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ABSTRACT: The glycophorin helix dimer is a paradigm for the exploration of helix-helix interactions in
integral membrane proteins. Two NMR structures of the dimer are known, one in a detergent micelle and
one in a lipid bilayer. Multiple (4× 50 ns) molecular dynamics simulations starting from each of the two
NMR structures, with each structure in either a dodecyl phosphocholine (DPC) micelle or a dimyristoyl
phosphatidylcholine (DMPC) bilayer, have been used to explore the conformational dynamics of the helix
dimer. Analysis of the helix-helix interaction, mediated by the GxxxG sequence motif, suggests
convergence of the simulations to a common model. This is closer to the NMR structure determined in
a bilayer than to micelle structure. The stable dimer interface in the final simulation model is characterized
by (i) Gly/Gly packing and (ii) Thr/Thr interhelix H-bonds. These results demonstrate the ability of extended
molecular dynamics simulations in a lipid bilayer environment to refine membrane protein structures or
models derived from experimental data obtained in protein/detergent micelles.

Membrane proteins play a central role in many aspects of
cell biology (1), including transport, signalling, and energy
transport. About 25% of all genes code for membrane
proteins (2). Over the past few years, there has been
considerable progress in membrane protein structural biology
(3), which has resulted in high-resolution structures for∼110
distinct membrane proteins (see http://blanco.biomol.uci.edu/
Membrane_Proteins_xtal.html for a summary). The majority
of membrane proteins are formed by bundles of transmem-
brane (TM)1 R-helices. It is now well-established that folding
of R-helical membrane proteins proceeds via two stages: in
the first stage stable TMR-helices are inserted into a lipid
bilayer; in the second stage, the TM helices self-assemble
into a helix bundle. This model was initially derived from
studies largely of in vitro refolding of membrane proteins
(4, 5). More recently, it has been shown that a similar model
may operate for in vivo membrane protein folding (6),
reflecting the mechanism of translocon-mediated membrane
protein insertion (7-10).

Glycophorin A (GpA) is a relatively simple erythrocyte
membrane protein composed of 131 amino acid residues
found in three domains: a short hydrophilic cytosolic
domain, a hydrophobic TM domain (of∼25 residues), and
a more substantial extracellular domain that bears extensive
carbohydrate modification (11). The latter domain contains
approximately 12 O-linked and a single N-linked glycan (12)

and is a major carrier of sialic acid. GpA forms a symmetrical
homodimer (13) and has been shown to dimerize both in
detergent micelles (14-17) and in a membrane (18, 19) as
a consequence of specific interactions between the TM
helices (20, 21). The structure of the TM domain of the dimer
has been determined by solution NMR in dodecyl phospho-
choline (DPC) micelles (15) (pdb code 1AFO) and by solid-
state NMR in dimyristoyl phosphatidylcholine (DMPC) and
palmitoyl oleoyl phosphatidylcholine (POPC) bilayers (22).
The helices pack together in a right-handed manner, with a
crossing angle of∼40°.

GpA is of some biomedical interest as the cellular receptor
for the malarial parasitePlasmodium falciparum, via binding
of parasite ligands to sialic acid on GpA (23-25). Interest-
ingly, GpA content can be reduced or absent, due to genetic
defects, without known clinical consequences (26), although
absence of GpA in red cells does affect the structure and
anion transport properties of Band 3 (27).

GpA is a well-studied model system for investigating
helix-helix interactions within membranes. The dimer is
stable in sodium dodecyl sulfate (SDS), and hence mutagen-
esis studies were performed using SDS polyacrylamide gel
electrophoresis to assess dimer stability (14). More recent
studies have used the TOXCAT assay, which employs an in
vivo expression system to measure TM helix association in
the Escherichia coli inner membrane (18, 19, 28). The
sensitivity of GpA dimerization to mutation was found to
be similar in membranes and in detergent micelles. Nonethe-
less, several significant differences were noted including
mutations to polar residues, which are generally disruptive
in SDS but exhibit sequence specificity in membranes (19).
This suggests that environment may influence TM helix
oligomerization of GpA.

Molecular dynamics (MD) simulations offer a method for
studying the conformational dynamics of membrane proteins
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(29, 30). For example, MD simulations have been used to
compare the dynamics of membrane proteins in a detergent
micelle vs a lipid bilayer (31, 32). A number of simulation
studies of glycophorin have been performed, focusing on,
for example, its interactions with lipid bilayers (33), self-
assembly of glycophorin/detergent micelles (34, 35), and
estimation of the energetics of helix dimerization (36). More
recently, it has also been studied by coarse-grained MD
simulations (37), focusing on mechanisms of helix-dimer
self-assembly in a lipid bilayer environment.

Here we perform extended (50 ns) atomistic MD simula-
tions of the GpA helix dimer. Simulations based on two
starting structures (the NMR structures in a detergent micelle
and in a lipid bilayer) are performed. For each starting
structure, two simulations are performed, one in a detergent
micelle and one in a lipid bilayer. The results indicate
convergence of the simulations to a common structure,
stabilized by Thr/Thr side chain H-bond interactions between
the two monomers.

METHODS

Initial Structures.Simulations were initiated from two
structures (see Table 1), namely, GpA-E, i.e., the solution
NMR structure in DPC micelles (15) (pdb code 1AFO) and
GpA-S, the solid-state NMR structure determined in DMPC
bilayers (22) (coordinates supplied by S. Smith). To enable
a fair comparison only the TM sections of GpA were used.
Hence the GpA-E structure, which contains disordered
residues 62-71 that are believed to lie outside the bilayer,
was truncated to the same size as the GpA-S model (residues
73-95). Since all 20 structures of the GpA-E model are
virtually identical in the TM region, model 4 was chosen as
a representative model on the basis that it has the highest
surface area buried between the two monomers, as calculated
using NACCESS (http://wolf.bi.umist.ac.uk/naccess). The CR
rmsd between the two initial structures was 1.4 Å.

