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Self-Association of Models of Transmembrane Domains of ErbB Receptors
in a Lipid Bilayer
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Department of Chemical and Biomolecular Engineering, University of Houston, Houston, Texas
ABSTRACT Association of transmembrane (TM) helices is facilitated by the close packing of small residues present along the
amino-acid sequence. Extensive studies have established the role of such small residue motifs (GxxxG) in the dimerization of
Glycophorin A (GpA) and helped to elucidate the association of TM domains in the epidermal growth factor family of receptors
(ErbBs). Although membrane-mediated interactions are known to contribute under certain conditions to the dimerization of
proteins, their effect is often considered nonspecific, and any potential dependence on protein sequence has not been thor-
oughly investigated. We recently reported that the association of GpA is significantly assisted by membrane-induced contribu-
tions as quantified in different lipid bilayers. Herein we extend our studies to explore the origin of these effects and quantify their
magnitude using different amino-acid sequences in the same lipid environment. Using a coarse-grained model that accounts for
amino-acid specificity, we perform extensive parallel Monte Carlo simulations of ErbB homodimerization in dipalmitoyl-phospha-
tidylcholine lipid bilayers. A detailed characterization of dimer formation and estimates of the free energy of association reveal
that the TM domains show a significant affinity to self-associate in lipid bilayers, in qualitative agreement with experimental
findings. The presence of GxxxG motifs enhances favorable protein-protein interactions at short separations. However, the
lipid-induced attraction presents a more complex character than anticipated. Depending on the interfacial residues, lipid-entropic
contributions support a decrease of separation or a parallel orientation to the membrane normal, with important implications for
protein function.
INTRODUCTION
Transmembrane (TM) proteins are key to numerous
biochemical and biophysical processes in living organisms.
Several factors contribute to the assembly of individual
helical TM proteins into an overall functional structure
(1–3). Direct protein-protein interactions play a prominent
role, as quantified with the use of amino-acid mutations;
however, lipid-mediated effects can add significant contri-
butions that are challenging to discern in such studies. For
nonspecific association, both theory and simulations predict
that the fluid membrane environment is sufficient to induce
association due to perturbations imposed by the proteins at
short and intermediate length scales (4–7). It is unclear how
such effects would scale for models that include a descrip-
tion of the amino-acid sequence.

Protein association often displays significant specificity,
and TM domains form well-defined interfaces along their
sequences. In certain cases, this interface is defined by
specific motifs, such as the GxxxG motif between small
glycine residues, without any strong polar interactions.
Dimerization of Glycophorin A (GpA) is considered a proto-
type of such specificity and has been studied extensively for
more than a decade (8–12). Stabilization of the dimer is assis-
ted by small residue sizes, which enhance packing and
maximize the area of the interface between the helices.
The latter is considered a measure of protein-protein interac-
tions. Furthermore, the lack of side-chain atoms in glycine
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residues reduces potential unfavorable entropic contribu-
tions resulting from a restriction of rotational modes (8).
Despite these plausible mechanisms, however, there are still
several features that remain unclear. Doura and Fleming (13)
showed that mutations that abolish the motif can lead to
sequences that still dimerize. Even more surprising was their
finding that residues distant from the interface modulate the
dimerization affinity, potentially due to structural rearrange-
ments. In a recent study using implicit membrane models,
Zhang and Lazaridis (14) supported the notion that residues
outside the interface can play a role in accessing GxxxG
motifs.

Quantifying lipid-induced contributions in systems that
demonstrate sequence-specific association remains a formi-
dable challenge for both simulation and experimental
studies. MacKenzie et al. (11) suggested that because of
the similarity between lipid-protein and protein-protein
enthalpic interactions, specificity is not promoted by the
environment. In contrast, Johnson et al. (15) reported that
lipid-protein enthalpic interactions do contribute to dimer
stability, and quantified the extent of such interactions by
estimating the lipid-accessible surface area of the dimer.
Entropic contributions can also be important for both
proteins (16) and lipids. However, as noted above, changes
in lipid entropic contributions are commonly studied by
means of simulations lacking amino-acid detail (4–7).
Protein tilting and rotational modes present characteristic
times that range from 0.1 to 100 ms (17–19) for single TM
domains, to even longer times for oligomers. These slow
rotational modes impose severe limitations on studies
doi: 10.1016/j.bpj.2010.10.023
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FIGURE 1 (A) Models of the TM domains studied. (B) The free-energy

