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Abstract ErbB receptors undergo a complex interaction
network defining hierarchical and competition relation-
ships. Dimerization is driven entirely by receptor—receptor
interactions and the transmembrane domains play a role in
modulating the specificity and the selection of the partners
during signal transduction. To shed light on the role of the
GxxxG-like dimerization motifs in the formation of ErbB
transmembrane heterodimers, we propose structural mod-
els resulting from conformational search method combined
with molecular dynamics simulations. Left-handed struc-
tures of the transmembrane heterodimers are found
preponderant over right-handed structures. All heterotypic
heterodimers undergo two modes of association either via
the N-terminal motif or the C-terminal motif. The trans-
membrane domain of ErbB3 impairs this C-terminal motif
but also associates with the other partners owing to the
presence of Gly residues. The two dimerization modes
involve different orientations of the two helices. Thus, a
molecular-switch model allowing the transition between
the two dimerizing states may apply to the heterodimers
and could help interpret receptor competition for the for-
mation of homodimers and heterodimers. The comparison
between experimental and theoretical results on the
dimerization hierarchy of the transmembrane domains is
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not straightforward. However, we demonstrate that the
intrinsic properties of the transmembrane sequences are an
important component in heterodimer formation and that the
ErbB2 and ErbB3 transmembrane domains have a strong
power for heterodimerization as observed experimentally.
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Introduction

The epidermal growth factor receptor (EGFR/ErbB1)
belongs to a subclass of four receptors including ErbB2 in
human (Neu in rodents), ErbB3 and ErbB4 (Ferguson et al.
2003; Yarden and Sliwkowski 2001). The ErbB receptors
tyrosine kinase (RTKs) are involved in a wide range of
differentiation and growth events and in the progression of
carcinoma types (Citri and Yarden 2006; Salomon et al.
1995; Yarden and Sliwkowski 2001). ErbB receptors are
transmembrane (TM) glycoproteins having three different
domains: a variable extracellular ligand-binding domain at
the N-terminal with two cysteine-rich sequences, a trans-
membrane spanning domain connected to the intracellular
domain including a tyrosine kinase domain flanked by a
large hydrophilic tail (Olayioye et al. 2000).

Ligand binding to the extracellular domain enhances the
dimerization of the receptors or stabilizes existing, but
unstable, dimers (Lemmon et al. 1997; Sako et al. 2000)
and results in the cross-phosphorylation of the dimerized
receptors (Olayioye et al. 2000; Schlessinger 2000). Pro-
nounced differences in the mode of ligand binding have
been revealed leading to homo-oligomers and hetero-olig-
omers in various combinations involved in signalization
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across cell membrane (Linggi and Carpenter 2006; Warren
and Landgraf 2006). All possible complexes between the
receptors have been identified in different systems (Gullick
2001; Olayioye et al. 2000; Schlessinger 2000).

Relevant protein—protein interactions are beginning to
be understood and significant insights into the molecular
mechanisms of ErbB dimerization come from high-reso-
lution structures of soluble ectodomains (Bouyain et al.
2005; Cho and Leahy 2002; Ferguson et al. 2003; Garrett
et al. 2002, 2003; Ogiso et al. 2002). Ectodomain contacts
between the two monomers occur, but their spatial prox-
imity alone is not sufficient for receptor dimerization and
efficient phosphorylation (Ferguson et al. 2003; Mattoon
et al. 2004). Activation can be achieved without extracel-
lular domains (Bargmann and Weinberg 1988a; Di Fiore
et al. 1987) and dimers can form in the presence or absence
of ligand (Moriki et al. 2001) suggesting that the basic
ligand-induced dimerization mechanism is more complex
than initially thought.

A series of findings indicate that regions other than the
ectodomain contribute significantly to interactions. Contact
regions exist between the kinase domains and involve two
lobes termed N and C lobes (Zhang et al. 2006). The cyto-
juxtamembrane region of each ErbB receptor contains
basic residues that influence dimerization (Aifa et al. 2005,
2006). Dimerization involves also direct contacts between
the helical TM segments of the receptors (Fleishman et al.
2002; Li and Hristova 2006; Mendrola et al. 2002).

The potential implication of the TM domain is illus-
trated by the Neu mutation in the ErbB2 that provokes
constitutive dimerization and kinase activation (Bargmann
et al. 1986; Bargmann and Weinberg 1988a, b). The close
association between these domains is presumed to be dri-
ven by the GxxxG dimerization motif (x is any residue)
originally described by Sternberg and Gullick (1990). In
this motif, Gly can be replaced by a small residue (Ala, Ser
or Thr; Dawson et al. 2002, 2003; Eilers et al. 2002;
Kleiger et al. 2002; Senes et al. 2000).

All ErbB receptors have a single TM domain that
exhibits a conserved and very common GxxxG-like motif
at both the N-terminal and the C-terminal ends, except
ErbB3 for which this motif is present only at the N-ter-
minus. The presence of this motif correlates with the
degree of self-association of the ErbB TM spans (Mendrola
et al. 2002). It is also suggested that the Neu mutation
(V659E) when introduced into ErbB2 induces a shift
between two packing modes, which may represent active
and inactive configurations of the receptor (Fleishman et al.
2002). These two motifs in the ErbB1-ErbB2 heterodimer
could exert a separate function in TM domain assembly,
one for homodimerization and the other for heterodimer-
ization (Gerber et al. 2004). The ErbB TM segments
isolated from the full-length protein are not independent
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association domains in micellar environment, but helix—
helix interactions exist and require stabilizing interactions
by other parts of the receptor (Stanley and Fleming 2005).
The association of the receptors comes from the sum of
many interactions including weak contacts distributed
throughout all the domains. In addition, ligand binding also
induces a rearrangement of each receptor subunit owing to
the rotation of the TM domains (Bell et al. 2000; Moriki
et al. 2001).

