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ABSTRACT: Oligomerization of transmembrane (TM) helices is a key stage in the folding of membrane
proteins. Glycophorin A (GpA) is a well-documented test system for this process. Coarse-grained molecular
dynamics (CG-MD) allows us to simulate the self-assembly of TM helices into dimers, for both wild-
type (WT) and mutant GpA sequences. For the WT sequences, dimers formed rapidly and remained
stable in all simulations. The resultant dimers exhibited right-handed crossing and the same interhelix
contacts as in NMR structures. Simulations of disruptive mutants revealed the dimers were less stable,
with values of ∆∆Gdimerization consistent with experimental data. The dimers of disruptive mutants were
distorted relative to the WT and showed left-handed crossing of their helices. CG-MD can therefore be
used to explore the interactions of TM helices, an important stage in the folding of membrane proteins.
In particular, CG-MD has been shown to be sensitive enough to detect disruptions introduced by mutation.
Future refinement of such models via atomistic simulations will enable a multiscale approach to predict
the folding of membrane proteins.

Membrane proteins play a key role in most cellular
processes such as trafficking, signaling, and transport. While
they account for ∼25% of open reading frames in most
genomes (1), only ∼100 high-resolution structures of mem-
brane proteins are known (see http://blanco.biomol.uci.edu/
Membrane_Proteins_xtal.html for a summary). From the
structures that have been determined, it is evident that there
are two basic folds for the transmembrane (TM)1domain of
a membrane protein: these are a bundle of R-helices or an

antiparallel �-barrel. The R-helical bundles are the major
class, and they are thought to assemble according to the two-
stage folding model (2), in which the R-helices insert
independently into the membrane, before self-assembling into
a functional helix bundle. Understanding the second stage
may enable the prediction of membrane protein structures
to be improved (3), as well as advancing our knowledge of
their folding and assembly (4). It is of particular interest to
establish the specific interactions between R-helices that are
necessary for maintaining the final tertiary structures of
helical bundle membrane proteins and also to understand how
disrupting these interactions by mutation leads to misfolding
(5). Recent studies of the structure of the translocon (6) and
of the mechanism of translocon-mediated insertion of
membrane proteins (7) also stress the role of TM helices
and their dimerization.
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Glycophorin A (GpA) has served as a model for studying
TM membrane protein structure and stability, from both an
experimental (8-15) and a computational (16-25) perspec-
tive. GpA is homodimeric; each chain consists of 131 amino
acids and spans the membrane once such that its amino
terminus is at the extracellular surface of the human red blood
cell. Its single TM domain consists of ∼25 residues that adopt
an R-helical conformation and are sufficient for dimerization
(13). Structures of this homodimeric TM domain have been
determined indetergentmicelles (10)and lipidbilayers (14,26).
The TM region contains a seven-residue motif, LIxxGVxx-
GVxxT (residues 75-87), which plays a key role in
homodimerization (27). In particular, it stabilizes the packing
of the helices in a right-handed fashion, with a negative
crossing angle (13).

Mutational screens have been used to probe the interface
of the GpA dimer (28). In general, it has been found that
replacement of the small or polar residues G79, G83, or T87
in the key dimerization motif with larger nonpolar residues
disrupts dimerization. The G79L, G83L, and T87F mutations
are three mutations that significantly disrupt dimerization
(8, 13, 28, 29). The NMR structures in both solution (10)
and lipid bilayers (14) reveal that G79 and G83 are involved
in maintaining the proximity of the helices and enabling
intimate contacts between other interhelical side chains to
be formed (27), leading to a right-handed crossing angle for
the dimer (13, 27). The G79L and G83L mutations presum-
ably prevent dimerization by introducing bulkier side chains
at positions 79 and 83, thus abolishing the flat interaction
surface necessary for the packing of other nearby side chains
in the helix-helix interface (27). Additionally, one of
ensembles of NMR structures (14, 26) suggests that the side
chain hydroxyl group of T87 in the key dimerization motif
is involved in an interhelical hydrogen bond across the dimer
interface. This bond has been shown experimentally to be
important for the stability of the dimer (30), thus explaining
the effect of the T87F mutation. Finally, mutations such as
A82W and I85F have no effect upon dimerization, presum-
ably because their side chains are located distal to the
helix-helix interface (30).

