively to each other. It is calculated as the dif-
ference between the Z positions of the C, atoms of the first
and the last residues of H1 and H2 along the dimer axis.
For bitopic membrane proteins a significant shift of the TM
helices along the membrane normal would be impossible
due to the limitations imposed by the lipid bilayer (Killian
and von Heijne 2000; Killian 2003). (4) The crossing angle
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Q, which measures the angle between the two helical axes
whereby positive and negative values indicate a left-
handed and a right-handed coiled-coil. A distribution of the
crossing angle values ranging from -65° to 45° is in
accordance with the various studies on membrane protein
assembly (Bowie 1997; Chothia et al. 1981; Bywater et al.
2001; Kallblad and Dean 2004). Bowie (1997) examined a
small database of helical membrane proteins and showed
that a crossing angle of +20° was the most common, in
contrast to the globular proteins where packing angles
around —35° are the most prevalent. According to Chothia
et al. (1981) inter-helical crossing angles range between
—80° and +40°. Values of the geometric parameters used to
define the dimer structures quality are given in Table 2.

Structure selection
Geometry-based filters

The quality of a dimer structure was determined from the
analysis of the 250 configurations extracted from the last ns
MD trajectory (one configuration extracted every 4 ps).
The structure selection follows several steps:

(1) For each of the 250 configurations, the 6 parameters
defined previously were calculated. A score value of 1 is
given when one parameter is respected otherwise the score
value is 0. A configuration is assumed structurally correct
for a total score of 6 or close to correct for a total score of
5. Otherwise, the configuration is rejected. (2) A structure
is retained if 80% of the analyzed configurations () are
structurally correct (N = 200). Otherwise, the structure is
rejected. Steps (1) and (2) applied to the 1,296 structures
drastically reduce the number of structurally correct
dimers. (3) Based on the distribution of the crossing angle,
the remaining structures are clustered into three distinct
families of coiled-coils corresponding to right-handed
dimers (2 < —10°), parallel dimers (-10° < Q < 10°) and
left-handed dimers (€2 > 10°). (4) For each family, several
clusters including structures with a Coo RMSD value < 2 A
are well identified. The average structure for each cluster
was then energy minimized in order to remove bad contacts

Table 2 Parameters defining dimer structure quality

Ly (A) Ade (A)  AZye = Q)
. AZCler (A) .
Min Max Min Max
HER>®py 320 380 <35 <3.5 —65°  +45°
GpArm 29.0 350 <35 <35 —65°  +45°

Minimum and maximum values of Ly are defined from the length of a
o canonical helix (L, = 35.25 A for the HERy helix and 32.5 A for
the GpAty helix). Q (°) is the crossing angle. Minimum and maxi-
mum values derived from Bowie (1997) and statistical analysis of
membrane proteins. All these parameters are shown in Fig. 1
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and was used as the starting point for further MD refine-
ment. The same exact MD protocol described previously
was applied.

In addition, it has been applied to the two experimental
models of the GpAry dimer, (model 16 and the average
NMR structure) for comparison (see section “Results and
discussion”).

Interface surface area calculation

The interface surface area (SA) was calculated as the dif-
ference between the solvent accessible SA of individual
helices and the solvent accessible SA calculated for the
dimer. Surface areas are calculated with CHARMM and
values are averaged over the last ns of the simulation.

Residues in the TM helices were divided in three groups:
interacting residues have over 80% of their SA buried in the
helical dimer, partially buried residues have buried SAs
between 50 and 80% and exposed residues have more than
50% of their SA accessible (Gimpelev et al. 2004).

Binding free energy calculation

We have calculated the gas-phase contribution to the
binding free energy, AG°inq defined as: (Zoete et al. 2005)

. . AGEind .
Vacuo (Helix1 4+ Helix2 —" Dimer)

AG°®inqis the sum of three terms: AE; .., the difference in the
internal energy of the two monomers H1 and H2 in the dimer
D and the isolated monomers, E, 4w, and E..., the van der
Waals and electrostatic inter-helical interactions energies.

AGgind = AEinya + Evaw + Eclec
AEintra = ED - EHl - EH2

intra intra intra
X _ X X X
Eintra - Eintra,bond + Eintra,VdW + Eintra,elec

Results and discussion
GpAry dimers

The 1,296 sampled structures formed three families rep-
resentative of the right-handed, left-handed and parallel
dimers with 73, 70 and 16 structures respectively after
geometric filters.