Micelle Simulations.Preformed protein/detergent micelle
systems were generated using a previously devised protocol
(31). For both GpA models, the preformed micelles were
constructed using 60 DPC detergents on the basis that this

is comparable to the aggregation number of 50-60 detergents
for pure DPC micelles (38). The aromatic side chain belts,
which for GpA consist of a phenyalanine (close to the
N-terminus) and a tyrosine (close to the C-terminus) residue,
were used as a guide to construct an expanded micelle-like
torus around the helix bundle. This torus consisted of
semicircular planes of DPC detergent molecules in the all-
trans configuration (having undergone energy minimization
and a brief MD simulation in vacuo) which radiated out like
spokes from the protein surface (Figure 1B). The DPC
molecules were randomly rotated about their tail axes and
placed with the terminal methyl groups of their tails a
minimum of 0.5 nm from the protein exterior and relative
to each other so as to avoid steric clashes. Each detergent
head group was placed approximately equidistant from its
nearest neighbors.

Each system was solvated with simple point charge (SPC)
waters (39) by superimposing a box of water followed by
removal of any water molecules that were too close to any
of the other system components. Equal numbers of sodium
and chloride counter ions were added to the systems by
random replacement of water molecules, to a final concentra-
tion of ∼0.1 M NaCl. The systems were then subjected to
relatively short MD runs of 1 ns duration to allow relaxation
of water molecules and DPC molecules to pack around the
protein. During this equilibration period, the positions of all
non-H GpA atoms were harmonically restrained with a force
constant of 1000 kJ mol-1 nm-2. Finally position restraints
were released and 50 ns production runs were carried out
for both systems.

Bilayer Simulations.Each GpA model was embedded in
pre-equilibrated DMPC bilayers using the previously de-
scribed protocol (40). Similar to the micelle systems the
aromatic belts of GpA were used to guide insertion into the
bilayer. The resulting protein bilayer systems (Figure 1C)
contained 115 DMPC for GpA-S and 117 DMPC molecules
for GpA-E. Following insertion, SPC water and ions
equivalent to∼0.1 M NaCl were added giving ca. 33 water
molecules per lipid molecule and ensuring complete solvation
of the bilayer. The systems were then energy minimized and
underwent 1 ns of MD during which the protein coordinates
were restrained in the same fashion as for the micelle
simulations. Then fully unrestrained production runs of 50
ns were performed for both systems.

Simulation Methods.All simulations were performed using
the GROMACS 3.1.4 simulation package (41) (http://
www.gromacs.org). The bilayer simulations used a force field
based on GROMOS87 (42). Micelle simulations used an
extended united atom version of the GROMOS96 force field
(43). Prior to MD simulations, each system was energy
minimized (using<1000 steps of the steepest descents
method) to relax any steric conflicts generated during the
setup. All MD simulations were performed using constant
temperature, pressure, and number of particles (NPT) and
periodic boundary conditions. Electrostatics were calculated
using particle mesh Ewald (44, 45), with a 1 nmcutoff for
the real space calculation. A cutoff of 1 nm was also used
for van der Waals interactions. The DPC micelle simulations
were run at a temperature of 313 K to match the temperature
used to solve the structure of GpA-E in the same environ-
ment. For the DMPC bilayer simulations, a temperature of
310 K was used to keep DMPC above the gel-liquid

Table 1: Summary of Simulationsa

environment
GpA

model
temp
(K)

no. of
detergents/

lipids
no. of
waters

box size
(nm3)

DMPC bilayer GpA-S 310 115 3678 6.4× 5.2× 7.5
GpA-E 310 117 3617 6.3× 5.3× 7.4

DPC micelle GpA-S 313 60 14,960 8.9× 8.7× 6.5
GpA-E 313 60 15,000 8.9× 8.7× 6.5

a All simulations were of 50 ns duration.

Table 2: Structural Drift of the Two Models of GpAa

environment
GpA

model

secondary
structure

CR rmsd (Å)

seven-residue
dimerization

motif CR rmsd (Å)

DMPC bilayer GpA-S 1.3( 0.1 0.7( 0.1
GpA-E 1.3( 0.1 1.1( 0.1

DPC micelle GpA-S 0.9( 0.1 0.7( 0.1
GpA-E 1.3( 0.1 1.1( 0.1

a Structural drift of the two models of GpA, from their starting
structures for secondary structural elements and for the seven-residue
dimerization motif, averaged over the last 10 ns of the simulations.
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crystalline phase transition. The temperatures of the protein,
the DMPC or DPC, and solvent were each coupled sepa-
rately, using the Nose´-Hoover thermostat (46, 47) with a
coupling constant ofτT ) 0.5 ps. The pressure was coupled
at 1 bar using the Parinello-Rahman barostat (48, 49) with
coupling constantτP ) 5 ps. For DMPC and DPC simula-
tions, the compressibility was set to 4.5× 10-5 bar-1 in all
box dimensions. The LINCS algorithm (50) was used
throughout to restrain bond lengths. The time step for
integration was 2 fs, and coordinates and velocities were
saved every 5 ps. Simulations were performed on dual
Pentium III Linux workstations or on a 68-node Linux cluster
composed of dual Xeon 4 processors, or on a 32 node cluster,
containing 64 750 Mhz Pentium III processors.