Molecular dynamics (MD) simulations provide a compu-
tational tool for probing the structure and dynamics of
membrane proteins in detergent micelles (31) and lipid
bilayers (32). Several simulations of GpA have been
performed in both detergent micelles (19, 33) and lipid
bilayers (16, 22). Moreover, atomistic MD simulations (21)
and docking-based methods (34) have been used to estimate
the energetics of helix dimerization. The spontaneous self-
assembly of GpA/detergent systems has been studied using
extended atomistic MD simulations (19, 33). Atomistic
simulations have also been used to investigate the self-
assembly of helix bundles and the roles of interhelical
H-bonds in the stabilization of TM helix oligomers (35). In
general, however, longer time scales than those accessible
by atomistic simulation are necessary to fully characterize
complex processes such as helix-helix dimerization. This
is possible with a coarse-grained (CG) approach (36-42),
in which small groups of atoms are treated as single particles,
allowing longer time scales and larger systems to be
simulated. A recent CG model has been used to model the
spontaneous self-assembly of GpA monomers into dimers
within detergent micelles and lipid bilayers (25).

The aim of this paper is to determine the extent to which
CG-MD simulations may be used to explore and predict the
effects of mutations on the stability of TM helix interactions.
We shall present and compare the results of simulations using
CG-MD of the dimerization of TM helices of wild-type (WT)
and mutant GpA within lipid bilayers. By running multiple
extended simulations, we find that it is possible both to
predict in a semiquantitative manner and to characterize the
effects of each mutation on the stability of the dimers. The
resultant correlation with experimental data is encouraging
and permits a structural rationalization of the effects of
mutations in the GxxxG helix dimerization motif. This
approach is also a direct and novel method for estimating in
a semiquantitative manner the ∆∆G of association of TM
helices in lipid bilayers using CG-MD simulations.

MATERIALS AND METHODS

Initial Helix Structures. The structure of GpA from a
solution/micelle NMR study (PDB 1AFO) (10) provided the
initial structure of a GpA TM helix monomer; this was used
as the starting point for all simulations. Models of the mutant
TM helices were derived from this structure using MOD-
ELLER 7v7 (43). These atomistic structures were converted
to corresponding CG models as described previously (25, 40)
using a modified version of the Marrink CG force field (37).
The coarse graining of amino acids was based on the methods
developed for lipids by Marrink et al. (37). In this CG force
field an approximate 4:1 mapping of heavy (i.e., not H) atoms
to CG particles is used. Four major CG particle types are
distinguished: polar (P), mixed polar/apolar (N), hydrophobic
apolar (C), and charged (Q). There are further subtypes for
the N and Q particles which allow fine-tuning of the Lennard-
Jones interactions to reflect hydrogen-bonding capabilities.
Initial simulations showed that the existing CG force field
did not reproduce well the right-handed orientation of wild-
type GpA dimers. The CG force field was therefore refined
compared to the version used previously (25, 40) to correct
this defect. Specifically, the particle type of the backbone
particle of glycine was changed from N0 to Nm. This makes
it more likely that neighboring glycines will interact since
while N0-N0 pairwise interactions are “intermediate” in
nature, Nm-Nm pairwise interactions are “semiattractive”.
This change is intuitive since the backbone of glycine is more
exposed and therefore can more readily interact with other
residues.

Simulation Methods. CG simulations were performed using
GROMACS (www.gromacs.org) (44) as described in refs
25 and 40 with CG parameters for lipid molecules (dipalmi-
toylphosphatidylcholine, DPPC) and water molecules as in
ref 37 and for amino acids as in refs 25 and 45 modified as
described above. A CG peptide or protein model was
generated from the corresponding atomistic structure and was
composed of a chain of backbone particles with attached side
chain particles. Protein bond and angle potentials are
described in the Supporting Information of ref 46. Lennard-
Jones interactions were shifted to zero between 9 and 12 Å,
and electrostatics were shifted to zero between 0 and 12 Å,
with a relative dielectric constant of 20. The nonbonded
neighbor list was updated every 10 steps. All simulations
were performed at constant temperature, pressure, and
number of particles. The temperatures of the protein, lipid,
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and solvent were each coupled separately using the Ber-
endsen algorithm (47) at 323 K, with a coupling constant τT

) 1 ps. The system pressure was semiisotropically coupled
in the x, y, and z directions using the Berendsen algorithm
at 1 bar with a coupling constant τP ) 1 ps and a
compressibility of 5 × 10-6 bar-1. The time step for
integration was 20 fs. Coordinates were saved for subsequent
analysis every 200 ps. Note that the coarse-grained time scale
was calibrated by, for example, measuring the diffusion
constant of water (45), and therefore other time scales, for
example, diffusion in lipids, may be under- or overestimated.
This is irrelevant here as our analyses and conclusions are
independent of time. Analysis of all simulations was
performed using the GROMACS suite of programs. VMD
(48) and xfarbe were used for visualization and graphics.