Receptor—receptor interactions display distinct selectiv-
ity that defines hierarchical and competitive relationships
(Karunagaran et al. 1996; Prigent and Gullick 1994).
Biochemical experiments undertaken on the four human
ErbB receptors (Tzahar et al. 1997) revealed that from the
six possible heterotypic interactions within the family,
three are involved in relatively strong inter receptor inter-
actions. ErbB2 acts as the preferential partner of the ligand-
bound ErbB1, ErbB3 and ErbB4, and its major partner is
the kinase-defective member of the family ErbB3. Het-
erodimers between ErbB3 and ErbB4 are not detectable.
These results agree on many aspects with the study
undertaken by Riese et al. (1995).

Recent experimental studies using FRET (fluorescence
resonance energy transfer) (Duneau et al. 2007) have
shown that the association of the TM domains of the four
ErbB receptors obeys a hierarchy very similar to that
observed for the whole receptors. FRET studies revealed
that the TM domain of ErbB2 is the preferential partner of
the other receptors with a marked preference for that of
ErbB3 and ErbB1, while the association of the TM
domains of ErbB4 and ErbB2 is found to be less favorable.
Other heterodimers involving the ErbBl1 TM span are
observed and ErbB3-ErbB4 TM species are detected. Thus,
the TM domain of the ErbB receptors is presented as a
selector of the population of dimer species, which plays a
major role in modulating the affinity, specificity and the
selection of partners during signal transduction.

Although the TM domain does not provide a unique
driving force to stabilize the receptor dimers, it seems
important to shed light on how the TM domains associate
in the context of heterodimer formation. The details of the
interactions between the TM domains and the knowledge
of their structure could help in understanding the role of the
juxtamembrane segment at the junction of the TM domain
and the N-lobe of the kinase domain, which is believed to
maintain a certain flexibility allowing switch positions to
activate each receptor.

Transmembrane domain association is governed both by
the intrinsic properties of the peptide sequence and by
peptide—lipid interactions. The present study only focuses
on the intrinsic properties of the peptide sequences. To
address this question, the six possible heterotypic interac-
tions have been studied. To identify possible structures of
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the heterodimers, a global search method combined with
molecular dynamics (MD) simulations starting from 1,296
initial structures for each type of interactions is used. The
protocol, recently described (Samna Soumana et al. 2007),
successfully predicts the right-handed structure of the TM
dimer of glycophorin A (MacKenzie et al. 1997). When
applied to the TM association of ErbB2-ErbB3, it was
shown that the best structures conform to the presence of
the GxxxG-like dimerization motifs at the dimer interface.
The present results show a net preference for a left-
handed structure of TM helix pairs over a right-handed
structure for all the heterodimers. The most representative
MD models exhibit the presence of either one of the two
dimerization motifs at the contacting interface. The two
dimerization modes presumed to be involved in the com-
plex interaction network of the receptors are discussed in
relation to experimental data. Interaction hierarchy is
compared to experiments on the whole receptors and the
TM domains (Duneau et al. 2007; Tzahar et al. 1996).

Methods
TM domain systems

The six helical heterodimers within the ErbB receptor
family are studied. For clarity, the TM domain and the
whole receptor will be noted as HERyt, and ErbB,
respectively. Thus, the transmembrane heterodimers will
be named HER"ijM (i =14, j>1i). Each monomer
includes 25 residues of the TM hydrophobic sequence of
each receptor (ErbB1 (Ullrich et al. 1984), ErbB2 (Cous-
sens et al. 1985; Yamamoto et al. 1986), ErbB3 (Kraus
et al. 1989), ErbB4 (Plowman et al. 1993)). The sequences
are given in Table 1. Each heterodimer comprises two
helices, each built with the amino terminus acetylated and

Table 1 Sequences of the TM domain of the four ErbB receptors:
HER'ty (Ullrich et al. 1984), HER?py (Coussens et al. 1985;
Yamamoto et al. 1986), HER>y; (Kraus et al. 1989) and HER*1y;
(Plowman et al. 1993)

TM domain Sequence Residues
HERI1 PSIATGMVGALLLLLVVALGIGLFM 644668
HER2 LISIVSAVVGILLVVVLGVVFGILI 651-675
HER3 LIMALTVIAGLVVIFMMLGGTFLYW 642-666
HER4 PLIAAGVIGGLFILVIVGLTFAVYV 651-675

The regions corresponding to the putative GxxxG dimerization motif
in each TM domain are shaded gray. SmxxxSm interactions sites are
in bold or underlined (see text)

the carboxyl terminus methyl-aminated to mimic the pep-
tide bond.

Computational search

The program CHARMM Version 26 (Brooks 1983) and the
all hydrogen PARAM?22 force field (MacKerell et al. 1998)
were used in the present study. All calculations were car-
ried out in vaccum and performed on a multi-processor
platform Linux Beowulf cluster with dual 3.06 GHz Intel
Xeon processors.

Conformational sampling and MD protocol have been
detailed in a previous paper (Samna Soumana et al. 2007).
The main steps of the MD search are summarized in the
following text and illustrated in Fig. 1.

Initial structures

Parallel dimers were first generated with two helices (H1
and H2) built with the standard torsion angles. For a
complete search over the two-body rotational interaction
space, helices were rotated about their own axis by 10°

| 1296 initial starting structures

|

| For each initial structure

- '

MD simulations in vacuo :

Heating period: 18 ps (o HBs restraints, crossed distance restraints)
Equilibration period: 1 ns (600 ps same restraints gradually relaxed)
Production period: 3 ns, no restraint

v

Step 1 Analysis :

Extraction of N=250 configurations from the last ns of the trajectory
Structure selection based on geometric filters (structure quality)

l l

k | If N > 200 structure retained | | If N < 200 structure rejected |

1

| Set of « good structures »: three structure families |

| ! !

Left-handed parallel helices Right-handed
Q>+10° -10°<Q < +10° Q<-10°

| | |

Structure clustering (Co. RMSD < 2.0A)
Average structure calculation for each cluster

!

| MD refinement of all average structures |

|

| Analysis: last ns of the production |

\

Step 2

NS

Step 3

e

Fig. 1 Flowchart giving an overview of the main steps of the search
protocol and MD simulations applied to the prediction of heterodi-
merization of the TM domain of the ErbB receptor family. Details of
the method are given in our previous work (Samna Soumana et al.
2007)
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steps for a complete rotation. A total of 1,296 (36 x 36)
initial structures were generated for each heterodimer. For
each initial structure, the two helices were separated by a
distance Dh between the helix axes corresponding to the
minimum distance to prevent steric contacts (Samna Sou-
mana et al. 2007). This is obtained by combining energy
minimization and the progressive approach of the two
helices maintained in a parallel orientation.