RESULTS

Conformational Drift and Flexibility.Four simulations
were performed (Table 1) to explore the influence of starting
model (GpA-S and GpA-E) and of environment (detergent
micelle vs lipid bilayer) on the conformational dynamics of
the GpA TM helix dimer. This amounts to a total of 0.2µs
of simulation time, for systems of∼17 000 (bilayers) and
∼47 000 (micelles) atoms. The two starting structures are
broadly similar, with the TM helices packed together in a
right-handed (RH) fashion. However, they differ in the details
of their contact residues. Thus, an early model for the GpA
TM helix dimer based on solid-state magic angle spinning
(MAS) NMR measurements in bilayers suggested that the
methyl groups of the sidechains of Val80 and Val84 packed
against Gly79 and Gly83, respectively, on the opposing helix
(21). The complete solution NMR structure of the dimeric
TM domain in DPC micelles (GpA-E) (15) is consistent with
the earlier MAS NMR data (21) and exhibits Val-Gly
contacts but does not include direct Gly-Gly contacts. A

more recent solid-state NMR-derived model of GpA in
membrane bilayers (GpA-S) (22) shows direct Gly79-Gly79
and Gly83-Gly83 contacts and also additional interhelical
interactions between Ile76 and Gly79, and between Val80
and Gly83. These additional interactions restrict the rotational
orientation and crossing angle of the helices. Thus, the major
difference between the structure determined in membranes
(GpA-S) and that determined in detergent micelles (GpA-
E) is a rotation of the interacting helical faces by∼25°, which
places the glycine residues in direct van der Waals contact
in the GpA-S structure allowing interhelical hydrogen
bonding (H-bonding) involving Thr87 across the dimer
interface (51). The solid-state NMR derived membrane
structure is consistent with the interhelical NOE constraints
from solution NMR measurements, but the detergent struc-
ture is not consistent with the high-resolution constraints
established by MAS NMR measurements (22). According
to Smith et al., the crossing angle for the membrane structure
is slightly smaller (∼35°) than for that in DPC detergent
(∼40°). They suggest a smaller crossing angle in the bilayer
structure allows a more extensive packing interface.

The protocols for both micelle and bilayer simulations had
already been developed and tested using other membrane
proteins, including OmpA (31) (aâ-barrel protein) and GlpF
(32) (anR-helical bundle). For these more complex proteins,
extended simulations revealed only subtle changes in dynam-
ics between the two environments, with little change in
structure, other than in the extramembraneous loops. How-
ever, given the differences between the two NMR structures,
one might expect a greater degree of conformational change
in the GpA dimer in response to a change in environment.

The progress of the four simulations may be assessed
visually (Figure 2). In all four simulations, the GpA helix
dimer remains intact throughout the simulation, and little

FIGURE 1: (A) NMR structures of GpA. The protein chains are drawn in backbone format (GpA-S in blue and GpA-E in red). The glycine
residues (79 and 83) at the dimer interface are shown in spacefill mode. In the GpA-S structure, glycine residues are in van der Waals
contact, which also enables interhelical H-bonding by the side chains of Thr87 (yellow bonds). (B) Snapshot from the GpA-S micelle
simulation. The protein (red) is surrounded by 60 DPC detergents arranged in a toroidal fashion around the central GpA molecule. The
detergents are shown in bonds format. Waters are omitted for clarity. (C) Snapshot from the GpA-S bilayer simulation. The protein (red)
molecule is inserted in a bilayer of 115 DMPC detergents. The lipids are shown in bonds format. Again, waters are omitted for clarity.
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helix distortion occurs, other than occasional helix unwinding
at the termini which is to be expected. However, it is evident
that there is some difference in behavior between the bilayer
and the micelle environments, with a greater degree of
variation in the packing of the helices in the micelle
simulations. In particular, there appears to be a degree of
drift to larger helix crossing angles in the two micelle
simulations.

The overall extent of conformational drift with respect to
time can be assessed via measurement of the root-mean-
square deviation (rmsd) of the CR atoms from the initial
structure for each simulation (Figure 3). This comparison
reveals a relatively low final CR rmsd (<∼1.5 Å) for each
of the simulations, confirming the overall stability of the TM

dimer structures. However, there are subtle differences in
behavior for the different environments. For both of the initial
structures, there are significant fluctuations in the rmsd for
the micelle simulation, suggesting that the dimers may
sample different conformational states. In contrast, in the
lipid bilayer environment following an initial equilibration
period the CR rmsd does not exhibit any substantial
fluctuations, reflecting a lesser degree of conformational
flexibility of the GpA dimer in this environment.

One may compare the relative flexibility of the protein in
each simulation by calculating the mean square fluctuation
(MSF) of the CR atoms as a function of time window (see
refs 52 and 53) for a detailed discussion of this method).
The results of such analysis (data not shown; see Supporting
Information) indicate that for all four simulations therelatiVe
values of the MSFs remain more or less constant over the
analysis time windows. On average the ratio of CR MSFs
for micelle vs bilayer environment is 1.9:1. Thus, the GpA
dimer is∼2× more flexible in a detergent micelle than in a
phospholipid bilayer. This is consistent with previous results
for OmpA and GlpF, although the difference in flexibility
between the micelle and the bilayer was only∼1.5× for the
two more complex proteins.

ConVergence of Simulations.Mutagenesis and other stud-
ies indicate that the GpA TM helix contains a seven-residue
motif that is essential for dimerization (L75I76XXG79V80-
XXG83V84XXT87) (5, 54). The conformational drift of this
dimerization motif can be estimated in terms of the rmsd
for the CR atoms of the seven residues. The resultant rmsd
values for the dimerization motif are relatively low (∼1 Å
or less), indicative of the stability of this region. In addition
to estimating the conformational drift from the initial
structure of each simulation, it is also informative to calculate
the CR rmsd of one simulation (e.g., GpA-S in the micelle
simulation) relative to the starting structure of the other (i.e.,
GpA-E). Comparing the RMSDs of the seven-residue motif
from the two starting structures of GpA, it is found that for
all four simulations, the drift from the initial GpA-E structure
is greater than from the initial GpA-S structure (Figure 4).
Thus, by this metric, GpA-S is a more representative structure
for the dimer not only in a DMPC bilayer environment but
also in a DPC micelle environment. Even the simulation of
GpA-E in DPC micelles drifts further from the initial GpA-E

FIGURE 2: Snapshots of the helix dimer (gray ribbons) taken from
the simulations of GpA-S and GpA-E in bilayer and micelle
environments at the start of each simulation, and at 10, 30, and 50
ns.