Simulation Systems. Seven simulations of the GpA-WT
helices and of each mutant were performed. The mutants
were specifically chosen to satisfy two criteria: (i) a disruptive
effect of the mutation on dimerization has been observed
experimentally, and (ii) there is a significant difference
between the CG parameters of the wild type and the mutated
residues in terms of both number and type of particles. A
further two mutants were chosen which do not disrupt the
formation of dimers and were consequently used as controls.
For all simulations, two helices were inserted in a preformed
DPPC bilayer containing 245 lipids such that they were
separated by ∼55 Å (Figure 1). Following energy minimiza-
tion using up to 100 steps of the steepest descent method,
each system was solvated with 2241 CG water particles. The
energy of each system was again minimized, and seven 3
µs simulations were run for the GpA-WT and mutant
sequences; each set of simulations was started from the same
configuration but with different random seeds.

Analysis of Dimer Stability. The stabilities of the mutant
helix dimers relative to the WT were expressed as ∆∆G
values calculated as follows: (1) The initial helix association
period was discarded for each trajectory. (2) The seven
resultant trajectories were merged. (3) The total number of
dimeric (ndimer) and monomeric (nmonomer) conformations were
counted. Two helices are defined to be a dimer when the

closest contact distance, dHH, is less than 6 Å. Altering this
arbitrary cutoff does not materially affect the results (data
not shown). (4) The association equilibrium constant, as-
suming that the probability of a state is given by the number
of molecules in that state relative to the total number of
molecules, is given by K ) (ndimer)/(nmonomer)2(1/ntot). (A more
complete description of the derivation of this can be found
in the Supporting Information.) In the above equation (1/
ntot) defines the standard state which cancels out in the
equation for ∆∆G. (5) Thus, for each mutant, ∆∆G ) RT
ln(KWT/Kmutant) where T is the temperature (323 K) and R is
the universal gas constant.

The trajectories of the seven simulations were merged
because the individual trajectories had not fully converged
and therefore could not be used to estimate thermodynamic
parameters. We are therefore assuming that the merging
process improves convergence and allows us to estimate
thermodynamic parameters. This procedure also assumes that
we can construct a statistical mechanical ensemble of
monomer and dimer conformations from our simulations.
We are implicitly assuming that the ergodic hypothesis holds
and that the time average is the same as the ensemble
average.

RESULTS

Simulations Performed. Snapshots from an example CG
simulation are given in Figure 1. The two GpA R-helices
were inserted in a parallel orientation into a preformed
dipalmitoylphosphatidylcholine (DPPC) bilayer with the
helices separated by a distance, dHH, of ∼55 Å. Each
simulation was then run for 3 µs, during which time the TM
helices diffused randomly in the bilayer, encountered one
another, and interacted. Simulations have been performed
for the WT 23-mer TM helix of GpA and for five mutant
TM sequences (Table 1). For each of these different
sequences seven simulations were run. Three of the mutants
(G83L, T87F, G79LG83L) have been shown by experiment
to destabilize the GpA TM helix dimer. The other two
mutants (A82W and I85F) still formed dimers in experiments
and so were used as positive controls.

Wild-Type GpA. As observed in earlier self-assembly
simulations (25) the WT GpA TM helices spontaneously
form a long-lasting helix dimer (Figure 1) within a few
hundred nanoseconds. Examination of representative struc-
tures of the WT dimer (Figure 2A) reveals that the helices
are packed in a right-handed fashion (i.e., have a negative
value of the helix-crossing angle Ω) with the G79, G83, and
T87 residues forming the helix-helix interface, as indicated
by NMR structures (10, 14, 26) and by mutagenesis
data (8, 27-29).

FIGURE 1: Progress of a WT GpA TM helix dimer simulation. Run
1 of the ensemble of seven WT simulations is illustrated. The initial
system configuration (0 µs) consists of two helices (red and purple)
preinserted in a DPPC bilayer in a parallel orientation with an
interhelix separation of dHH ∼ 55 Å. The choline, phosphate, and
glycerol backbone particles of the DPPC molecules are shown in
silver. Subsequent snapshots illustrate the simulation at 0.18, 1,
and 2 µs.

Table 1: Sequences of the GpA TM Helix and Its Mutants

GpA helix TM sequence dimerizationa

WT ITLIIFGVMAGVIGTILLISYGI dimer
G83L ITLIIFGVMALVIGTILLISYGI no dimer
T87F ITLIIFGVMAGVIGFILLISYGI no dimer
G79LG83L ITLIIFLVMALVIGTILLISYGI no dimer
A82W ITLIIFGVMWGVIGTILLISYGI dimer
I85F ITLIIFGVMAGVFGTILLISYGI dimer

a Derived from data in refs 8 and 28. Residues suggested to play a
key role in the dimerization of the GpA TM helix are in bold; the
mutated residues are underlined.
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Helix-helix contacts were examined in more depth by
calculating the interhelix distance matrices averaged over all
seven WT simulations (Figure 2B). From this it is evident
that the interactions are dominated by the key residues of
the L75IxxG79VxxG83VxxT87 motif (8, 10, 28, 29). Thus, the
most prominent interactions are between residues 75 and 76,
79 and 80, 83 and 84, and 87 and 87.