change as a function of tilt angle t for each TM sequence studied (27 amino

acids, helical domains are in bold; charged residues are in italic). (C) ErbB1

COM-to-DPPC COM lateral radial distribution function, with decomposi-

tion to lipid molecules in the first layer.
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attempting to probe the sequence-specific association of
helices by atomistic (AT) simulations. The development of
coarse-grained (CG) models that retain a level of amino-
acid specificity (20,21) has significantly facilitated the study
of TMprotein association in lipid bilayers, as in a recentwork
that examined the effect of mutations on GpA dimerization
(22).

Our group focuses on developing parallel Monte Carlo
methods that can enable drastic conformational sampling
of all degrees of freedom and provide the potential of
mean force (PMF) or free energy as a function of separation
(23,24). In a previous study using CG models, we examined
GpA association and found excellent agreement between
our predictions and experimental data on structural and ther-
modynamic properties (24). Furthermore, detailed insight
into the differences observed in three distinct lipid environ-
ments suggested that although sequence-specificity was
always observed, membrane thickness and rigidity modulate
the accessible interfaces. By decomposing the free-energy
profile, we calculated a significant lipid-induced attraction
at short separations that depends on lipid chemistry.

In this study,we examined the dimerization of helices from
a different view, by quantifying association in the same lipid
environment using substantially different amino-acid
sequences. We selected as model systems the four TM
domains of the family of epidermal growth factor receptors
(ErbBs). Our choice was driven by the critical role played
by these TM proteins in signal transduction mechanisms
(25–27). We emphasize, though, that our aim was to probe
self-association and not activity. Several studies have
indicated that dimerization is a necessary but not sufficient
condition for activation (28–30). Nevertheless, contributions
from TM domains are important (31–36), and preventing
association may inhibit activity (37–39). Although various
studies have examined the association thermodynamics of
ErbBs by experiment (18,36,40–42), to the best of our knowl-
edge, molecular modeling has not been employed to obtain
such predictions in lipid membranes.
MATERIALS AND METHODS

A sequence of 27 amino acids was selected for each ErbBTMdomainmodel

described by the CG MARTINI force field (20). As is common with such

models, the secondary structure was maintained through specific potential

terms. Using a hierarchical approach, we first performed fully AT simula-

tions with single TM domains of 35 residues in di-palmitoyl phosphatidyl-

choline (DPPC) bilayers. We employed the GROMOS 53a6 force field and

sampled trajectories for 60 ns using standard molecular-dynamics methods

(43–45) at 323K, as in our previousworkwithGpA (23). The conformational

analysis, hydrogen-bonding network, and residue distribution along the

membrane normal provided support for a TMhelical domain of 23–26 amino

acids along the sequence of each protein. Details of the sequences and the

extent of the helical domains are provided in the legend of Fig. 1 B.

To further characterize these TM domains, we calculated the free-energy

change as a function of tilt angle t (23,46) with the CGmodel, and measured

their surface areas and volumes with both the AT and CG models. The

average tilt of ErbB TM domains can be ranked in decreasing order as
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ErbB2 (~31 �) > ErbB4 (~24 �) > ErbB3 (~21�) > ErbB1 (~10�). We