FIGURE 3: CR rmsd values of the secondary structure elements
(i.e., the TM helices) as a functions of time for (A) the GpA-S
dimer and (B) the GpA-E model, in a DMPC bilayer (black line)
and a DPC micelle (gray line).

FIGURE 4: Conformational drift of the seven-residue dimerization
motif for the GpA-S (left) and GpA-E (right) simulations. Each
graph shows the CR rmsd of this motif for a given simulation
relative to both the GpA-S initial structure (black line) and the
GpA-E initial structure (gray line).
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structure than from the initial GpA-S structure. Interestingly,
in the GpA-E simulations, the seven-residue motif very
quickly (in <20 ps) drifts further from the initial GpA-E
than from the initial GpA-S structure, suggesting that the
GpA-S structure may more accurately model the most stable
contacts at the TM helix interface region.

On the basis of this, we may ask if the pairs of simulations
in the same environment converge to a common structure.
This may be achieved by evaluating a matrix containing the
seven-residue CR RMSDs of all pairs of structures from the
GpA-S bilayer and GpA-E bilayer simulations (Figure 5).
For the first∼0.2 ns of the GpA-E trajectory, the rmsd from
structures throughout the GpA-S trajectory is∼1 Å for the
seven CR atoms. Subsequently, the GpA-E simulation
structures are between∼0.3 and∼0.8 Å from all GpA-S
simulation structures. Thus, while in the first∼0.2 ns the
GpA-S simulation actually drifts further away from the initial
GpA-E structure, in the GpA-E simulation the seven-residue
dimerization motif actually converges toward the GpA-S
simulation.

Helix Crossing Angles.The two initial models of GpA
differ in the crossing angle (as defined in Figure 6) between
the two helices. Both dimer structures contain right-handed,
parallel helices, but according to Smith et al. (22) the GpA-S
dimer has a crossing angle of∼35° compared to an angle
of ∼40° for the GpA-E structure in DPC micelles.

Crossing angles were calculated for both initial models,
with the start and ends of each helix defined using DSSP
(55). The GpA-E model (PDB id 1AFO) consists of an
ensemble of 20 structures, with a mean crossing angle of
42° ( 4°. Model 4 of the ensemble was used in this study,
which has a crossing angle of 42°. The corresponding angle
for the initial GpA-S model calculated using our method was
43°, suggesting that the starting structures actually have
almost identical crossing angles.

For the GpA-S simulations, larger crossing angles are
sampled in the DPC micelle environment than in DMPC
bilayers (Figure 7A). The fluctuations in helix crossing angle
are also greater in the micelle environment. Thus, for GpA-S
the average crossing angle (and associated standard deviation)

FIGURE 5: Matrix showing the CR rmsd (for the seven essential
residues) for each pair of structures in the GpA-S and GpA-E bilayer
simulations.

FIGURE 6: Helix-helix crossing angle. Two parallel helices pack
in a right-handed manner (as shown in the figure) if the interhelical
angleΩ is between 0° and+90°.

FIGURE 7: (A) Helix-helix crossing angle as a function of time
for GpA-S in a DPC micelle (gray line) and a DMPC bilayer (black
line). (B) Helix-helix crossing angle as a function of time for
GpA-E in a DPC micelle (gray line) and a DMPC bilayer (black
line). In each graph, the crossing angle of the starting structure is
shown by a small horizontal arrow.
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in a bilayer (Figure 8A) is 37° ( 3°, compared with 44° (
5° in a micelle.

In the case of the GpA-E simulation, again the trajectory
of the crossing angle as a function of time (Figure 7B) and
the crossing angle distribution (Figure 8B) reveal that the
helices sample a significantly larger range of crossing angles
in the micelle environment compared to the bilayer. Thus,
in DPC the mean crossing angles 44° ( 5°, i.e., the same as
for the GpA-S micelle simulation. However, in the bilayer
environment the mean crossing angle of 41° ( 2° for GpA-E
is a little higher than the corresponding average of 37° ( 3°
for GpA-S.

To analyze the statistical difference between simulations,
the trajectories over the 25-50 ns period were split into
blocks of 5 ns windows, allowing the calculation of the mean
and standard errors over the fully equilibrated latter halves
of each simulation. This confirmed that for both models of
GpA, the micelle environment resulted in greater crossing
angles than the bilayer, with means and associated standard
errors of 43° ( 2° (micelle) and 36° ( 2° (bilayer) for GpA-
S, and similarly, 46° ( 2° (micelle) and 41° ( 1° (bilayer)
for GpA-E.

Interhelix DistancessDefining the Interface.The nature
of the difference between the two initial models can be seen
if one examines the inter-residue distances across the helix-
helix interface (Table 3). It can be seen that at the contacts
of Gly79 with Gly79, and of Gly83 with Gly83 the helices

approach more closely in the GpA-S model than in the
GpA-E model, whereas the contacts made by the Val80 and
Val84 sidechains are closer for GpA-E than for GpA-S.