The formation of a GpA dimer may be monitored by
plotting dHH as a function of time (Figure 3). In all of the
seven WT simulations, the helices formed a dimer in the
first 500 ns and remained a dimer for the majority of
the remainder of each simulation. Indeed, in four of the
simulations, the dimer did not dissociate at all during the
simulation. In the other three WT simulations some transient
dissociation of the helices was observed, but in all cases the
dimer re-formed. The individual trajectories are not fully
converged; as described in the Materials and Methods we
therefore merged the trajectories and analyzed the resulting
data. Once the helices have formed a dimer, the number of
conformations spent in the dimeric state relative to the
number of conformations spent in the monomeric state
therefore provides a semiquantitative measure of the stability
of the dimer. This will be explored further below by
comparing the WT helix to the mutant helices.

While the aim of this paper is not to study the diffusion
of GpA helices in a lipid bilayer in detail, we shall briefly

examine a WT and a mutant simulation to illustrate how the
CG helices move in a lipid bilayer. The following analysis
is in the frame of reference of the lipid bilayer where one of
the helices is held at a fixed point. The position of the center
of mass of each helix is plotted for the representative WT
simulation in Figure 4A. The mobile helix appears to diffuse
randomly until it binds to the fixed helix. Since this analysis
is in the frame of reference of the bilayer, the fixed helix is
free to rotate around the z-axis, and therefore we cannot draw
any conclusions from this analysis about the precise spatial
orientation of the two helices relative to one another. To
investigate this, the dimer conformations from all of the
simulations were combined, and the spatial distribution of
the mobile helix was measured (Figure 5). The position of
the mobile helix is anisotropically distributed and favors one
side of the fixed helix.

It is interesting to compare the structures of the dimer from
the WT simulations with a solution NMR structure in a
detergent micelle (10) and a solid-state NMR-derived model
in a lipid bilayer (14). We shall do this by evaluating the
root mean square deviation (RMSD) for the backbone
particles of the residues comprising the GpA dimerization
motif (i.e., residues from L75 to T87 inclusively) between
the simulations and the NMR structures (Table 2). The mean
value of 3.6 Å for the comparison between structures drawn
from the WT simulations and the solution/micelle NMR
structure (10) might suggest that on average the structures
generated by simulation do not closely resemble the experi-
mental structure. This, however, hides a wide range variation
in individual RMSD values; i.e., there are some structures
from the simulations that are very similar to the experimental
structure and are some that are different. This can be seen
in the high value of the standard deviation (1.3 Å) and is
also to be expected when we consider the relative spatial

FIGURE 2: Helix-helix contacts in the WT GpA TM helix dimer.
(A) Representative structure from the WT ensemble showing the
negative (i.e., right-handed) helix crossing angle (Ω) and key
interfacial residues. The backbone particles (cyan) are shown for
G79 and G83. The side chain particles are shown for V80 and V84
(green spheres) and for T87 (purple rods). (B) Interhelix contact
matrices for the WT simulation ensemble calculated using a 10 Å
(upper half) and 8 Å (lower half) distance cutoff. The colors indicate
the distances (all particles) of the contacts ranging from 0 Å (blue)
to 10 or 8 Å (red). For the lower half of the matrix key interhelix
contacts are circled.

FIGURE 3: Interhelix separations of WT and mutant GpA simula-
tions. The interhelix separation dHH (defined as the closest approach
distance of the two helices) is shown as a function of time for all
of the simulations.
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distribution of the two helices (Figure 5). We shall compare
the mean values of the RMSD of the WT and mutant
simulations later.

The GxxxG motif has been shown to be responsible
for the right-hand packing conformation of the dimer (27, 49).
The helix-helix crossing angle for the WT simulations
adopts a skewed bimodal distribution (Figure 6). The values
obtained from the solution/micelle NMR structure (Ω )
-43°) and the solid state/bilayer structure (Ω ) ∼-35°) lie
within this distribution; however, the modal simulation
crossing angle of Ω ) -25° (Table 2) is smaller than the
experimental values. In order to validate the crossing angle
distributions seen in the CG simulations, the crossing-angle
distribution was also calculated for the ensemble of NMR
GpA structures in a DPC micelle (PDB: 1AFO) as well as
for the previously published AT simulations of GpA in a
DPC micelle and a DMPC bilayer (22) (Figure S1). In all
cases the helix packing is clearly right-handed, although the
average values are different. This could be due to a number
of reasons, e.g., differences between the micellar and lipid
bilayer environments, leading to the dimer adopting a
different equilibrium conformation. Although the crossing
angle distributions of WT GpA overlap and therefore can
be considered to be consistent, the range of values predicted
by the CG simulations is larger than seen in NMR experi-
ments. This reflects the soft nature of the coarse-grained free
energy landscape but may also reflect the nature of the

refinement of the ensemble of NMR structures for such a
dynamic system.