attribute the low tilt angle of ErbB1 to the presence of successive arginine

residues at the C-terminus. The actual value is in agreement with experiment

data (47). ErbB2 exhibits the highest tilt angle, and the model predicts that

ErbB4 is the TM domain that samples the widest span of t. We calculated

the areas and volumes using the g_sas tool provided by GROMACS (45),

modified to account for the size of the CG beads. The algorithm is based

on the method of Eisenhaber et al. (48), which provides the solvent-acces-

sible surface area (SASA) and solvent-excluded volume (SEV) augmented

by the probe radius (49,50). In the first four columns of Table 1 we compare

the areas and volumes of single helices using a probe radius of 0.14 nm. This

is a typical value for simulations corresponding towater as a solvent,which is

not necessarily the most appropriate herein, as discussed further in the

Results section. Calculations are shown for both CG models and AT repre-

sentations. Although the areas appear to be in good agreement, the volumes

are overestimated by theCGmodel. Given the small size of the probe relative

to the CG bead size (diameter 0.43–0.47 nm), it is not surprising to find

deviations. However, both descriptions agree that ErbB3 is the largest helix

in terms of area and volume. Such an estimate is in agreement with ErbB3



TABLE 1 SASA (in nm2) and SEV (in nm3) from AT and CG

simulations

ASingle CG ASingle AT VSingle CG VSingle AT AInterf CG

ErbB1 27.4 27.5 5.83 5.33 12.7

ErbB2 27.1 26.4 5.86 5.25 10.5

ErbB3 28.9 28.8 6.41 5.70 12.1

ErbB4 26.8 26.5 5.81 5.14 11.7
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exhibiting a single GxxxG motif, in contrast to the other members of the

family, which present two such sequences (36).

We studied the self-association of ErbB TM domains by performing

(MW)2-XDOS Monte Carlo simulations in DPPC at 323 K (23,24). This

method relies on the expanded ensemble density of states algorithm (51–

53), with several critical improvements that include a new parallelization

scheme and efficient preferential sampling in the proximity of the proteins

(23). All four systems studied included two proteins, 512 lipids, 6000 water

molecules, and necessary counterions. A total of 128 unconstrained walkers

were used for each TM domain (total of 512) with lateral separation of the

centers ofmass (COMs, x) up to 5.4 nm (4.6 nm for ErbB1).While thismanu-

script was under review, estimates of the GpA dimerization affinity with the

MARTINI force field were reported in a study using umbrella-sampling

molecular-dynamics simulations with structures derived by pulling from

the dimerized state up to 2.5 nm (54). Despite agreement with our earlier

work regarding the significance of lipid-induced attraction, the free energies

extracted are somewhat lower than our previous estimates (24). We note that

in our method, any pair (out of hundreds) is able to experience large separa-

tions where no correlations persist. As discussed in our previous work (24),

the minimum interhelical distance can be substantially lower than the lateral

COM separation (due to tiltingwith contacts formed occasionally evenwhen

the COMs are 2–3 nm apart). In addition, membrane-induced correlations

persist to even longer distances, and herein we expand on this feature. We

define a lipid molecule as being in contact when any of the lipid CG beads

are within 0.5 nm of any protein bead. Fig. 1 C presents the lateral protein

COM-to-lipid COM radial distribution function with explicit contributions

fromproximal lipids. Integration along cylindrical coordinates yields a value

ofz15 lipids in contact, which, not surprisingly, is higher than the number of

experimentally determined motional restricted lipids (6–12) for a-helices

(55) (our calculation accounts only for proximity, and not for dynamics).

However, it is important to note that the first lipid solvation shell reaches

up to z2nm; for all other sequences, higher tilting extends this layer to

longer distances. Therefore, to fully account for positive contributions corre-

sponding to desolvation of lipids (opposing favorable protein-protein attrac-

tion), and to probe uncorrelated structures, the helices must experience

lateral COM separations beyond 4 nm.