The corresponding set of average interhelix distances are
summarized for all four simulations in Table 4. The
difference from the initial structure distances (Table 3) is
quite striking. For each pair of atoms, the mean interhelical
distances are essentially the same across all four simulations,
regardless of starting model or environment. This adds weight
to the earlier structural drift analysis that revealed stable
contacts for the seven essential residues involved at the dimer
interface.

That the mean interhelical distances for these key residues
are very similar in both DMPC bilayer and DPC micelle
simulations suggests that the residues at the dimer interface
favor a specific set of contacts independent of (membrane-
like) environment. On the basis of these average values, all
distances, apart from the Gly83 CR to Val80 CdO distance
(which is closer to the GpA-E distance), are closer to the
values quoted for the GpA-S model. This would explain why
when comparing the CR RMSDs of the seven essential
residues across all simulations, the dimer always drifts further
from the GpA-E initial structure than from the GpA-S initial
structure.

To strengthen this conclusion, we examined individual
distributions of the interhelix distances (Figure 9). Comparing
both within a particular environment, and between environ-
ments, for all but the Ile76 CdO and Gly79 CR interaction
(in the bilayer environment), both initial structures yielded
very similar distributions, again suggesting a convergence
of the simulations.

For simulations based on both initial structures, and in
both DPC micelles and DMPC bilayers, the modes of five
out of the six interhelix distances measured are closer to the
GpA-S initial distance than to the GpA-E initial distance.
The exception is the Gly83 CR and Val80 CdO distance
where both models have very similar starting distances. For
both simulations in a bilayer, the mode for this distance is
4.5 Å, i.e., the same as the value seen in the GpA-E starting
structure. For the micelle simulations the modal distances
are slightly closer to the 4.2 Å seen in the initial GpA-S
model.

In summary, the simulations suggest, both on the basis of
these six atom-pair distances and of the CR rmsd of the seven
essential residues, that across all simulations (both micelle
and bilayer) the GpA-S model is a better representative of
the range of structures sampled than the GpA-E structure.

Energetics and Hydration.It is informative to compare
the potential energies of interaction between the helices in

FIGURE 8: (A) Distribution of crossing angles for GpA-S in a
micelle (gray bars) and bilayer (black bars) environment. (B)
Distribution of crossing angles for GpA-Eng in a micelle (gray bars)
and bilayer (black bars) environment.

Table 3: Interhelical Distances from NMRa

helix A helix B
GpA-S

distance (Å)
GpA-E

distance (Å)

Gly79 (CR) Gly79 (CdO) 4.1 5.2
Ile76 (CdO) Gly79 (CR) 4.8 5.3
Gly83 (CR) Gly83 (CdO) 4.3 5.2
Gly83 (CR) Val80 (CdO) 4.2 4.5
Gly79 (CdO) Val80 (CH3) 4.0 2.8
Gly83 (CdO) Val84 (CH3) 4.0 3.4

a Interhelical distances from solid-state NMR measurements (GpA-
S) of the GpA TM dimer and from the model of the dimer based on
solution NMR NOE data (GpA-E).

Comparative MD of Glycophorin Biochemistry, Vol. 45, No. 48, 200614303



the different models and simulations (Table 5). The most
striking difference is between the simulations in a bilayer
and in a micelle. In the micelle, the van der Waals
interactions are noticeably weaker than in the bilayer. This

mirrors the great flexibility and more pronounced fluctuations
in crossing angle for the micelle simulations noted above.
When in the same environment, the total interaction energies
(both van der Waals and electrostatic) between helices are
very similar for GpA-S and GpA-E. This is consistent with
convergence of each model to a common structure. For both
GpA-S and GpA-E, the electrostatic interaction energies
between helices are approximately constant between the
bilayer vs micelle environments. The main contribution to
this unchanging interaction is H-bonding of the Thr87
residues on opposing helices to one another.

The van der Waals interaction energies are more favorable
for the bilayer than micelle simulations, by∼60 kJ mol-1.
Part of this is due to changes in interaction around the
nonpolar residues of the dimerization motif. However, a
significant source of the overall change in van der Waals
interaction between pairs of helices in different environments
is from residues outside of the dimerization motif. This is
consistent with the larger crossing angle observed in the
micelle relative to the bilayer simulations, which corresponds
to reduced packing between residues furthest away from the
dimerization motif.

A possible explanation for the difference in behavior
between the micelle and the bilayer simulations was thought
to reside in the penetration of water into the otherwise
hydrophobic interior, which might be anticipated to perturb
helix/helix interactions. We therefore analyzed the numbers
of H-bonds between water molecules and each helix of the
dimer in all four simulations (Figure 10). For a given
environment (bilayer vs micelle), similar patterns of water
penetration were seen for GpA-S and GpA-E, with H-bonds
limited to the residues at either end of theR-helices. Perhaps
surprisingly, a similar (neglible) extent of penetration of
water around the core of the helix dimers was seen for the
micelle and the bilayer environments. Hence, access of water
to the dimerization motif is the same in both environments,
consistent with similar Thr87-Thr87 electrostatic interaction
energies in the simulations. Instead, the main difference
between the two environments appears to be outside of the
hydrophobic interior, with a greater number of H-bonds with
water at the ends of helices for the micelle in comparison
with the more constraining bilayer environment.