Clustering similar structures in each family (Co
RMSD < 2 A), followed by averaging and MD refinement
reduce their population. Finally, four MD models repre-
sentative of the right-handed helical dimers were obtained,
nine are representative of the left-handed dimers and one
exhibits parallel helices.

In order to check whether the present protocol allows
predicting the experimental structure, Coo RMSDs of all the
final MD models relative to two NMR models were
calculated. One is the minimized structure of model 16, re-
ferred to as 1AFO,¢ which exhibits the lowest Caz RMSD
value relatively to the 14 final GpAtyy MD models. The
second is the minimized average NMR structure which will
be noted 1AFOean. The 20 NMR models are very similar
with crossed Ca RMSD values ranging from 0.3 to 1.76 A.
RMSDs of these 20 models from 1AFO,e., range from 0.34
t00.94 A. 1AFO, exhibits one of the largest value (0.90 A).
The lowest Coo RMSDs from 1AFO,¢ were obtained for the
right-handed models ranging from 1.5 to 4.7 A.

For the left-handed dimers and the parallel dimer
RMSDs are greater than 5.9 A. All the right-handed
structures, referred to as GpAg, show relatively short
Co—Co distances between the two helices (<4.4 A) which
are correlated with short distances between the two helical
axes (7.4 A).

Table 3 gives the various characteristics of the right-
handed models and of two left-handed models, noted here
GpAL., selected on the basis of the strongest helix—helix
interactions (GpAp;) and the weakest helix—helix inter-
actions (GpALy).

Three of the GpAr models exhibit a crossing angle
around —45°, very close to that calculated for 1AFO;¢ and
1AFO pcan- Calculated helix—helix angles are also in the
range of values derived from MD simulation in membrane
(-39° to —46°) (Petrache et al. 2000; Cuthbertson et al.
2006), or in micelles (—44°) (Braun et al. 2004). As shown
in Table 3, the magnitude of inter-helical interactions is
correlated with the magnitude of accessible SA of the
dimer interface. The same is observed for binding free
energy. The two left-handed structures exhibit short Ca—Cu
residue distances in the same range of value as observed for
right-handed dimers. At least, one Gly residue—Gly79 or
Gly83—is involved at the dimer interface. Left-handed
structures largely differ from the experimental structure
1AFO4 attested by RMSD values of 5.9 and 6.5 A. The
only parallel dimer resulting from the last filter does not
exhibit interesting properties and thus is not discussed here.

It is interesting to remark that the total energy of
the different MD dimers around —110 * 11 kcal mol™
does not allow to differentiate the right-handed and the
left-handed structures. The left-handed model GpAp,
exhibits the best stability, the strongest helix—helix inter-
actions and, the greatest contacting surface at the interface,
but is the furthest from 1AFO¢. The right-handed model
GpAg; which is the less stable and shows the weakest
helix—helix interactions and the smallest contacting surface
is very close to the experimental structure. This is clearly
shown by the very low values of RMDS calculated over the
residues of the dimerization motif.
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Table 3 GpAry simulated dimer structures

GpAry models  Q(°) D A)  deycy (A) Ri-R; SA (A% Eo dimer  Eper  AG%ina Ca RMSD (A)

a b
GpAg; —44 6.2 4.1 G79-G79 513 -110 -50 -104 1.5(1.8)  0.6(0.7)
GpAg» —43 7.0 4.2 G83-M81 585 -118 -57 -132 3.4(3.3) 2.9(2.9)
GpAgs —46 6.8 4.0 G86-G86 580 -121 -60 -128 47(4.7)  4.8(4.9)
GpAga -35 7.4 4.4 177-G79 598 ~118 -59 -129 3.5(32) 2.9(2.8)
GpAy, 16 8.0 45 G79-F78 672 -121 -82 -152 6.5(6.0) 43(4.2)
GpAr, 25 8.9 49 G83-V84 528 -100 43 -79 5.9(5.4)  4.0(3.9)
1AFO ¢ -50 6.2 3.5 V80-V80 432 -99
1AFOynean -40 6.9 3.6 V80-V80 424 -100