Finally, although we provided several technical details in previous work

(23,24), we should add here that in all of our simulations, convergence was

satisfied by low values of theweightsmodification factor recovering detailed

balance and limiting further changes (ln f< 10�8). Apart from the PMF

calculation by weights, the free energy can be extracted by projected forces

at each x-value. Approximately 2 � 105 force values were stored at each

bin, sampled every 2:5 � 105 MC steps (using a mix of MC moves (24))

at late stages when ln f< 10�6. Errors on mean forces were calculated by

block-averaging (50 values) with PMF errors estimated by subsequent boot-

strappingwith randomly sampled forces up to 2 standard deviations at each x

(56,57). Representative accumulated forces with corresponding errors on

these mean values are shown in Fig. 2 for ErbB1 and ErbB4.
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FIGURE 3 PMF as a function of lateral separation with decomposition to

major contributions. The shaded area is an estimate of the error extracted as

described in the text.
RESULTS

PMF

The extracted PMF as a function of x is presented in Fig. 3 for
all systems studied, together with a decomposition into sepa-
rate contributions (ion contributions were negligible and
were omitted for clarity). Dimerization is favorable for all
four TM domains, consistent with experimental studies
(36,40,42). The strongest association is found for ErbB4,
and the weakest is found for ErbB1. The variation in pre-
dicted dimerization affinities is greater compared to our
previous findings from GpA in three lipid bilayer systems
(24), although several common features are recognized.
Wide minima are prominent for helices that tilt extensively,
due to differences in the ability of the reaction coordinate
(lateral separation) to probe changes along the interface
of the dimer (24). A first look at the decomposed profiles
reveals that ErbB1 helices, in contrast to the other TM
domains (andGpA in our previous work), remain at distances
where protein-protein contributions are close to their
minimum. We will analyze this feature further below.
The PMF minimum for ErbB3 is at z1 nm, whereas for
the other members it is at z0:8 nm. For all of the proteins,
Biophysical Journal 99(11) 3657–3665
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water-induced contributions are repulsive due to the removal
of favorable interactions of hydrophilic residues with water.
Clearly, such contributions depend on the ability of themodel
to capture water-water and water-protein interactions. It
should be noted that CG water models generally present
several limitations for studies attempting to simultaneously
match different thermodynamic properties or predict phase
diagrams, and improvements are actively being sought
(58,59). The magnitude of water-induced interactions, as
probed in our study, is not negligible and depends on both
the extent of the domain in the aqueous phase and the chem-
istry of the interfacial amino acids. In this study, domains
were modeled with 27 residues, and less tilting implies an
increase of solvent-protein contacts; this effect is increased
for ErbB3 due to larger interfacial residues. We also note
that previous experiments suggested the existence of a nega-
tive regulatory influence from the extramembranous portions
that inhibit dimerization under certain conditions (18,31,60).
A recent study with FGFR3 TM domains reported that the
removal of juxtamembrane residues induced dimerization
comparable to that observed with GpA (61), which was
attributed to potential steric hindrance between these
residues.
Protein-protein and lipid-mediated contributions

To gain further insight, we directly compared protein-protein
and lipid-mediated interactions among the four systems
studied. Due to the increased complexity introduced by
differences in sequences, we resorted to additional calcula-
tions to interpret our results. Fig. 4 presents free-energy
data for the TM domains side-by-side with measures of
SASA and SEV in the hydrophobic regime for each pair as
a function of x. Fig. 5 presents selected configurations and
the average tilt t angle of the proteins as a function of x.
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along with the SASA and SEV. Volume was calculated only inside the

hydrophobic domain as described in text. The inset at the bottom left pres-

ents the lipid-induced < F >x on the ErbB1 pair below 2.25 nm.
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First, we examine protein-protein interactions, which are
important at intermediate distances and compete with lipid-
mediated repulsion. The most extended favorable contribu-
tions are present for the ErbB1 pair due to low tilting of this
domain in the membrane environment. The larger volume
of ErbB3 leads to repulsive interactions at low distances,
thereby preventing the proteins from approaching further.
Protein-protein interactions are commonly characterized by
the area of the interface formed (11,62,63). The SASA for
each pair of proteins is provided in Fig. 5 (top right) as a func-
tion of x. The decrease between large separations and dimer
state signifies the formation of a buried area between the
TM domains that is not accessible to the solvent. This area
(at the minimum of the PMF xz0:8, except for ErbB3, where
xz1:0 nm) is presented in Table 1. Similar values (z8 nm2)
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were obtained in a previous studywith shorter dimers of GpA
(63). It is noteworthy that ErbB2 and ErbB4 continuously
increase the dimer interface area below 1 nm, which is not
the case for the other two members of the family. Further-
more, although some agreement is found, the surface areas
of the interface do not necessarily match the magnitude of
the minima in protein-protein interactions. There are two
possible explanations for this: 1), the area does not account
for the strength of the interaction between specific amino
acids; and 2), the minima do not coincide with the total
PMFminima. As the proteins approach closer, the interfacial
area increases, but the actual interactions may be repulsive
due to steric hindrances. For ErbB3 the minimum in
protein-protein interactions is located atz1:5 nm; neverthe-
less, the proteins reduce their separation due to favorable
membrane-mediated attraction.