MD simulations

All the 1,296 initial structures were submitted to MD
simulations at constant temperature (7 = 300 K). Ther-
malization was performed by increments of 50 K by
maintaining the two helices close to the « structure, while
restricting a vertical shift of one helix relatively to the
second helix. Backbone hydrogen bonds (o« H bonds) and
crossed distances restraints (see Table 2 for definition)
were applied and the force constant was gradually reduced
in the course of the equilibration period. The production
period was continued for 3 ns without any restraint.
Atomic coordinates and energy terms were saved every
picosecond (ps). The last nanosecond (ns) of the trajecto-
ries served for averaging and analyses.

Analysis

The analysis of the dimers consists in the selection of the
best structures based only on geometric criteria and not on
energy criteria. A structure is considered to be correct
when its geometry is compatible to that of a TM dimer
embedded within a lipid bilayer. Three steps are applied to
control the quality of a dimer structure.

Step (1): Six geometric conditions (Table 2) are imposed
to each of the 250 configurations extracted from the last
ns MD trajectory (one configuration extracted every
4 ps). Helix distortions and helix register (AZ) that
defines the vertical shift of the helices relatively to each
other are accepted, but limited (Killian and von Heijne
2000; Weiss et al. 2003). The two helices must exhibit a

similar degree of helicity and this feature is controlled
by the difference between the crossed distances (Ag.).
These three criteria give an account of a suitable
complementarity of the facing side chains at the dimer
interface. The crossing angle between the two helices
must be between —65° and 45°, as observed in
membrane proteins (Bowie 1997).

A configuration is structurally correct when all the six
parameters are respected, otherwise the configuration is
rejected. A structure of the dimer is accepted when 200
configurations are structurally correct (80%). This value
corresponds to the standard deviation of a hypothetic
normal distribution.

Step (2): The retained structures are grouped in three
families depending on the crossing angle value that
defines right-handed coiled-coil, left-handed coiled-coil
or dimers with parallel helices.

Step (3): In each family, similar structures are clustered
(Ca RMSD < 2 10\) to reduce the number of dimer
structures. For each cluster, an average structure is
calculated and energy minimized and the same exact
MD protocol as described previously is applied for
further refinement. Then, geometric filters are applied
for the control of the quality of the refined structure.

Particular attention was given to the choice of the criteria
and their strength in order to obtain a reasonable number of
final structures. The criterion that is most sensitive is the
difference between the crossed distances (A,.) (55% of the
configurations are eliminated in average against 30% for
the control of helix length and the vertical shift of the
helices). The crossing angle value is less selective (7% of
the configurations are eliminated in average). We have also
verified that the criteria are not correlated. Two or three
criteria can exclude the same configurations, but the
number of configurations eliminated is different. Structure
exclusion only depends on the orientation of the helices.
Furthermore, a threshold of 80% of configurations
imposed to decide if a structure was correct was tested.
A value of 70% leads to a larger number of correct

Table 2 Parameters defining the dimer structure quality (Samna Soumana et al. 2007)

Parameters Ly, (A) Age (A) AZyieAZcrer (A) Q)
Minimum Maximum Minimum Maximum
HER M 32.0 38.0 <35 <35 —65° +45°

Ly is the length of an o canonical helix (Ly, = 35.25A for a 25 residue helix). Ly, is the distance between the C, atoms of the first residue
CHNter and the last residue CHCter. Ay, is the difference between the crossed distances (CH'Nter — C;uCter and C;'ther — CHCter). Crossed
distance: distance between the C, atoms of the first residue C:INter of one helix (H1 or H2) and the C,, atoms of the last residue CtCter of the
second helix (H2 or H1). AZ(Nter) = [(Z(CY ! Nter) — Z(C';2 Nter)] is the difference in Z positions of the C, atoms of the first residue of H1 and
H2. Same definition for AZ(Cter) but for the C, atoms of the last residue of H1 and H2. Q (°) is the crossing angle calculated following the
method of Chothia et al. (1981) included in CHARMM. Crossing angle values (minimum, maximum) are from Bowie (1997) and deduced from
statistical analysis of membrane proteins
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configurations, particularly for the left-handed structures,
which are found to be preponderant. After clustering and
structure averaging, approximately the same number of
clusters is obtained and consequently the same number of
final refined structure.

Helix-helix interactions are calculated for the final MD
dimer models. To distinguish between the structures, an
appropriate term is the gas-phase contribution to the
binding free energy AG®;nq (Zoete et al. 2005). This term
includes the conformational cost for the dimerization and
the interaction energy term between the two helices. We
keep in mind that this term does not represent correctly the
free energy of association of the helices. Helix—helix
affinity can be modulated by the membrane environment
and this point will be discussed below.

AG®inq is calculated as: AG°ying = AEinga + Evaw +
Eciec Where AE;, ., is the difference between the sum of the
internal energies of the two helices in the dimer (EDimm)
and the sum of the internal energies of the two isolated
helices (EHlinlra + EHzimm). E 4w and E.. are the van der
Waals and electrostatic interaction energies calculated
between the two helices. Contacting surface areas were
also evaluated (Samna Soumana et al. 2007).

Results
Global analysis of the HER' 1y models

From the 1,296 sampled structures for each heterodimer
type, three families representative of the right-handed, left-
handed and parallel dimers were obtained. The number of
the selected structures for the different families given in
Table 3 clearly shows a net preference for dimers with
helices in left-handed interactions. Very few right-handed
structures result from geometric filtering except for the two
heterodimers HERZ_ITM and HER2_4TM. Dimers with
parallel helices (absolute value of the crossing angle less

Table 3 Summary of the simulations

than 10°) are well represented for the association of
HER*ry with HER?*py or HER®py. These structures,
named “good” structures, represent a percentage ranging
from 5 to 13% of the 1,296 initial structures.