The best representative structures of the GpAry, include right-handed coiled-coils (GpAg) and left-handed coiled-coils (GpAp). Geometric
properties and energy terms are averaged over the last ns of the 4 ns MD simulation. Crossing angle Q (°) is calculated following a method by
Chothia et al. (1981) included in CHARMM. A positive value characterizes a left-handed coiled-coil and a negative value characterizes a right-
handed coiled-coil. D (10%): inter-helical distance between the two helices; dc,_cy (A): minimum distances between Ca atoms of opposed residues;
SA (A% contacting surface area at the dimer interface. The two residues in closest proximity are given as Ri—R; respectively for GpAy; and
GpApp,. The total energy of the dimer (E,, dimer) is the sum of the intramolecular energy of the two helices and helix—helix interactions (Ejycr)-
AG°®inq is the mean value of the binding free energy in the gas-phase (see text for definition). All energy terms are in kcal/mol. Ca RMSD values
from the minimized structures 1AFO;¢ and 1AFOyyc,, (italic) (model 16 and average NMR structure): (a) over all Co atoms and (b) over the Ca
atoms of the GxxxG motif. [RMSD values over the Ca atoms of the seven residues LIxxGVxxGVxxT are very similar (+0.15).] The various

geometric and energetic properties are given for the minimized structure

GpArMm dimer interface

Interfacial residues involved in helix—helix association
were identified from the Co—Co distance maps and the
calculations of the buried SAs.

In Fig. 2, the Ca—Co contact map of GpAg; is compared
to that of 1AFO;4 and 1AFO;c.,. One may note the strong
similarity of distance patterns and particularly that of the
two NMR models although model 16 is the more distant
from the mean structure. The representation of models
clearly confirm their strong similarity.

For GpAgj, the three residues, Gly79, Gly83 and Thr87,
have been identified as completely buried. The contact map
highlights the well-known interacting residue pairs Gly79—
Gly79, Gly83-Gly83, Gly79-Val80 and Gly83-Val80
pertaining to the dimerization motif. In addition to these
contacting pairs, others are revealed between Gly83—
Val84, Gly79-11e76, Leu75-1le76 and the symmetry-
related Leu75-Leu75, Ile76-11e76, and Thr87-Thr87.

For a better comparison with our MD models we have
carried on a 4 ns MD simulation of 1AFO;s and of
1AFO,can under the same conditions as described in MD
protocol. Mean values of different quantities have been
calculated. The Co—Cu distances less than 6 A between the
two helices are reported in Table 4 for the two experi-
mental models and are compared to those of the six others
MD models. It is shown that for both NMR structures, the
shortest distances imply the same residues of the GxxxG
motif. One may note that the V80-V80 distance evolves
from the shortest to the largest during simulation process.
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We demonstrate that the proximities between the residues
of the G;9VMAGg; motif calculated for GpAg; are almost
identical to those of the experimental models. For the
others MD models these proximities are not respected.

Our findings are very similar to those obtained recently
by (Bu et al. 2007) describing the GpAry structure using
implicit membrane generalized Born model.

The same residue pairs were identified in GpA structures
simulated in dimyristoyl-phosphatidylcholine (DMPC) bilay-
ers and dodecyl phosphocholine (DPC) micelles (Cuthbertson
et al. 2006).

Although the present study is performed in vacuum the
seven residue sequence LIxxGVxxGVxxT is found to be
the motif involved in GpAry helix association.

Surprisingly, even though the close distance between
Gly residues at the dimer interface is believed to allow
hydrogen bonding interactions between the Thr87 side
chains (Cuthbertson et al. 2006) or between the Thr87 side
chain and the backbone carbonyl of Val84 residue of the
opposed helix (Smith et al. 2002), our simulations did not
highlight any Hbond. A possible explanation is that, in
micelles, Thr87 can be solvated and water molecules may
mediate Hbond interactions between the two side chains
(Smith et al. 2002). Also, polar residues are destabilizing
residues in detergents and because of helix unravelling
Hbonds could be favoured with water (MacKenzie and
Engelman 1998). Inter-helical H-bonding interactions are
not the only determinant factor for inter-helical association.
Other factors can compensate for the loss of this particular
interaction.
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HER>™ ™ dimers

From the 1,296 sampled structures, three families repre-
sentative of the right-handed, left-handed and parallel
dimers with size of 2, 77 and 20, respectively, were
obtained after geometric filters. These first results suggest a
strong preference for a left-handed association for the TM
domains of the HER*™ heterodimer.

After clustering (Co RMSD < 2 A), averaging and MD
refinement the number of structures representative of each

family is strongly reduced. Only one structure with a right-
handed crossing angle was retained and five with a left-
handed crossing angle. The dimer with parallel helices
resulting from this last step was rejected because of sig-
nificant distortions at the N-terminal end of both helices.
Geometrical properties and energetic data are given in
Table 5.