GpA Mutants. The same analysis of dHH vs time was used
to monitor formation of dimers in the simulations of the
mutant TM helices. As with the WT simulations, the helices
generally formed a dimer in the first 500 ns. The mutants,
however, differed from the WT simulations and from one
another in the extent to which subsequent dissociation of
the dimer occurred in each simulation. In particular, the
helices dissociated once or twice in four out of seven
simulations for the mutants known to form unstable dimers

FIGURE 4: Example motions of one GpA helix relative to the other
in the reference frame of the lipid bilayer. The positions of the
centers of mass of a WT simulation (run 3) and a G83L simulation
(run 1) are plotted in (A) and (B), respectively. The positions of
the fixed helices are drawn in black. The coordinates (x, y) of the
mobile helix are drawn in red for the wild type and in red, green,
and blue for the G83L mutant to distinguish the unbinding events.
Note that the fixed helix is free to rotate, and therefore its
coordinates describe a ring.

FIGURE 5: Spatial distributions of one GpA helix in the reference
frame of the other for both the wild type and all of the mutants. In
each case only conformations where the helices formed a dimer
were combined from all seven simulations. The CR atoms of the
reference helix from each frame were fitted onto a unique reference
structure to maintain the frame of reference. Blue and red indicate
low and high probabilities of finding the second monomer at that
position.

Table 2: Analysis of Dimer Structure and Stability

simulation CR RMSDa (Å)
modal crossing angle

Ω (deg)
∆∆Gb

(kJ/mol)

GpA-WT 3.6 ( 1.3 -25
GpA-G83L 5.0 ( 1.1 15 10.9
GpA-T87F 5.1 ( 1.0 15 9.1
GpA-G79LG83L 4.3 ( 1.2 bimodal: -25 and 15 9.0
GpA-A82W 3.8 ( 1.3 bimodal: -25 and 15 3.6
GpA-I85F 3.5 ( 1.3 -25 4.4

a For the residues of the interaction motif (LI...T) relative to the
starting (NMR) structure as the reference structure. These CR RMSDs
were calculated by deriving a single trajectory from each ensemble of
simulations by concatenating the dimeric segments of the constituent
trajectories of the ensemble. The overall average RMSD for an
ensemble was then derived by comparing the concatenated trajectory vs
the coarse-grained solution/micelle NMR structure (10). Similar RMSD
values (not shown) were obtained by comparison with the solid state/
bilayer NMR structure (14). b For details of the calculation, see
Materials and Methods and the Supporting Information.
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(G83L, T87F, and G79LG83L). This can also be seen in
the motion of the helices in the reference frame of the lipid
bilayer (Figure 4B). Again, the mobile helix appears to
diffuse (i.e., move randomly) when not bound to the fixed
helix either at the beginning of the simulation or when
dissociated. The dimers in the simulations of the nondisrup-
tive mutants (A82W and I85F) dissociated in fewer simula-
tions. This suggests that comparing the behavior of the
dimers and monomers might prove insightful.

The spatial distribution of the one of the helices around
the other is shown in Figure 5. For the nondisruptive mutants
(A82W and I85F) the spatial distribution is similar to the
wild type: they all favor the same side of the fixed helix.
However, for the T87F and G83L mutants, the spatial
distribution is bimodal with the mobile helix preferentially
found on the two opposite sides of the fixed helix although
the spatial distribution of the G83L mutant is more uniform.
Finally, the spatial distribution of the mobile helix of the
G79LG83L mutant favors one side of the fixed helix which
differs from the WT distribution. The T87F mutant is also
interesting as the mobile helix does not adopt the orientation
displayed by the wild-type dimer.

We can directly calculate the association equilibrium
constant (and therefore the free energy of association ∆G)
for the wild-type and mutant sequences from these simula-
tions (Figure 3; see Materials and Methods and the Sup-
porting Information for details). These values of ∆G are
likely to be inaccurate because, first, it is difficult to define
a standard state and, second, the experimental values were
measured using detergent micelles rather than lipid bilayers,
so a direct comparison is not possible. Finally, it is likely
that the CG model will introduce systematic errors; for
example, the interaction between two particle types not
directly involved in the mutation may be over- or underes-

timated. This will bias the individual calculated values.
Instead, we shall calculate how the free energy changes when
a mutation is made (∆∆G). Of course, we are assuming that
the magnitudes of the systematic errors are approximately
constant and will therefore cancel when the values of ∆∆G
are calculated.