Nature of the ConVerged Model Structure.To characterize
the stable GpA TM helix dimer, it is useful to measure
distances of closest approach between the two helices. The
mean minimum interhelical distance between the backbone
atoms during the simulations is∼3.4 Å for both models in
both environments. The smallest distance and therefore the
closest approach between the backbone atoms observed
during the simulations is∼3.0 Å and occurs between the
two Gly79 residues, and between Val80 and Gly79. This is

Table 4: Mean Interhelical Distancesa

helix A helix B bilayer: GpA-S (Å) bilayer: GpA-E (Å) micelle: GpA-S (Å) micelle: GpA-E (Å)

Gly79 (CR) Gly79 (CdO) 4.1( 0.3 4.0( 0.3 4.0( 0.4 4.0( 0.4
Ile76 (CdO) Gly79 (CR) 4.9( 0.5 4.5( 0.3 4.7( 0.6 4.7( 0.6
Gly83 (CR) Gly83 (CdO) 4.5( 0.4 4.3( 0.4 4.1( 0.3 4.1( 0.4
Gly83 (CR) Val80 (CdO) 4.6( 0.3 4.7( 0.3 4.4( 0.4 4.5( 0.4
Gly79 (CdO) Val80 (CH3)b 4.1( 0.3 4.1( 0.3 4.2( 0.4 4.2( 0.3
Gly83 (CdO) Val84 (CH3)b 4.6( 0.4 4.5( 0.4 4.5( 0.5 4.5( 0.5
a Mean interhelical distances for GpA-Smith (red) and GpA-Eng (black parentheses) in bilayer and micelle environments.b The Val side chain

CH3 used to calculate the distance was always the one that was closest to the Gly carbonyl group.

FIGURE 9: Distributions of interhelical distances in bilayer and
micelle environments between (A) Gly79 CR and Gly79 CdO; (B)
Ile76 CdO and Gly79 CR; (C) Gly83 CR and Gly83 CdO; (D)
Gly83 CR and Val80 CdO; (E) Gly79 CdO and Val80 CH3; and
(F) Gly83 CdO and Val84 CH3. For E and F the valine CH3 group
used is always the one that yields the smaller distance. The
distributions for GpA-S simulations are in black and for GpA-E
are in gray. The interhelical distances for the two initial structures
are shown with vertical dashed lines (black and gray respectively).
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in good agreement with MD simulations of GpA-E in SDS
micelles, which show a closest approach of 3.5 Å at Gly79
and Val80 (34). There are also close contacts between the
Gly83 residues. These observations are in agreement with
the experimental observation (14) that Gly79 plays a critical
role in GpA dimerization and confirms the view of Smith

and colleagues (22) that the Gly79-Gly79 and Gly83-Gly83
residue pairs are in close van der Waals contact.

Such close contacts between glycine residues at the dimer
interface are believed to allow Thr87 to hydrogen bond across
the dimer interface (51). Indeed, the closest side chain
contacts (∼1.5 Å) are between the hydroxyl groups of the
two Thr87 residues (Figure 1). Glycine-glycine contacts also
support the hypothesis that a small side chain is necessary
for close approach of the interacting helices facilitating
stabilizing van der Waals interactions and possibly allowing
CR-mediated hydrogen bonds between Gly79, Val80, and
Gly83 of the two helices to stabilize the dimer (56).

The TM domain of GpA contains mainly hydrophobic
amino acids, and Thr87 is the only polar residue in the seven
residue dimerization motif with the potential to stabilize the
dimer through H-bonding interactions. Four of the NOE
restraints used to model GpA-E involved this threonine.
Interestingly, the refined structure does not show Thr87
forming an interhelical hydrogen bond. Instead, theâ-hy-
droxyl group hydrogen bonds back to the carbonyl oxygen
of Gly83 on the same helix (15). Indeed, threonines are
among the most common polar residues found in TM
domains precisely because they readily hydrogen-bond back
to backbone carbonyls on the same helix (57).

The close Gly79-Gly79 and Gly83-Gly83 packing seen
in the simulations presented here, and the presence of two
threonines directly opposite each other in the parallel dimer,
could allow Thr87 to forminter-helical hydrogen bonds.
Mutagenesis studies certainly indicate that replacement of
Thr87 with a valine results in partial disruption of the helix
dimer (14, 58). The T87V mutation replaces the Thr87
â-hydroxyl with a methyl group of roughly the same
molecular volume, suggesting that hydrogen-bonding con-
tributes to dimer stability.

According to Smith and colleagues, in both NMR models
of GpA the closest interhelix side chain-backbone distance
involving Thr87 is between theγ-methyl group of Thr87
and the amide nitrogen of Ile88. NMR measurements of this
distance demonstrated close packing (4.0( 0.2 Å) across
the dimer interface (51). These sites are∼5.0 Å apart in the
GpA-E starting structure and∼4.0 Å apart in GpA-S (Figure
1A,B) but range from 3.5 to 4.0 Å apart in molecular
dynamics simulations performed by Smith and co-workers
(22). Smith and colleagues argue that this difference between
the two structures is critical because the interhelical space
is too large in the detergent structure (GpA-E) to allow direct

Table 5: Energetics of Interactions between Helicesa

Coulombic and Lennard-Jones Energies (kJ mol-1)

interaction groups bilayer: GpA-S bilayer: GpA-E micelle: GpA-S micelle: GpA-E

GpA1 & GpA2 -24 ( 7 -21 ( 7 -22 ( 7 -23 ( 7
-214( 19 -212( 13 -151( 15 -156( 17

motif*(GpA1) & motif*(GpA2) 2 ( 1 2 ( 1 2 ( 1 2 ( 1
-104( 9 -116( 7 -89 ( 9 -91 ( 9

motif*(GpA1) & T87(GpA2) -3 ( 1 -3 ( 2 -1 ( 2 -1 ( 2
-9 ( 2 -9 ( 3 -7 ( 2 -7 ( 2

motif*(GpA2) & T87(GpA1) 0( 3 0 ( 1 -1 ( 2 -2 ( 2
-9 ( 3 -8 ( 2 -6 ( 2 -6 ( 2

T87(GpA1) & T87(GpA2) -23 ( 6 -21 ( 7 -23 ( 8 -23 ( 6
-1 ( 5 -2 ( 5 0 ( 5 -2 ( 4

a The potential energies of interaction presented are the mean short-range Coulombic and Lennard-Jones interaction energies between opposing
GpA helices, and various subsets of residues, for GpA-Smith and GpA-Eng in bilayer and micelle environments, averaged over the final 10 ns of
each simulation. *Critical nonpolar residues of the dimerization motif) L75, I76, G79, V80, G83, and V84.