Lipid-mediated interactions present two regimes: at long
distances, removal of lipid molecules is unfavorable, leading
to a repulsive contribution. Themagnitude of this repulsion is
the result of lipid-protein enthalpic interactions that do not
scale monotonically with protein tilting, as previously
observed forGpA in lipid bilayers (24). ErbB2, despite higher
tilting, displays stronger repulsions compared to ErbB4.
However, the differences are relatively small compared to
our findings on lipid-induced attraction experienced at short
separations. The range of magnitude of these contributions
differs significantly among the four domains. To interpret
this result, it is necessary to recall that depletion forces
between two bodies in a fluid medium are proportional to
the overlap between the SEVs (4,64). To define quantitatively
the solvent-excluded volume, the use of a probe of 0.14 nm is
inappropriate because the volume of a lipid is higher (65).
However, only lipid tails located in the hydrophobic regime
of the bilayer are expected to contribute to such a depletion
attraction. Even in this regime, significant heterogeneity in
lipid tail entropy is expected (66). Furthermore, in the model
used here, the lipid CG bead has a 0.235 nm radius.Wemain-
tained the same probe radius (0.14 nm) for our analysis;
however, we emphasize the qualitative character of the data.
In addition, we found it necessary (due to tilting effects) to
restrict calculations to the portions of protein molecules that
were within the hydrophobic regime of the bilayer. Protein
volume calculations were performed only for the beads of
each helix located between the average position of DPPC
glycerol beads in each leaflet (in contrast to Table 1, for which
all beads were used).

Fig. 4 reveals several intriguing features. The order of the
solvent-excluded volumes matches the favorable induced
depletion attraction. Decreasing helical separation is a mech-
anism to increase entropy of the system by increasing the
available volume to lipid tails; however, at intermediate
distances, a small increase is observed. This finding suggests
that the previously discussed repulsive peak in lipid-induced
interactions is not solely enthalpic but also incorporates an
unfavorable decrease of lipid entropy. The latter is induced
by increased protein tilting at these distances (Fig. 5). At short
separations, lipids are depleted in-between proteins and the
lipid-accessible volume increases as helices approach further
at values of xwhere the lipid-induced free energy isz0. Our
analysis, though, suggests that lipid entropy is not increased
only by a decrease in protein separation. A clear minimum
of the volume of the ErbB1 pair is coupled with an abrupt
decrease of tilt angle t (Fig. 5). Decreasing t is an additional
mechanism to benefit from an increase in lipid-accessible
volume and occurs simultaneously as proteins approach the
overall PMFminimum. A parallel arrangement of the helices
does not facilitate the packing along specific motifs, as
proposed by Russ and Engelman (8), even if they are present
in the amino-acid sequence. ErbB2 and ErbB4 are able to
form these close-packed structures. However, this is not the
case for ErbB1, due to the unfavorable increase in tilting
required. This effect is not a result of solely enthalpic contri-
butions; the volume of the pair will increase, leading to higher
lipid-induced forces. This is further demonstrated by plotting
the lipid-induced force for ErbB1 in the inset of Fig. 5 (lower
left).A similar transitionwas observed forGpA inDPPC (24),
although the balance of the forces present was such that
a shift to higher t-values and a sequence-specific dimer was
favored.
Dimer characterization