The three disruptive mutants (G83L, T87F, and G79LG83L)
have ∆∆G values of 9-11 kJ/mol (Table 2). This corre-
sponds to an ∼40× decrease in the equilibrium constant for
dimerization compared to the wild-type sequence. In contrast,
the two nondisruptive mutants (A82W and I85F) have ∆∆G
values of ∼4 kJ/mol, corresponding to an ∼4× decrease in
the equilibrium constant for dimerization. Examining the
variations between simulations suggests that a ∆∆G of ∼4
kJ/mol may not be significant; i.e., the statistical error is of
the order of 4 kJ/mol. We therefore predict that ∆∆GT87F ≈
∆∆GG83L ≈ ∆∆GG79LG83L . ∆∆GA82W ≈ ∆∆GI85F. This
order is consistent with the patterns of dimer destabilization
seen in mutational experimental studies. We describe this
analysis as semiquantitative since not only does it yield a
predicted order for the values of ∆∆G but it is also able to
give approximate magnitudes.

This semiquantitative correlation between our simulations
and experiment is encouraging. Using simulation we may
investigate the microscopic causes of the observed differences
in the association free energy. We first analyzed the behavior
of GpA in the bilayer environment. It was observed that the
positions along the bilayer normal for both helices were
almost identical for either the WT or the mutant GpA
simulations in both the monomeric and dimeric states. The
mean tilt angle of the helices with respect to the bilayer
normal was also calculated for these states. Again, the
behavior was similar for the WT and each of the mutant

FIGURE 6: Helix crossing angle histograms. For each set of simulations only those conformations where the helices formed a dimer were
extracted and merged. Helix crossing angles (Ω) were then evaluated from these merged dimer trajectories. Note that a positive crossing
angle corresponds to left-handed helix packing and a negative crossing angle to right-handed packing. Since these are histograms, the area
under each curve sums to unity. The wild type is drawn in blue, and the nondisruptive and disruptive mutants are drawn in green and red,
respectively.
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simulations in both the monomeric and dimeric states. In all
cases the mean tilt angle was in the range 16-17°.

We shall now compare the RMSDs of the dimer interaction
motif formed by the various mutants (Table 2) relative to
the NMR structures. We note that whereas the nondisruptive
mutants (A82W and I85F) have similar RMSDs (ca. 3.6 Å)
to the WT simulation, two of the disruptive mutant simula-
tions (G83L and T87F) yield much higher RMSDs (ca. 5
Å). The RMSD (4.3 Å) of the remaining disruptive mutant
(G79LG83L) was slightly less than the other two, but still
significantly higher than the nondisruptive mutants and the
wild type. For reference, the RMSD values for the key motif
residues of each individual helix monomer for both the WT
and mutant simulations were all between 1.3 and 1.4 Å. Thus,
the elevated RMSDs reflect changes in interhelix, not
intrahelix, interactions as indicated by Figure 5. Since these
RMSDs correspond only to those segments of each simula-
tion where a dimer (as judged by dHH) is present, this
indicates that not only do the disruptive mutants lead to a
less stable (i.e., high ∆∆G) dimer but also the structure of
the dimer differs significantly from that of the wild type.

We may also compare the distribution of crossing angles
(Ω) for the various mutants to explore the degree of
disruption of the helix-helix interface observed in the
simulations (Figure 6 and Table 2). All three disruptive
mutants result in a significant shift, relative to the WT, from
a right-handed (Ω negative) to a left-handed (Ω positive)
distribution. Interestingly, for both the G83L and G79LG83L
mutants the distribution is more bimodal than the WT
distribution, suggesting that these disruptive mutants “soften”
the interhelix interface. The crossing angle distribution
of the nondisruptive mutant I85F is almost identical to that
of the WT simulations, indicating that this mutation does
not significantly perturb the dimer. For the A82W mutant
the situation is a little more complex; this is discussed in
more detail below.

The structural consequence of these changes may be
explored in more detail by analyzing the residues that form
the contacts between the helices (as for the WT in Figure
2B; data not shown for mutant simulations) and by visual
inspection of individual structures (Figure 7) selected to
correspond to the modal crossing angles in Figure 6. For
the nondisruptive mutants (A82W and I85F) the pattern
formed by the residues closer than 8 Å to one another is
similar to the WT simulations (see above); this corresponds
closely with the pattern of contacts observed in the NMR
structure. For the A82W mutant, however, structures are also
seen with a left-handed packing of helices. This correlates
with the formation of a contact that is not seen in the WT
simulations between the mutated residue (i.e., W82) and T87.
T87 is the only polar side chain within the dimerization motif
and has been shown to be important for dimer stability (30).
Our simulations suggest that the side chain of W82 is able
to interact with T87 residues on both the opposing helix and
on the same helix. This partially “unlocks” the critical
T87-T87 interaction, as confirmed by the observation that
the propensity for the crossing of the helices to be right-
handed is to some extent lost, resulting in an approximately
symmetrical bimodal distribution (Figure 6), with crossing
angle modes of ∼-25° (left-handed) and ∼+15° (right-
handed).