FIGURE 10: Mean number of hydrogen bonds between water
molecules and helix 1 (H1; thin lines) or 2 (H2; thick lines) of
GpA-E (black) and GpA-S (red), over the final 10 ns of (A) bilayer
simulations and (B) micelle simulations.
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interhelical hydrogen bonding. The short interhelical distance
seen by NMR in the bilayer environment places the beta-
hydroxyl of Thr87 in GpA-S within H-bonding range of the
backbone carbonyl of Val84 on the opposing helix (Figure
11A).

It is worth noting at this point that the model of GpA-S
used in these simulations was developed using MD simula-
tions and distance restraints involving Gly79 and Gly83 but
not Thr87. Nonetheless, in the GpA-S starting structure the
closest side chain-backbone distance involving Thr87 is
actually 2.8 Å, between the threonine side chain hydroxyl
and the backbone carbonyl carbon of Val84. For GpA-E,
the shortest distance involving Thr87 is 3.0 Å between the
threonine side chain hydroxyl and theR carbon of Val84.
Consequently, in the GpA-E structure Thr87 forms an
intrahelical hydrogen bond with the backbone carbonyl
oxygen of Gly83 on the same helix (Figure 11B).

It is interesting that in both the GpA-Smith and GpA-Eng
starting structures theø1 torsion angle isg-, indicating that
this conformation can accommodate both intrahelical (in the
case of GpA-E) and interhelical H-bonding (in the case of
GpA-S). At the start of the current simulations, with the
threonine residues in ag- conformation, the two threonine
side chains do not form a side chain to side chain H-bond
as the distance between the hydroxyl groups in both models
is ca. 4.5 Å.

However, in all the simulations performed in this study
theγ-methyl group of Thr-87 and the amide nitrogen of Ile88
do not remain tightly packed. This is because theø1 torsion
angle favored in the simulations isg+. As a consequence
of this, when the Thr87 residues are in ag+ conformation
the distance between the two Thr87 hydroxyl groups is
reduced. During the simulations, the average distance
between the center of mass of the two Thr87 hydroxyl groups

FIGURE 11: (A) Initial structure of GpA-S showing theγ-methyl group of Thr87 (cyan sphere) on helix A in close proximity (∼4.0 Å) to
the backbone amide nitrogen of Ile88 (blue sphere) on helix B. (B) Initial structure of GpA-E showing that theγ-methyl group of Thr87
on helix A and the backbone amide nitrogen of Ile88 on helix B are further apart (∼5.0 Å). (C, D) Snapshots from the simulations: (C)
the GpA-S bilayer simulation at 45 ps and (D) the GpA-E bilayer simulation at 230 ps. All Thr87 residues are in theg+ conformation.
Both snapshots show the side chain of Thr87 (Helix A) forming an interhelical H-bond with that of Thr87 on helix B.
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is ∼2.8 Å bringing them within range to form a direct side
chain to side chain interhelical H-bond. On average there is
approximately one interhelical hydrogen bond (∼0.97) per
time frame in all simulations. The overwhelming majority
of interhelical H-bonds formed in the simulations involve
the threonine residues. Almost all interhelical H-bonds (99%)
are between the two hydroxyl side chains of Thr87 ((Figure
11C,D). The remaining 1% of interhelical H-bonds formed
involve one of the Thr87 hydroxyl groups as a hydrogen
donor and either a Gly83 or Val84 carbonyl oxygen as the
acceptor.

These results confirm the importance of the single polar
residue present in the seven-residue dimerization motif and
suggest that the two Thr87 residues favor forming interhelical
hydrogen bonds with each other using their hydroxyl side
chains rather than interhelical H-bonds with the protein
backbone. By forming interhelical H-bonds they assist tight
association and stability of the pair of helices at the dimer
interface. The localization of a hydrogen bond between
threonine residues located at the same position on both
monomers in the dimer is significant since in vivo dimer-
ization studies on the aspartate receptor also reveal that
formation of symmetrical bonds enhances stability of the
dimer (59).

It should be noted that the energetic stabilization from one
such interhelical hydrogen bond is uncertain. Threonine can
form an intrahelical H-bond in the unfolded (monomeric
helical) state. In addition, studies on the introduction of polar
side chains into model TM peptides found that residues
containing two polar side chain atoms (such as asparagine)
have a much greater tendency to drive TM helix association
than residues containing only one polar side chain atom
(serine or threonine) (60, 61). Nonetheless, a recent study
showed that the substitution of either of the two glycine
residues in the G79XXXG83 motif with a serine could partly
stabilize both the mutant homodimer and a heterodimer
containing one wild type helix. This suggests that the
disruptive packing effect of introducing a serine is partially
negated due to serine’s ability to form interhelical H-bonds
(62). Recently, MD simulations were used to study the
process of TM helix association of the model peptide MS1
which contains a single asparagine residue in the center of
an otherwise hydrophobic helix (63). Only dimers with
interhelical hydrogen bonds involving this polar residue
formed stable structures.

While a single serine or threonine side chain may not be
able to promote such helix association per se, it seems likely
that the single threonine residue found in the seven-residue
dimerization motif of GpA does have a complementary role
in mediating tight association of the TM helices through
formation of interhelical H-bonds. In addition to this, a
portion of the interactive strength may originate from
interhelix hydrogen bonds between CR hydrogens and
carbonyl oxygen atoms on the adjacent helix (64).