The distribution of the crossing angles (Fig. 2) shows
helix—helix angles centered around 25°-35° for the left-
handed structures. For the structures defining right-handed
coiled coils, the crossing angle ranges between —30° and
—10°. The two peaks around +5° correspond to the large
population of the dimers with parallel helices found for the
heterodimers HER274TM and HER374TM.

The magnitude of helix—helix interactions is an indicator
of the affinity of the two partners. van der Waals interac-
tions are dominant and represent 70% or more of the total
interactions calculated between the two helices. Electro-
static interactions are negative and greatly vary depending
on the nature of the residues at the interface.

Helix—helix interactions range in average between —75
and —43 kcal/mol for most of the HER V1 heterodimer
models. The strongest interactions between the two helices
come from the electrostatic term owing to the presence of a
Thr side chain facing a small residue at the interface. The
very short Ca—Ca distance (3.9 A) between Thr643 and
Gly656 in one HER*™*ry model leads to helix-helix
interactions of —84 kcal/mol in average.

Another parameter that may help in evaluating the
affinity of the two monomers is the binding free energy
AG°ping. If we consider all MD selected models (data
not shown) obtained after the final selection (step 3),
HER? 31y, HER! ™31y and HER®#py exhibit the best
affinity compared to the three others.

Contacting surface area between the two helices informs
on the way the two helices interact. For the whole set of
correct structures defined for the six types of heterodimers,
the contacting surface area varies from 640 A? (HER* “* 1y
and HER' 1) to 685 A% (HER**1y and HER! py).
Models of HER* !y and HER? 31, exhibit, in average, a
contacting surface of 655 and 669 A2, respectively.

HERTy heterodimer Structure family ~ HER*”'  HER?>™® HER®*** HER>™* HER'™® HER'™
Nb of selected structures after step 1 L 91 77 73 60 86 58

P 22 20 69 54 3 8

R 14 2 31 2 1 2
Percentage of “good” structures after step 1 10 8 13 9 7 5
Nb of selected structures after step 3 L 11 5 9 9 5

P 2 1 1 0 0

R 1 1 1 1 1

Selected structures for the different HERTyy heterodimers after geometric filters (stepl) and after structure clustering and final MD refinement
(step 3). Three families of dimer models are found: left-handed coiled coil (L); right-handed coiled coil (R) and dimers with parallel helices (P).
Percentage of “good” structures is calculated over the 1,296 initial configurations simulated for each heterodimer
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Structure number

-15
Crossing angle (°)

Fig. 2 Distribution of the crossing angles Q (°) calculated for the
HERT); heterodimers models resulting from geometric filters. Left-
handed structures are dominant with Q ranging between 20° and 35°.
HER> 15 and HER®™*1 heterodimers are characterized by a large
number of parallel dimers Q = £5°. Very few right-handed struc-
tures are formed between the TM domains

GxxxG-like motifs mediate HERTy; association

The predominance of small residues at helix—helix inter-
face is recognized as a main property of helices in
membrane proteins (Adamian and Liang 2001; Eilers et al.
2000; Gratkowski et al. 2001; Javadpour et al. 1999;
Walters and DeGrado 2006; Zhou et al. 2001). SmxxxSm
motifs (Sm is a small residue Gly, Ala, Ser or Thr and x is
any residue) are present in all ErbB TM domains. Search
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Fig. 3 Statistics on inter helix—helix distances. Number of times the
residue R; of the monomer HER'1yy (i =1 — 4) is close to any
residue R; of the second monomer HER/1y, G=1—-4,j # i)
distance C,R; — C,R; < 6 A. The analyses use the structures of all
the heterodimers HER 1y, (six types) resulting from the final
selection (see Table 1). The number of residue pairs examined is 223
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for residues in short contacts (Co—Coa distance between the
TM monomers <6 A) have been undertaken on the whole
final MD models. The results are shown in Fig. 3. The plots
clearly evidence that the residues of the motifs appear at
the dimer interface with a high occurrence. In the case of
HERITM, Ser645, Ala647, Thr648, Gly649 at the N-ter-
minus and Ala661 and Gly665 at the C-terminus are the
most frequent. For HERZTM, all the small residues, par-
ticularly the polar residues Ser and Thr at the N-terminus
and the Gly residues of the C-terminus are also the most
frequent. The same observation is made for HER4TM with a
strong implication of Gly and Ala and for HER 1y with a
predominance of the polar residues Thr643 and Thr647 of
the N-terminal motifs oriented inside the interface. Despite
the fact that HER 1 is the only domain without putative
dimerization motif at the C-terminal side, the two Gly
residues 660—661, at a similar position to that of the second
dimerization motif of the other HERty, domains, fre-
quently occur in close proximity with the facing helices.
From this analysis, we demonstrate that small residues
of the SmxxxSm motifs of the ErbB TM domains are
predominant at the dimer interface. This result is in total
accordance with the role of these motifs in helix—helix
association in membrane proteins and particularly in ErbB
receptor dimerization. MD models can be regarded as
representative models of HER TM domain association.
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for HER', 238 for HER?, 170 for HER® and 187 for HER®. The
GxxxG-like motif of the HERTy sequences and the extended motifs
SmxxxSm are underlined. HER>1y; exhibits only one GxxxG motif at
the N-terminal side. The two Gly residues at a position similar to that
of the C-terminal motif found in all others sequences are highlighted



Eur Biophys J (2008) 37:851-864 857

Table 4 Characteristics of the HER 71y heterodimers models

HER'“TM  Motif Q Dy yj Dcuicyj Rui — Ry SA  Emer AG%ina Einer Motif
N ter C ter
HER?py; partners HER?~! Nter —12 84 43 G660-G652 632  —66  —152 -5 -2
N ter 0 86 42 T652-S645 741 =76  —151 -12 =3
C ter 2 8l 4.7 G672-F667 721  —69  —144 -1 -2
*HER?™* N ter 40 68 4.1 A657-G659 627  —57  —149 —-08 74
Cter —10 55 4.7 V665-V665 595  —43  —136 -07 -26
HER>"? N ter 24 8.1 4.4 A657-T647 687 —65  —161 —41 41
C ter 13 87 4.8 G668-G660 590  —42  —140 -1.7 =17
HER®p partners HER'™? N ter 23 8.1 4.7 M650-T647 709 —69  —185 71 =71
C ter 21 82 438 L666-G661 672 —62  —178 -38 38
*HER?™* N ter 27 1.8 4.8 T647-G656 734 =72 —180 —46 —46
C ter 23 82 43 G660-G668 673  —45  —139 —-14 —14
HER*py; partners*  *HER'™* N ter 21 9.1 53 A647-A655 641  —46  —141 -15  -19
C ter 28 7.8 42 G665-A672 603  —42  —129 —25 —49