To complete our view of association of these TM domains
and further support our findings, we characterized the config-
urations sampled. We employed three measures, all calcu-
lated as a function of x: the average tilt angle t (Fig. 5), the
crossing angleU, and the interfaces formed using the residue
distance maps. Selected data are presented in Fig. 6 and
should be examined in comparison with Fig. 3, which
provides the probability of observing a certain separation x.
For consistency, we probed the interfaces sampled (Fig. 6,
C andD) within a thermally accessible kBT range of x around
the minimum of the total PMF. Note that this results in
a significantly larger span for ErbB2. Despite the increased
range of x, ErbB2 appears to form sequence-specific dimers,
in contrast to ErbB1, which presents a parallel arrangement
with crossing angles Uz� 20 to þ20 (Fig. 6 A). For
decreased separations between ErbB1 helices, the dimer
moves to a right-handed packing; however, this is not favored
by the free-energy profile in Fig. 3. For ErbB3 (despite the
parallel arrangement) and ErbB4, a preference was found
to form interfaces with the smaller residues, given that this
will maximize the overlap of the SEV. An interesting feature
observed is that the TM domains of ErbB2 appear to
contribute to the formation of a dimer with contacts closer
to the C-terminus, as shown in Fig. 6 D. It is noteworthy
that with regard to the full receptor, this configuration is
proposed to correspond to a nonactivated state (67,68), which
supports the notion that preformed dimers do not necessarily
correspond to activated receptors. Finally, we note that
Biophysical Journal 99(11) 3657–3665



0  0.2  0.4  0.6  0.8 1

Ω
 (

de
gr

ee
s)

 

 0.4  0.6  0.8 1  1.2  1.4

ξ (nm) 

-90

-60

-30

0

 30

 60

 90

0  0.2  0.4  0.6  0.8 1

Ω
 (

de
gr

ee
s)

 

 0.4  0.6  0.8 1  1.2  1.4

ξ (nm) 

-90

-60

-30

0

 30

 60

 90

 0.6  0.7  0.8  0.9  1  1.1  1.2

S I A T G M V G A L L L L L V V A L G I G L F M R R R
S
I
A
T
G
M
V
G
A
L
L
L
L
L
V
V
A
L
G
I
G
L
F
M
R
R
R

 0.6  0.7  0.8  0.9  1  1.1  1.2

L T S I I S A V V G I L L V V V L G V V F G I L I K R
L
T
S
I
I
S
A
V
V
G
I
L
L
V
V
V
L
G
V
V
F
G
I
L
I
K
R

A B

C D

FIGURE 6 (A and B) Crossing angle U for (A)

ErbB1 and (B) ErbB2. (C and D) Average interface

at x-values within kBT of the PMF minimum for

(C) ErbB1 (0:71< x< 0:81 nm) and (D) ErbB2

(0:46< x< 0:91 nm).

3662 Prakash et al.
a previous study using 2H NMR spectroscopy reported rota-
tional modes with a higher frequency for ErbB1 compared to
ErbB2 (18), indicating that ErbB1 appeared primarily in the
monomeric state, in contrast to ErbB2, which was found
mostly in the dimer state. Our results are not necessarily in
disagreement: a parallel nonspecific arrangement of ErbB1
pairs would allow a considerable degree of rotational modes
to be present, in contrast to the close specific packing of
ErbB2, which restricts such individual protein motion.
Comparison with experiments

Several studies have examined the association affinity of
ErbB TM domains using experimental techniques. Given
the complexity of the factors controlling the association
process, and the differences in the methods involved, it is
not surprising to find that a quantitative comparison is not
straightforward. Our free-energy profiles as a function of
lateral separation can be integrated along cylindrical coordi-
nates to obtain the association constant (24). The standard
free energies per 1 M of hydrophobic phase were calculated
as �6:1050:15;�7:6450:16;�8:0350:15;�9:1050:17
kcal/mol, and can be compared with our previous findings
of �7:950:2 kcal/mol for GpA (24). Thus our predictions
support the notion that TM domains of ErbB4 present
a stronger affinity to form dimers thanGpA inDPPC bilayers,
in contrast to other members of the family.