The five left-handed structures are slightly different or
relatively different as attested by the Ca RMSD values that
compare all the structures (between 2.7 and 5.1 A). The
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Table 4 Co—Co distances (< 6 A) calculated between the residues of the two helices Ri-R; for the MD models predicted for GpArys dimer (right-
handed and left-handed) and for the two NMR structures: 1AFO,4 (model 16) and the average structure of the 20 NMR models (1AFOycan)

Ri-R; GpAr: GpAr» GpAgs GpAga GpAL, GpAr, 1AFOmean 1AFO,¢
G79-G79 4.14 4.31 4.48 4.26 5.11
G83-V80 4.28 4.29 4.58 4.78 4.31
G83-G83 4.40 4.43 5.35 4.40 5.19
V80-G79 4.50 5.03 4.53 4.49 4.80 4.29
V80-G83 4.56 4.66 4.66 4.22 4.17
G79-V80 4.64 5.00 4.88 4.88 4.50 4.23
V80-V80 5.19 5.24 5.24 5.27 3.51
G83-MS81 4.16 4.79

G79-MS81 4.61 5.33 5.31

A82-MS81 5.86

V80-MS81 5.86 5.60

A82-A82 4.61

M81-G79 4.51

M81-G83 4.58

M81-V80 5.76

Values are averaged over the last ns of the simulation. Values from the minimized structures are in italic

crossing angle ranges from 13° and 31°. As shown in
Table 5, all these models exhibit energetically stable
structural arrangement of the helices leading to stable
dimers. Inter-helical interactions differ at the most by
20 kcal/mol and difference in internal energy of the dimers
between the lowest structure and the weakest structure is in
the same range of value. Energetic factors are not sufficient
to distinguish the most representative structure of the TM
domain of the HER*™ heterodimer. The structure of this
domain is unknown and any structural data is available.
The only information which can be used to select the best
representative structure of the HER>1y; domain is the
presence of the GxxxG-like motif at the dimer interface. As
revealed by numerous studies on TM helices of membrane
proteins this motif is presumed to drive helix—helix asso-
ciation (Russ and Engelman 2000; Dawson et al. 2002;

Table 5 HER2'3TM simulated dimer structures

Mendrola et al. 2002; Arselin and Giraud 2003; McClain
et al. 2003). This hypothesis is confirmed by biological
studies on HERty; domains (Mendrola et al. 2002; Gerber
et al. 2004). Three dimer models conform to this hypoth-
esis with similar free binding energy values. One is the
right-handed structure referred to as HER2’3R, the two
others are the left-handed structures refereed to as
HER?>7;, and HER?>7|,. Helix-helix interface of these
three structures are detailed below.

HER?*> 1y dimer interface

The Ca—Co distance maps and the views of HER? g,
HER2*3L1 and HER2*3L2 structures are shown in Fig. 3.
The contact map relative to the right-handed structure (a)
shows that the shortest distances involve the N-terminal

HER™,_; models Q () D (A) deycy (A) R-R; SA (A% E, dimer Einer AG®hina
HERg>™ -20 8.3 5.6 L663-1665 716 -162 -59 -157
HER, > 24 8.1 4.4 A657-T647 687 -175 -65 -161
HER; > 31 7.8 55 S656-V648 694 -167 -53 -152
HER, ;> 22 8.5 5.2 1673-L659 636 -154 -53 —140
HER; 13 8.7 4.8 G668-G660 590 -168 —42 -140
HER; s> 26 8.0 5.1 S656-T647 693 -173 -63 -169

The best representative structures of the HER>>1y include right-handed coiled-coils (HER>7R) and left-handed coiled-coils (HER>*™

as Ri-R; respectively for HERzTM and HER3TM

@ Springer

L)
Geometric properties and energy terms are averaged over the last ns of the 4 ns MD simulation. Definitions of the geometric parameters, crossing
angle Q (°), D (A), dcy_cy (A), SA (A% and energy terms (in kcal/mol) are defined as in Table 3. The two residues in closest proximity are given
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residues of the helices. The shortest proximities are
observed for the following residue pairs: L651T652-
T643M644, T652-T647, V6555656-T647V648, V655-M644,
S656-G651, V659-V648, V659-G651L652, L663-1655
and L667-L659. Contacting maps of the two left-handed
structures are slightly different. The closest proximities are
observed between the N-terminal residues for HER?>™} ; (b)
while they are observed all along the TM sequences for
HER2*3L2 (c). In the case of HER2*3L1, the shortest dis-
tances involve the following residue pairs S656-T647,