For both the G83L and T87F mutants the helix packing is

perturbed relative to the WT simulations such that the
preferred crossing angle becomes ∼+15°, i.e., a left-handed
dimer (see above). The loss of the key Thr-Thr polar
interaction in T87F, but the preservation of a bulky side chain
in this position, results in the loss of bias toward right-
handedness, and all of the important contacts around the
dimerization motif are also lost. For the T87F mutant contact
analysis revealed that no specific, long-lived interactions are
observed along the helix-helix interface, consistent with the
relative instability of this dimer relative to the wild type.
This confirms the importance of T87 in maintaining a strong
helix-helix interface.

The tight dimerization interface observed in the GpA-WT
is lost upon mutation of one or two of the key Gly residues.
For example, when two key Gly residues in the dimerization
motif are removed (G79LG83L), a symmetrical crossing
angle distribution is observed (above). Thus, the helices do
not have a preferred packing handedness and fluctuate
between two values. The G79 and G83 residues in the WT
structure provide stabilizing Gly-Gly interactions as well
as allowing the close approach of other nearby residue side
chains within the motif. Thus, in the double mutant there
are relatively few contacts between the helices within 8 Å.
Extending the cutoff to 10 Å increases the number of
interactions observed, some of which are shifted approxi-
mately one residue along from the usual pattern of interac-
tions observed for the WT simulations; these include I76,
V80, and V84. The weakness of these interactions evidently
reduces the strength of the dimerization interface and
removes the crossing angle bias.

DISCUSSION

Our key finding is that one can use CG-MD to characterize
the effect of mutations on the stability and structure of TM

FIGURE 7: Structures of WT and mutant helix dimers. Structures
were selected to be representative of the modes in the crossing angle
distributions. The backbones of the two helices are in silver and
blue. The G79 and G83 backbone particles are shown in purple,
the backbone and side chain particles of the T87 particles in green,
and the mutated residues in red.

CG Simulations of GpA Helices Biochemistry, Vol. 47, No. 40, 2008 10509



helix dimers, thus providing a possible approach to modeling
the packing of TM helices. This is of relevance both to
ongoing efforts to understand the relationship between
membrane protein structure and stability (reviewed in ref 4)
and to use computational methods to aid the interpretation
and modeling of low-resolution membrane protein structural
data. Examination of the structures generated by the CG-
MD method for the WT and nondisruptive mutants suggests
that, on average, the NMR structure is preserved. This is
consistent with our earlier studies in which a lipid bilayer
was self-assembled in the presence of two TM helices.

When CG-MD is used to explore dimerization of disrup-
tive mutants, two key effects are seen. First, the mutant dimer
is destabilized relative to the WT dimer, although even in
the most disruptive mutant (G83L) the dimer still forms (see
below). Second, if one examines the structures (e.g., the
helix-helix contacts and crossing angles) of the dimers for
the disruptive mutants, the structure is perturbed relative to
that of the wild type.

It is useful to compare these results with previous
experimental and computational studies of glycophorin
dimerization. The mutants that were simulated in this study
were selected on the basis of earlier studies of the glycoph-
orin dimerization interface (8, 28). Our results are in
agreement with these essentially qualitative data. There is
also a wealth of more quantitative data available for the free
energies of GpA TM helix dimerization in detergent micelles
and the effects of mutation on the dimerization free
energy (50-53). Initial analytical ultracentrifugation studies
of the monomer-dimer equilibrium for GpA TM helices in
detergent (pentaoxyethylene octyl ether, C8E5) micelles
revealed that even for disruptive mutants significant amounts
of dimer were present (50), in contrast with the situation in
sodium dodecylsulfate (SDS) (28). This is of interest, as in
the current study we also observed significant dimer forma-
tion even for the disruptive mutants. It is also possible to
compare the ∆∆G values from the current simulations with
those from the ultracentrifugation studies (51-53). Thus, for
the G83L mutant the simulation value of ∆∆G of +11 kJ/
mol is comparable to the experimental value of +14 kJ/mol.
Given the semiquantitative nature of the simulation, and the
observed dependence of the ∆G of dimerization on the
experimental environment (54), such agreement is most
encouraging. Looking at the other disruptive mutants, we
estimate a ∆∆G of +9 kJ/mol for T87F compared to an
experimental value of +13 kJ/mol for T87L, and for
G79LG83L we estimate +9 kJ/mol compared to +15 kJ/
mol for G79AG83A.