Recent fluorescence resonance energy transfer experiments
reported a value of �2.5 kcal/mol for ErbB1 in DLPC (41),
Biophysical Journal 99(11) 3657–3665
a value significantly higher than our result. This is expected
in part due to the environment (DPPC herein (24)) and poten-
tial inhibition between the donor and acceptor sequences
added. We also add that three-body contributions (not ac-
counted for in our study) would reduce the affinity of proteins
to dimerize (69). It would be interesting to compare data ex-
tracted from all four TM domains using such measurements.

Several other experimental studies reported data for all
members (36,39,40,42); unfortunately, association was
probed indirectly by a signaling mechanism involving
chimera proteins in complex hydrophobic environments.
The nature of the environment is a significant factor, as shown
by recent measurements of GpA association in mammalian
cellmembranes (70). The association affinity is often reported
in a qualitative scheme comparing toGpA. Fluorescence reso-
nance energy transfer experiments in detergents revealed
strong interactions for the first three members with a relative
rank of GpA > ErbB2 > ErbB1 > ErbB3 > ErbB4 (42,71).
Recent TOXCAT measurements reported self-interactions
for a number of TMdomains; for our systems, the propensities
were ErbB2>GpA>ErbB1>ErbB4zErbB3 (40). Earlier
TOXCAT experiments also supported the self-association
of these sequences in the following order: GpA > ErbB4 >
ErbB1 z ErbB2 > ErbB3 (36), and another set of measure-
ments with the TOXCAT system resulted in GpA > ErbB1>
ErbB2 (39). Qualitatively, both the experimental data and our
simulations support a significant affinity to self-associate;
however, there is no quantitative agreement between the
studies, and thus there is a clear need for further research to
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probe such thermodynamics. We note that the actual values
appearmore consistent forErbB1,whichpresents the least tilt-
ing flexibility (Fig. 1) and potentially is less susceptible to
changes in different hydrophobic environments. Our study is
the only one in which ErbB4 was found to be the strongest
pair. The high tilting flexibility of this sequence, together
with potential stronger repulsive interactions by extramem-
brane domains, could contribute to this discrepancy.
CONCLUSIONS

We performed parallel Monte Carlo simulations to quantify
the self-association affinity of the TM domains of ErbBs in
a lipid bilayer. Extensive analyses with different amino-acid
sequences allowed us to gain further insight into the factors
controlling helix association. Specifically, we found that
recognition is initiated by favorable protein-protein interac-
tions. Their extent is dependent on the ability of helices to
tilt, and is opposed by lipid-protein enthalpic and entropic
contributions. When all lipid molecules between the helices
are excluded, depletion attraction and direct interactions are
the major forces driving dimerization. However, decreasing
separation is not the sole mechanism for increasing lipid
entropy, since a more parallel arrangement is favored by
lipid molecules. It is evident that proteins approach at sepa-
rations shorter than the minimum of protein-protein interac-
tions. At such proximity, the ability to increase lipid entropy
is sequence-specific; decreasing interhelical separation is
a mechanism that depends on the presence of small residues.
Another additional contribution arises from the ability of
helices to align parallel to the membrane normal. Our results
are in agreement with experiments suggesting that residues
distant from the interface modulate dimerization affinity
(13), and recent simulations using an implicit membrane
model that have shown the critical role of interfacial resi-
dues (14). In this study we performed a quantitative assess-
ment of changes in membrane-mediated interactions, and
we note that the latter are expected to be highly dependent
on environmental specifics (24).

Finally, our work highlights the complex character of
helix association in membranes and the need for further
quantitative experimental and simulation studies. Simula-
tions are needed to account for protein concentration effects,
examine association in a multicomponent membrane envi-
ronment, and improve the resolution of the models consid-
ered. A viable approach for increasing resolution was
described in recent studies that focused on reconstructing
AT detail using sampled CG configurations (72,73);
however, such an approach was beyond the scope of this
study.
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4. Sintes, T., and A. Baumgärtner. 1997. Protein attraction in membranes
induced by lipid fluctuations. Biophys. J. 73:2251–2259.
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