Fig. 3 HER?*>py; dimer
structures. Co—Co contact maps
of the representative models of
HER?* 1y dimer derived from
MD search: right-handed
structure HER2’3R1 (a), left-
handed structures HER? 7

(b) and HER*,,. (c). The
lowest Ca—Co distances are in
red and the largest distances are
in blue. The corresponding
structures HER2"3R1 (d),
HER?>?,, (e) and HER* 3|,

(f) are shown with the closest
residues at the dimer interface.
Backbone ribbon of HER?1y
helix is in blue and that of
HER>1y helix is in red. At the
N-terminus, buried residues of
the GxxxG-like motif are
colored orange, buried residues
at the C-terminus including
residues of the GxxxG-like
motif of HERZTM are shown in
green. Other buried residues are
in purple

A657-T647, G660-A650, G660-G651, 1661-A650 at the
N-terminus and F671-G661 at the C-terminus. For
HER”™|,, a strong implication of $656 and G660 of the
HER?1y and T647 and G651 of HER? 1y are revealed. One
may remark a strong implication of the C-terminal residues
and particularly those of the C-terminal GxxxG-like motif
of HER’1y. All the three structures clearly exhibit the
N-terminal GxxxG-like motif at the dimer interface. All the
residues involved in short interfacial Ca—Co distances
are completely or almost completely buried.
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Concluding discussion

In the present study, we show that sequence information
and oligomerization state are sufficient to predict structural
models of TM helix assembly.

Because MD simulations in membrane are very time
consuming, our study, as most of others that aimed to explore
the conformational space of helix-helix assembly are
undertaken in vacuum (Adams et al. 1995; Torres et al. 2001;
Caballero-Herrera and Nilsson 2003). It is largely admitted
that helix—helix contacts are the main factor that govern
helix-helix association and that the membrane environment
does not exert major effects (White and Wimley 1999).
Membrane acts as a modulator of the stability of oligomers
(Petrache et al. 2000; Cuthbertson et al. 2006). The confor-
mational space explored in vacuum is very close to that ex-
plored in hydrated lipids (Duneau et al. 1999a, b). Thus one
may think that the structures predicted in vacuum are close to
those in a real membrane provided that they respect the
properties of the membrane/solvent environment.

Our approach is based on the global searching method
developed for predicting HER2/Neu homodimers (Garnier
et al. 1997; Sajot and Genest 2000) and was revisited to
explore the whole conformational space without imposing
limitation. This is in contrast to several other methods that
impose rotational symmetry, helix tilt angle or helix—helix
angle (Krogh et al. 2001; Chen et al. 2002; Kim et al. 2003;
Kokubo and Okamoto 2004; Akula and Pattabiraman 2005;
Adamian and Liang 2006; Beevers and Kukol 2006;
Fleishman et al. 2006b; Bu et al. 2007). Another advantage
is the MD exploration of a relatively limited number of
configurations for a given heterodimer system. Thus, the
present approach is very attractive to define rapidly,
without a priori, an ensemble of structures representative of
the native state of TM heterodimers. Such an approach
could be broaden to the prediction of larger oligomeric
states by taking into account additional criteria as those
deduced from statistical analysis of membrane proteins.

The present MD search protocol is successful in pre-
dicting the structure of the GpAry, dimer. Any quantitative
experimental data is used except the knowledge of the
proximity of the GxxxG motifs at the dimer interface.

Obviously, the success of a prediction method is difficult
to evaluate without experimental data. In the present work,
only geometric criteria are used to propose reasonable
structures of two interacting helices. One difficulty is to
define a suitable balance between the number of filters and
their degree of severity to minimize the risk to predict
wrong structures. More the number of filters is large, less is
the risk. More accurate prediction imposes the use of
experimental data, at least qualitative.

The question of the correctness of a predictive method
for describing the structure of helix—helix assembly is of

@ Springer

major importance owing to the difficulty of experimental
studies in membrane environment. The biological impor-
tance of the HER receptors and the lack of knowledge of
homo and hetero dimerization processes lead us to inves-
tigate structural models of the TM domain. Structural
models of the HER? 1y, domain are proposed, based only
on the presence of the GxxxG-like dimerization motif at
helix-helix interface (Mendrola et al. 2002). As discussed
above, one may think that they are representative of the
structures in the membrane environment.

The present method is currently used for the prediction
of the structures of the TM domain of all HER hetero-
dimers with the aim to give insights into the hierarchical
network of inter receptor interactions that determine signal
transduction (Tzahar et al. 1996; Duneau et al. 2007).
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