All the selected structures are not detailed. Two examples of association via the N-terminal motif and the C-terminal motif are given for the
different heterodimers (see text). Right-handed structures are characterized by a negative value of the crossing angle (Q) and left-handed
structures are characterized by a positive value. Helix—helix angle is between —10° and +10° for parallel dimers. Crossing angle Q (°) is
calculated following a method by Chothia et al. (1981) included in CHARMM. E;er moir is calculated between the GxxxG dimerization motif at
the N-terminus and the C-terminus. Energy terms are in kcal/mol

Dyj_pj (10\): inter-helical distance between the two helices; Dc.i_cyj (A): minimum distance between Ca atoms of opposed residues Ry; — Ryj. SA
(A%): contacting surface area at the dimer interface. Ej,.,: helix—helix interactions. AG®y;,q: mean value of the gas-phase contribution to the
binding free energy (see text for definition)

* Heterodimers formed with HER4TM

Structures and characteristics of the heterodimers the C-terminal motifs are buried within the dimer interface.

For this model, the contribution of this last motif to helix—
All the HER' /1y models will not be detailed in the fol-  helix association is slightly stronger than that calculated for
lowing. Only the models for which either the N-terminal  the N-terminal motifs. The Phe residues, with their bulky
motif or the C-terminal motif is well positioned at the side chain oriented within the dimer interface, contribute to

dimer interface are discussed in the following text. Ener-  an increase of inter helical van der Waals interactions.

getic and geometrical characteristics are given in Table 4. The left-handed structures constitute the main family of
the HEszlTM heterodimers. One structure with helices

HER?py and its partners crossed at 22° represents this family. The magnitude of

helix—helix interactions is very comparable to the previous
Among the 14 “good” structures retained for the HER* 'y ones. The shortest residue—residue distances are observed
heterodimers, three structures are presented. One is a right-  at the C-terminal extremity at the level of the two terminal
handed structure with the two helices crossed with a small ~ motifs. In average, the two motifs contribute weakly to the
angle. This structure exhibits helix—helix interactions helix—helix interactions. For these HERZ_ITM MD models,

mediated by the N-terminal motif. The shortest residue—  the GxxxG-like motif, either at the N-terminus or at the
residue distance is observed between the two facing Gly C-terminus exerts favorable, but weak, intermolecular
residues 660 and 652 of HER'ry and HER?py, respec- interactions. Energy values are generally not lower than
tively. It is the only structure, which exhibits a strong inter ~ —5 kcal/mol. Motif—motif interactions result from the sum

helical HB between the carbonyl group of Thr648 on  of van der Waals interactions, which are dominant, and
HER 'y and the side chain of Ser656 on HER?py. The weak electrostatic interactions. A weak contribution of the
second structure representative of the HER'ty and GxxxG dimerization motifs to helix—helix interactions
HER?1y; association exhibits parallel helices in tight con- appears to be a common characteristic of all MD models.
tacts all along the interface explaining a large contacting Very few “good” structures are obtained for the HER?-
surface. The polar residues Ser645 and Thr648 of HERITM HER® TM association. Some of the models have been
and Thr652 and Ser656 of HERZpy pertaining to the  presented in our previous paper. Here, only two of them
SmxxxSm motifs are in close proximity. Gly residues of (referred to as L1 and L4 in Samna Soumana et al. (2007))
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are recalled. The N-terminal motif appears to be the
mediator of interhelical interactions, but it is observed that
tight helix—helix contacts can be formed at the C-terminal
side. This result was not expected owing to the absence of
dimerization motif at this extremity for HER’ . As it will
be shown below, the heterodimers formed with HER3TM
are characterized by the presence of Gly660 or Gly661 at
the dimer interface. One of the two models presented in
Table 4 is the most stable of the HER>>1; ensemble. The
two residues of the N-terminal motif, Ala657 and Thr647,
respectively, on HERZTM and HER3TM, are in a close
approach giving rise to strong helix—helix interactions. The
second model is also a left-handed structure, slightly less
stable than the former with short Gly—Gly interhelical
distances at the C-terminus. Helix—helix interactions are
much less favorable than for the previous structure. Fig-
ure 4 represents these two structures and highlights the
dimer interface. Interestingly, each of the two modes of
association corresponds to a particular orientation of the
two helices. This result will be discussed in the following.

HER"1y; appears as a very bad partner of HER?1y. In-
terhelical interactions are slightly less favorable than those
calculated for the other types of heterodimers. HER 1y is
the only TM span without polar residues at the N-terminus
leading to weak electrostatic interactions between the
helices. For this type of heterodimer, helix—helix

Fig. 4 HER? 3}y heterodimer. The two structures described in
Table 4 are superimposed (Ca atoms of the backbone). Small residues
including Gly, Ala, Ser and Thr are represented by their vdW surface.
The association mediated by the N-terminal motif shows the
contacting surface between the residues of HER?*ry (pink) and the
residues of HER3TM (red). For this association, the Gly residues of
the C-terminal motif of HERZTM and at the C-terminal side of
HERSTM are out of the interface. When helices associate via the
C terminus, the Gly residues are oriented within the interface
(HER?* light blue, HER>v: blue) and the small residues of the
N-terminus are out of the interface
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association is essentially governed by the van der Waals
interactions. It is to be noted that for most of the final
HER274TM models, the structure of the two monomers was
often found to be far from the regular o helix (limit of the
geometric criteria). Helix distortions are probably induced
by the presence of bulky side chains (Phe, Tyr), which are
aligned along the same helix face composed of small res-
idues. Two different structures representative of the HER*—
HER* TM association are detailed. One is a left-handed
structure with a large crossing angle (40°) and a very short
distance at the crossing point. The second structure shows
two helices nearly parallel in weak interactions where
Gly668 and Gly672 on HER?y and Gly668 on HER" 1y,
favor tight contacts at the C-terminal side. For this asso-
ciation, the bulky Phe and Tyr side chains are oriented
outside the interface and electrostatic interactions are null.
For this model, helix—helix separation is short compared to
the other types of heterodimers.