DISCUSSION

These studies indicate that extended atomistic MD simula-
tions may be used to analyze and refine membrane protein
models derived from, for example, NMR experiments. In
particular, the convergence of the glycophorin dimer to a
common structure, stabilized by interhelix H-bonds, suggests

that simulations may be used to refine an initial model based
on, for example, the structure of a simple membrane protein
in a detergent micelle environment, to yield a model more
representative of the structure of the protein in a lipid bilayer
environment. This is of some general significance in the
context of using computational methods to aid structure
determination of (simple) membrane proteins. As has been
discussed by a number of authors (e.g., refs6, 65-67), a
combination of indirect structural data and computational
modeling may yield valuable insights into membrane protein
structures. The current study suggests that extended MD
simulations may be used to refine such models and to explore
the conformational dynamics of a membrane protein structure
in different environments (31, 32, 37). In combination with
recent advances in more approximate MD simulations of
membrane protein folding and self-assembly (37, 68), the
current results indicate that MD simulations are able to play
a key role in prediction of membrane protein structure. More
recently, MD simulations have been used to explore aspar-
agine-mediated interhelix H-bonds between simple models
of TM helices (63).

The GpA helix dimer has been the focus of a number of
recent simulation studies. Thus, the free energy of interaction
of the GpA TM helices in a membrane mimetic environment
(a dodecane slab) has been estimated (36), and the GxxxG
motif and Thr87 interactions shown to play a role in
stabilizing the dimer. A number of atomistic simulations have
focused on self-assembly of the glycophorin dimer/detergent
micelle (34, 35) and have indicated that the micellar
environment helps to stabilize the structure of the helix dimer.
More approximate simulation methods using either general-
ized Born (69), other implicit membrane models (70, 71),
knowledge-based potentials (72), or coarse-grained particle-
based simulations (37) have all focused on the stability of
the GpA helix dimer in a membrane environment. The key
role of the membrane environment in the stability of the
dimer has also been stressed in a recent modeling paper (73).
All of these studies demonstrate the stability of the right-
handed helix interaction for the GpA TM helices.

A key aspect of our refined structure of the GpA helix
dimer is its stabilization by interhelix H-bonds. A number
of studies have stressed the more general importance of such
interactions in stabilizing transmembraneR-helix bundles
(74). Thus, for example, aparagine-mediated interhelix
H-bonding has been shown to promote self-association of
model transmembrane helices based either on the GCN4
leucine zipper (75) or on a hydrophobic coiled-coil helix (76).
These studies have been extended to show that a variety of
other H-bonding sidechains can also support self-association
of simple TM helices to varying degrees (60, 61), although
in these model systems Thr is at best a weak mediator of
interhelix H-bonds (77).

The results of our simulations can be related to ongoing
studies of the mechanisms of helix-helix assembly in
membrane proteins, experimental techniques ranging from
spectroscopy and mutagenesis to molecular biology and
modeling (reviewed in, for example, refs5, 6, 77). Many of
these studies are conducted on membrane proteins in a
detergent micelle environment. It is likely that, at least in
some cases, there may be subtle changes in helix packing
upon transfer to a lipid bilayer environment. Although such
refinement of initial micelle model structures can be achieved
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by, for example, solid-state NMR studies (78-80) of proteins
in a bilayer environment, we would suggest that molecular
simulations may also play a key role in refining such models,
in addition to having the potential of providing information
on, for example, the nature of lipid-protein interactions (81,
82).

It is important to consider the limitations of the simulations
presented in this paper. One issue is that of incomplete
sampling, even on timescales of 50 ns (53). To obtain
complete sampling will probably need much longer (e.g.,
>1 µs) simulation times and multiple simulations. This can
be achieved using, for example, coarse-grained simulations
(37) or implicit bilayer methods (69) but with possible loss
of accuracy in representation of the protein and/or its
environment. Another possibility worthy of further explora-
tion is the use of Monte Carlo simulations to explore helix
dimers (70). However, the limitations of incomplete sampling
may not be too severe, as indicated by the convergence of
the GpA dimer simulations to a common structure shown in
the current study.

A second limitation is that of the force-field. The GRO-
MOS force-field treats aliphatic carbons via extended atoms,
and thus there is no explicit treatment of possible CR-H-O
hydrogen-bonds (64). It might be possible to extend current
simulations to use, for example, the OPLS or CHARMM
force-fields to explore this further. Preliminary analysis
(Samish, Cuthbertson, and Sansom, unpublished observa-
tions) of the existing simulations by “adding back” the HR
atoms and using a distance-based approach suggests that CR-
H-O H-bonds may be sustained during the simulations.

Another possible limitation is the use of the partical mesh
Ewald (PME) method to approximate long-range electrostatic
interactions. This is generally assumed to be best practice
for membrane simulations for membrane simulations (ref83,
but see ref84). However, a number of studies have pointed
out that this method is not without its limitations (85-87),
and one may wish to examine the effects of cutoff (88) or
reaction field (89) models, at least for the protein/detergent
micelle simulations.

There are a number of future directions that could be
pursued based on the current studies. From a methodological
perspective, it would be attractive to combine coarse-grained
(37) and atomistic (the current study) simulations of GpA
dimers to develop a multi-scale (90, 91) approach to
membrane protein modeling. From a biological perspective,
it would be of interest to extend these studies to other simple
membrane proteins, such as helix-hairpin fragments from
more complex membrane proteins (92). By combining
methodological developments with a wider range of test
systems, a simulation-based approach to membrane protein
structure prediction may be achievable. This would provide
a valuable addition to computational methods to enable
structure prediction for those membrane proteins where, for
example, X-ray studies are not possible (93).
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