There is also a considerable computational literature on
GpA modeling and simulations, e.g., refs 16-18, 21, 23,
and 55-59. A number of relatively simple computational
models have been able to predict/reproduce the overall
structure of the GpA helix dimer, e.g., refs 23 and 55. This
suggests that this structure is dominated by van der Waals/
packing interactions, which are captured in many such
models. It is encouraging that a number of different models
can also yield information on the effects of mutants, e.g.,
refs 21, 58 and 60. It is of interest that these include a highly
coarse-grained approach which treats each amino acid as a
single particle (60), suggesting that atomistic detail may not
be necessary for an accurate predictive model. All atom MD
simulations, albeit in a membrane mimetic dodecane slab,

have been used to compute dimerization ∆∆G values for
mutants: these estimated values of ∆∆G for the I76A mutant
of +6 kJ/mol (21) compare well with the experimental value
of +8 kJ/mol (53). Atomistic MD, CG-MD, and experimen-
tal approaches therefore yield comparable estimates of the
∆∆G of dimerization for disruptive mutants.

It is important to explore the possible advantages of this
approach, which seems to work well at a semiquantitative
level. The main difference from AT-MD simulations is that
it is computationally cheaper (by ∼100×), thus allowing
either larger systems to be studied or a large number of
mutants of a single protein to be screened in a high
throughput manner. At the same time, compared to ap-
proaches which treat the bilayer as a low dielectric continuum
(e.g., ref 17) the CG-MD method retains some details of the
lipid bilayer headgroups. Given the observed influence of,
e.g., detergent species (12, 15, 54) on GpA dimerization,
we suggest that this degree of realism may be an important
feature in future studies of membrane protein stability, self-
assembly, and folding.

In addition to being of relevance to R-helix association as
a component of membrane protein folding, this simulation
approach may be of broader biochemical significance. Thus,
GxxxG motifs have been implicated in transmembrane helix
dimerization of a number of signaling proteins, including
integrins (61), syndecans (62), and the ErbB family of
receptors (63). It will therefore be of interest to explore helix
dimerization in wild types vs mutants for these systems.

Of course, there are number of limitations to the CG
approach. In particular in the context of GpA dimerization,
it does not contain atomistic detail and so cannot, for
example, capture the possible role of CR-H · · ·O H-bonds
(64). This, along with the discrete nature of other interactions,
leads to the free energy interaction landscape being smoother
than the atomistic equivalent. We purposefully chose mutants
which had either a significant effect or, in the case of the
controls, no effect on dimerization so as to maximize the
probability that the CG model could discriminate between
them. Conversely, we do not expect the CG approach to work
when the mutation does not significantly alter the chemistry
or size of the amino acid, for example, valine to isoleucine,
since the difference in CG parameters is small. The broad
range of crossing angles observed from the CG simulations
may also be due to this effect. However, we cannot rule out
other factors, such as the difficulty in determining NMR
structures of R-helical membrane proteins or inaccuracies
in the CG force field itself. Despite this we obtained a good
semiquantitative agreement between our calculated ∆∆G
values and published experimental data. We emphasize that
the value in this approach is in the comparison between the
behavior of different GpA sequences; for example, we predict
that the T87F mutant forms left-handed dimers.

At present we would therefore describe the CG approach
as semiquantitative although the agreement with experiment
is good. It will be of interest to see how improved CG force
fields (41) may alter this. However, in the longer term the
solution to the limitations of CG methods may be to com-
bine CG and all-atom (AT) models together in a multiscale
approach (65). This would combine the predictive potential
of CG approaches with the ability of extended AT-MD
simulations to refine initial structural models of TM helix
packing (22). Moreover, future work will include CG

10510 Biochemistry, Vol. 47, No. 40, 2008 Psachoulia et al.



simulations where more than two GpA helices will be present
in the starting structure in order to investigate if the dimers
will dominate.

Overall, these studies demonstrate that CG-MD can be
used to explore the interactions of TM helices, an important
stage in the folding of membrane proteins. In particular, CG-
MD has been shown to be sensitive enough to detect
disruptions introduced by mutation, suggesting that CG-MD
may be used as a key component within a multiscale
approach that uses simulation to predict the folding of
membrane proteins.

SUPPORTING INFORMATION AVAILABLE

A derivation of the relationship between macroscopic
thermodynamics and single molecular observations from
simulations of TM helix dimerization and helix crossing
angle distributions comparing the WT GpA dimer in CG
simulations in a DPPC lipid bilayer, in the NMR structure
ensemble (PDB: 1AFO), in a DPC detergent micelle, and in
AT simulations in both a DMPC lipid bilayer and a DPC
detergent micelle. This material is available free of charge
via the Internet at http://pubs.acs.org.
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