HER®1y and its partners

The TM domain of the ErbB3 receptor associates favorably
with the other TM domains of the family. The most rep-
resentative structures of the association with HER>py; are
left-handed coiled coils. When helix—helix association is
mediated by the N-terminal motif, Thr647 is the most
frequently involved at the dimer interface. At the C-ter-
minal side, Gly660 or Gly661 are often observed at the
dimer interface. This is shown in Fig. 5. These two Gly
residues are followed by a Thr residue, which participates
to low HB’s interactions with residues of the facing helix.
For the three types of heterodimers including HER’1y,,
helix—helix interactions are generally the strongest when
the N-terminal motif residues are in a close approach. In
the case of HER'-HER® TM association, electrostatic
interactions can be relatively strong compared to the van
der Waals interactions (ratio 1:2). This same observation is
made for HER2_3TM and HER3_4TM heterodimers owing
to the presence of residue Thr647 at the interface. Short
Co—Co distances are observed between 4.3 and 4.8 A and
characterize the proximity of the small residue motif at the
dimer interface. The other heterodimer models formed with
HER3TM exhibit Co—Co distances greater than 5.5 A
depending on the nature of the residue pairs at the dimer
interface (data not shown).

HER*ry and its partners

The behavior of two partners of HER*1y has been
described previously showing that the association with
HER®y can be more favorable than with HER?py;. The
association with HER 1, appears to be less favorable. The
two structures described in Table 4 are left-handed coiled
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Fig. 5 Gly residues at the dimer interface of the heterodimers formed
with HER3TM. a HER* ™ heterodimer. b HER374TM heterodimer.
The Gly residues are represented by van der Waals surfaces. Gly on
HER3TM are in red, Gly on HERzTM and HER4TM are colored yellow.
Views of the helices from the N-terminus (fop)

coils with almost regular helices. Helices are not vertically
shifted and in both models the small Ala and Gly residues
of either the N-terminal motif or the C-terminal motif are
in contact at the interface. As noted before, the particularity
of the TM domain HER" is the absence of polar residues at
the N-terminal side that may explain weak helix—helix
interactions at the level of the dimerization motif.

All the heterodimer models have their helices at a dis-
tance of around 8.2 A in average, which is slightly shorter
than that observed for left-handed coiled coils in membrane
proteins. Very negative values calculated for the binding
free energy are correlated to strong helix—helix inter-
actions. Larger the contacting surface, more stable is the
dimer due to strong van der Waals interactions. Such a
correlation between strong helix—helix interactions and
large contacting surface area is well evidenced for the left-
handed structures. Obviously, the magnitude of the con-
tacting surface area depends on the orientation of the two
helices relative to each other.

Discussion

Receptor-receptor interactions in the ErbB family display
distinct selectivity defining hierarchy and competition
relationships (Prigent and Lemoine 1992; Riese et al. 1995;
Tzahar et al. 1996). Until recently, activation of the ErbB
receptors was attributed to ligand-induced dimerization of
the extracellular domains of the receptor, but numerous
data tend to demonstrate that receptors can associate prior

to ligand binding. Other dimerization sites, distinct from
extracellular sites, can mediate homo and heterodimeriza-
tion. Specifically, the two GxxxG consensus motifs in the
TM span that are able to induce intrinsic dimerization
(Mendrola et al. 2002) may explain the hierarchy, the
competition and directionality of receptor—receptor con-
tacts. The power of heterodimerization of the TM spans has
been recently studied by fluorescence resonance energy
transfer (FRET; Duneau et al. 2007) showing the ability of
the TM helix pairs to form dimers varying from non-
interactive pairs to strong dimerization. HER* 1y appears to
be the TM span having the largest tendency to hetero-
dimerize with HER®1y and HER '1y.

In this paper, we proposed structural models of all het-
erotypic heterodimers from exhaustive conformational
search and MD simulations. Models are designed only on
the basis of peptide sequences and reflect only their
intrinsic properties. Environmental effects are omitted.

The recognition motifs

The main finding of this study is that the SmxxxSm motifs
are recognition patterns of the TM domain of the ErbB
family. For all the heterodimers, TM helix pairs form
stable structures when the small residues, namely Gly,
Ala, Ser and Thr are dominant at the dimer interface. This
result conforms to helix—helix packing observed in mem-
brane proteins (Adamian and Liang 2001; Javadpour et al.
1999). Our MD models describe two dimerization modes
for all the TM heterodimers including the heterodimers
formed with HER?1y; that impairs the second C-terminal
motif. TM domain association via the N-terminus gener-
ally leads to the strongest helix-—helix interactions and
binding free energy values. In the case of HER' “py,
interactions are almost equivalent for the two modes of
association.

Experimental studies suggest that these two motifs have
a different role in the dimerization process. The TM
domains of the ErbB receptors self-associate strongly in the
absence of the extracellular domain (Mendrola et al. 2002)
and it was suggested that in the case of ErbB2/Neu one of
the two motifs would promote the formation of an active
conformation. Computational studies on the ErbB2 TM
domain show that it may undergo dimerization via either
one of the two motifs, thus supporting this hypothesis
(Fleishman et al. 2002). These findings lead to propose a
molecular-switch model for the activation of the receptor in
which rotation movements and sliding of each monomer
with respect to the other would allow switching between
the two dimerization modes, corresponding to active and
inactive states.

A similar model could be applied to the two receptors
ErbB1 and ErbB2 to explain the process of homo and
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heterodimerization. Recent studies have shown that the N-
terminal motif of the TM domain does not play a uniform
role in the dimerization process: the N-terminal motif of
the ErbB2 TM domain appears to be involved in homodi-
merization, but that of ErbB1 is not sufficient for the
formation of homodimers (Gerber et al. 2004). The two
distinct recognition motifs of the TM domain of ErbB1 are
supposed to be specific for different interactions, the N-
terminal motif being necessary for heterodimerization with
ErbB2 while the C-terminal motif is needed for homodi-
merization. The TM domain with two distinct recognition
motifs may drive two distinct functions.

It has been suggested that this molecular-switch model
could be a common mechanism of all heterotypic hetero-
dimers (Fleishman et al. 2002). Our results support this
hypothesis. The representation of the dimer interface for
the two modes of association described for the HER2_3TM
heterodimer illustrates the possibility of such a mechanism
(Fig. 4). When the two segments associate via the N-ter-
minus, the small residues Ser653, Ala657, Gly660 on
HER’1y and Thr647 and Ala650 on HER®py are com-
pletely or partially buried within the interface, while the
Gly residues of the second motif on HER?py; and one of
the two Gly residues on HER®1y; are fully accessible. On
the contrary, when the association occurs via the C-ter-
minus, the four Gly residues, 668 and 672 on HERZTM and
660 and 661 on HER3TM, are completely buried (accessible
surface null), while all the small residues of the N-terminus
are fully accessible except Ala645 on HER3TM_ The same
features are observed for the HER* 1y, HER* *1y and
HER'*ry heterodimers. For example, in the case of
HER?'1y, Ser653, Ser656 and Gly660 on HER?py and
Thr648 and Gly652 on HERITM are buried at the interface
in the case of the N-terminal association, while Gly and
Ala of the GxxxG motif at the C-terminus of the two
monomers are fully exposed. These same Gly residues (672
on HERZTM and 665 on HERITM) are oriented towards the
interface and totally inaccessible, while almost all the small
residues at the N-terminus are fully accessible when the
association is mediated via the C-terminus. The correlation
between accessible residues at the C-terminus and buried
residues at the N-terminus, and reciprocally, is less pro-
nounced for HER3_4TM and HER1_3TM probably because
of helix deformations.

Our TM heterodimer models demonstrate that the two
dimerization modes are associated to distinct helix orien-
tation resulting in different sites for intermolecular
interactions. It is reasonable to suggest that these two
modes of association could be used by the ErbB2 receptor
supposed to mediate lateral information transfer between
the other receptors (Shankaran et al. 2006). Further anal-
yses of the MD models in explicit membrane environment
could help in understanding such mechanisms.
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Hierarchy of interactions

Studies undertaken on the whole receptors indicate that
inter ErbB receptor cross talks obey a hierarchy almost
similar to that observed for the TM domains (Table 5).
According to Tzahar et al. (1996), ErbB2 receptor interacts
with the three other members, with the most potent inter-
action being with ErbB3. The superior ability for ErbB2 to
form dimers with ErbB1 and ErbB3 is also described for
the TM domains. Heterodimerization of ErbB3 and ErbB4
receptors was not detected using affinity labeling and co-
immuno precipitation experiments (Tzahar et al. 1996), but
interactions exist as demonstrated by Riese et al. (1995).
Apparent discrepancies are explained by the differences in
ErbB expression levels and cellular environments. Other-
wise, studies based on a detailed kinetic model on receptors
subjected to ligand stimulation have shown that ErbB3—
ErbB2 heterodimers are more abundant than ErbB2-ErbB1
species, which are more abundant than the heterodimers
formed by ErbB1 and ErbB3 (Shankaran et al. 2006).
Heterodimerization of the ErbB4 receptor was not reported
in this last study.

Some discrepancies exist between experimental data on
the whole receptors and the TM domains. Experiments on
the whole receptors take into account the environment
of the cell and the presence of other receptors and their
ligands. Experiments on the TM domains ignore the effects
of the extra and intracellular domains. In addition, TM
domain experiments used synthesized peptides reconsti-
tuted in micelles and sequences contained minor changes in
order to enhance FRET signals.

A scale of affinity of the TM domains can be proposed
by analyzing energy terms. We keep in mind that theo-
retical data reflect exclusively the intrinsic properties of the
exact sequence of TM domains and that other energy
contributions, in particular those induced by the membrane
effects, must be taken into account to quantify more pre-
cisely helix-helix binding affinities (Lomize et al. 2004).
The membrane effects are discussed below.

As shown in Table 5, the scale of affinity deduced from
helix—helix interactions slightly differs from that deduced
from AG®y;,q values. The strength of helix—helix interac-
tions places HER> 1y and HER' ™31y at the two first
ranks of the hierarchy. Interestingly, these two types of
association occupy, respectively, the first and the third rank
of the experimental hierarchy (Duneau et al. 2007).
According to the binding free energy values, the order is
slightly modified. HER' 1y is shifted to the first rank
while HER? !5y is shifted to the fourth rank. The most
striking divergence between experimental and theoretical
hierarchy is observed for the pair HER?\—HER* 1.
Helix—helix interactions are generally stronger than that
observed for the other dimer types and can be explained by



Eur Biophys J (2008) 37:851-864

861

the side chain backbone hydrogen bonds formed at the N-
terminal extremity of the two monomers involving Thr643
of HER’1y. These two TM segments exhibit the greatest
number of aromatic residues among the other TM pairs
leading to a large increase of van der Waals interactions.
For example, for the two representative models described
in Table 4, the Phe and Tyr side chains are stacked at the
C-termination, and these aromatic residues can provide
specificity in TM assembly (Sal-Man et al. 2007).

Calculations in implicit membrane have been performed
to evaluate the solvation free energy term (EEF1 module
included in CHARMM; Lazaridis 2003). The scale of
affinity is very similar to that obtained from helix—helix
interaction analyses.

Clearly, our theoretical models are unable to represent
the full complexity of the interplay of the different recep-
tors where various factors like the structure of the extra-
cellular and intracellular domain, ligand preference and
environment play a role.

Membrane environment effects

Helix—helix association is controlled by a delicate balance
of forces, depending on the precise composition of the TM
segments and on the properties of the membrane environ-
ment. The width of the lipid bilayers has the most
pronounced effects on membrane protein tertiary structure.
Tilting, helix rotation angle that both reflect the intrinsic
properties of the TM segments and also helix flexing are
the responses to bilayer mismatch (Nyholm et al. 2007,
Yeagle et al. 2007). However, when helix—helix recogni-
tion motifs are present in the TM segments, association can
be highly specific, and helix—helix interactions are the
driving forces for the association.

These membrane effects have been observed in the case
of the GpAry dimer. Simulations performed in DPC
(dodecyl phosphocholine) micelles and DMPC (dimyti-
stoyl phosphatidylcholine) bilayers (Cuthbertson et al.
2006) converge to a common model close to the NMR

structure (MacKenzie et al. 1997). The same observations
have been made by examining the GpAry, dimer behavior
in different fluid phase bilayers (Petrache et al. 2000). It
is found that the membrane environment modulates the
subspace of structurally accessible states of the dimer
depending on the length of the lipid chains and the acyl
chain saturation. Motions and atomic fluctuations are
modulated by contacting lipids, but the average structure is
not changed.

One may reasonably think that similar membrane effects
would be observed in the case of the HER’;jTM hetero-
dimers. We have shown the specificity of interactions
between the HERTy; segments involving GxxxG sequence
motifs, and one may expect that the structural models
proposed from simulations in vacuo will not be signifi-
cantly changed in the membrane environment. However,
the membrane environment may change the scale of
affinity. In particular, the aromatic residues localized at the
lipid—water interface may affect the association propensity,
particularly for the HER3TM and HER4TM pair [(Johnson
et al. 2007): Sal-Man 2007 #1876].

Other parts of the receptor are involved in dimerization

Dimerization is driven entirely by receptor—receptor
interactions. X-ray crystal structures of the ErbB extra-
cellular regions in different activation states provided
significant insight into receptor dimerization and activation
(Burgess et al. 2003; Dawson et al. 2007 and references
therein; Riese et al. 2007). A critical dimerization arm in
the cysteine-rich domain II of the extracellular domain
provides the majority of contacts across the interface
(Garrett et al. 2002; Ogiso et al. 2002). Although it is a
major contribution to the association process, it is not
sufficient and additional contacts, induced by large domain
rearrangement promoted by growth factor binding, are
necessary to stabilize receptor dimerization. Smaller
interaction sites are also made by other parts of domain II
and IV of the extracellular domain (Dawson et al. 2005).

Table 5 Hierarchy of interactions of the ErbB receptors defined from experiments for the whole ErbB receptors (a) (Tzahar et al. 1996) and for

the TM domains (b) (Duneau et al. 2007)

Affinity scale Rank 1 >2 >3 >4 >5 >6

Whole receptor (a) Experiments ErbB2-3 ErbB2-1 ErbB2-4 ErbB1-3 ErbB1-4 -

Whole receptor (c) Kinetic model ErbB2-3 ErbB2-1 ErbB1-3 - - -

TM domain (b) Experiments HER>™! HER>™3 HER!3 HER>™* HER!'~* HER>*

TM domain (this work) (d) HER>™! HER!'™3 HER>™* HER®>™3 HER?> ™ HER!™*
(e) HER!™3 HER>~* HER>*™3 HER>™! HER?>™ HER!™*
® HER'~? HER>"! HER?*~ HER>™? HER'™* HER>™

Data from Shankaran et al. (c) (2006) are available only for the three receptors ErbB1, 2 and 3. A theoretical hierarchy is proposed from the best
representative structures (see Table 4) based on the magnitude of helix—helix interactions (d) and AG bind values (e). (f) Affinity scale deduced

from calculations in implicit membrane model (Brooks et al. 1983; Lazaridis 2003)
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In addition, the different ErbB ligands could induce dif-
ferent configurations of domain II in the extracellular
domain and thus modify receptor—receptor contacts.

Intermolecular interactions between intracellular regions
are also revealed by X-ray structures of the kinase domain
of the EGF receptor. Analysis of the crystal lattice shows
two potentially important dimers (Landau et al. 2004;
Zhang et al. 2006). One is symmetric with the two domains
interacting in a head-to-tail fashion and the second one is
an asymmetric dimer in which the C-lobe of one kinase
domain juxtaposes against the N-lobe of the second kinase
domain. The symmetric dimer is not involved in the acti-
vation process, but the asymmetric dimer stabilizes the
kinase domain of one of the receptor monomers in the
active conformation.

A general model for dimerization and activation of all
the members in the family has been proposed from X-ray
structures of extra- and intracellular domains of ErbB
receptors (Zhang et al. 2006). This model, although sup-
ported by abundant experimental data, cannot give a
complete description of all interaction sites. ErbB receptors
are controlled by a dozen growth factors that could alter the
structure of the whole receptors inducing changes in homo-
and/or heterodimerization process.

The question of the relative contribution of the extra-
cellular domain and the TM domain to dimerization
process in the absence of ligand is yet to be answered. Both
domains contribute to receptor—receptor interactions, and
also the catalytic domain, but their relative contributions
are unknown (Li and Hristova 2006; Tanner and Kyte
1999). Attempts have been made to build 3D dimer models
of the truncated EGF receptor (Duneau et al. 2006) and the
full-length ErbB2 receptor (Bagossi et al. 2005), but they
cannot give an account of the complexity of the interac-
tions between the full receptors and thus a quantitative
evaluation of the strength of interaction between each
domain is out of reach.

Conclusion

Dimerization of the ErbB receptor family is governed by
complex interactions that involve multiple parts of the
receptor. Interactions between the extracellular domains of
the receptors are not sufficient to stabilize dimers and
additional interactions in the TM spans may aid in their
stabilization.

The present study allows a better understanding of the
nature of the interactions within heterodimers. The pre-
diction of TM heterodimerization models leads to the
description of two modes of association and the explicit
identification of dimer interfaces. The two modes of
association, mediated either by one of the two dimerization
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motifs of the TM domain, and associated with distinct
orientation of the helices could play a major role in com-
petition processes between the receptors.

To our knowledge, this is the first study devoted to the
prediction of models of transmembrane heterodimerization
of the ErbB receptors. MD models add to the understanding
of the complex interaction network of the ErbB receptors
and can serve to design new experiments.
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