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CONSPECTUS

Membrane proteins account for nearly a
quarter of all genes, but their structure
and function remain incompletely understood.
Most membrane proteins have transmembrane
(TM) domains made up of bundles of hydropho-
bic o-helices. The lateral association of TM heli-
ces within the lipid bilayer is a key stage in the
folding of membrane proteins. It may also play
a role in signaling across cell membranes.
Dimerization of TM helices is a simple example of such lateral association.

Molecular dynamics (MD) simulations have been used for over a decade to study membrane proteins in a lipid
bilayer environment. However, direct atomistic (AT) MD simulation of self-assembly of a TM helix bundle remains chal-
lenging. AT-MD may be complemented by coarse-grained (CG) simulations, in which small numbers of atoms are
grouped together into particles. In this Account, we demonstrate how CG-MD may be used to simulate formation of
dimers of TM helices. We also show how a serial combination of CG and AT simulation provides a multiscale approach
for generating and refining models of TM helix dimers.

The glycophorin A (GpA) TM helix dimer represents a paradigm for helix—helix packing, mediated by a GxxxG
sequence motif. It is well characterized experimentally and so is a good test case for evaluating computational meth-
ods. CG-MD simulations in which two separate TM helices are inserted in a lipid bilayer result in spontaneous for-
mation of a right-handed GpA dimer, in agreement with NMR structures. CG-MD models were evaluated via comparison
with data on destabilizing mutants of GpA. Such mutants increased the conformational flexibility and the dissocia-
tion constants of helix dimers. GpA dimers have been used to evaluate a multiscale approach: A CG model is con-
verted to an AT model, which is used as the basis of an AT-MD simulation. Comparison of three AT-MD simulations
of GpA, one starting from a CG model and two starting from NMR structures, leads to convergence to a common refined
structure for the dimer.

CG-MD self-assembly has also been used to model dimerization of the TM domain of the syndecan-2 receptor pro-
tein. This TM helix contains a GxxxG motif, which mediates right-handed helix packing comparable to that of the GxxxG
motif in GpA. The multiscale approach has been applied to a more complex system, the heterodimeric allb/3 inte-
grin TM helix dimer. In CG-MD, both right-handed and left-handed structures were formed. Subsequent AT-MD sim-
ulations showed that the right-handed structure was more stable, yielding a dimer in which the GxxxG motif of the
allb TM helix packed against a hydrophobic surface of the 53 helix in a manner comparable to that observed in two
recent NMR studies.

This work demonstrates that the multiscale simulation approach can be used to model simple membrane pro-
teins. The method may be applied to more complex proteins, such as the influenza M2 channel protein. Future refine-
ments, such as extending the multiscale approach to a wider range of scales (from CG through QM/MM simulations,
for example), will expand the range of applications and the accuracy of the resultant models.
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1. Introduction

Membrane proteins play many roles in the biology of cells,
including transport, signaling and cell—cell interactions.
Reflecting this, ca. 25% of genes encode membrane proteins.’
The majority of membrane proteins have folds based upon
bundles of transmembrane (TM) a-helices. Membrane protein
folding may be described in terms of two stages: translocon-
mediated insertion, followed by lateral association of TM
a-helices.??

The lateral association (packing) of helices within a mem-
brane has been studied using a number of biochemical, bio-
physical, and computational approaches.>> Helix dimeriza-
tion provides a simple model of lateral association in fold-
ing. It also is important in mechanisms of signaling across
membranes by membrane-bound receptors, which have
ectodomains that bind extracellular ligands and are often
linked to intracellular signaling domains via single TM helices.

Several computational methods enable modeling and sim-
ulation of membrane proteins.®~8 Such methods may pro-
vide mechanistic insights or predictive capability concerning
membrane proteins and the packing of their TM helices. In
particular, molecular dynamics (MD) simulations provide a
useful approach for modeling membrane proteins. MD simu-
lations of membrane proteins may be conveniently divided
into those that employ a full atomistic (AT) representation and
those that employ a simplified, coarse-grained (CG) model of
the protein and of the bilayer lipids. AT-MD simulations are
accurate but computationally demanding, whereas the more
approximate nature of CG-MD simulations allow longer sim-
ulation times (>1 us) and larger systems (>10° atoms) to be
explored with modest computational resources.

In this Account, we review some of our recent studies of
CG-MD and related methods to model TM helix dimerization.
In particular, we describe studies of the TM helix dimer of gly-
cophorin A (GpA). We also provide a brief account of recent
extensions of these studies to dimerization of related TM heli-
ces involved in receptor-mediated cell signaling.

2. Computational Approaches

2.1. Coarse-Grained and Atomistic Models for Trans-
membrane o-Helices. A limitation of AT-MD simulations is
that extended (>1 us) simulations of membrane systems
require substantial computer resources, thus limiting their
applications. Coarse-grained (CG) simulations address the time-
scale and system size issues via simplification of the repre-
sentation of the component molecules of biomolecular
systems.?~ '3 For example, in one CG approach (using the
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FIGURE 1. Atomistic (AT) and coarse-grained (CG) representations
of (A) a phospholipid lipid (DPPC) and (B) a transmembrane (TM)
o-helix. In the CG model of DPPC, the particle types are color coded
as type Cin cyan, type N in green, and type Q negatively charged
and positively charged in red and blue, respectively. In panel B, the
TM o-helix of glycophorin A (GpA) is shown in AT and CG format
for key residues (Gly79, Gly83, and Thr87) of the dimerization
interface.

MARTINI coarse-grained forcefield'*'®) that has been applied
to simple membranes,'® atoms are grouped together to form
particles, each particle corresponding to approximately four
non-H atoms. For example, a dipalmitoyl phosphatidylcho-
line (DPPC) phospholipid molecule (which contains 50 atoms)
can be modeled by eight hydrophobic particles (four each for
the two Cy; tails), two mixed polar/apolar particles (for the
glycerol group), a negatively charged particle (representing
the phosphate group), and a positively charged particle (for the
choline group; Figure 1A). Such CG models yield 2—3 orders
of magnitude increased speed of simulations. Furthermore the
CG model yields overall peptide/bilayer system configurations
consistent with, for example, solid-state NMR data'® and may
be used to assemble more complex protein/bilayer systems.'”

An example of the relationship between an AT model and
a CG model of a TM helix is shown for GpA (Figures 1B and
2). GpA is a simple membrane protein from red blood cells,
which has been the subject of numerous biophysical and bio-
chemical studies.? The structure of the GpA dimer from a solu-
tion/micelle NMR study (PDB 1AFO)'® provided an initial
structure of a GpA TM helix monomer for use in subsequent
simulations. The AT structure was converted to a correspond-
ing CG model'®'92° using a modified version of Marrink’s
original CG forcefield.'® A CG peptide model generated from
the corresponding AT structure consists of a chain of back-
bone particles (one per residue) with attached side chain par-
ticles.'® Four CG particle types (all with an effective diameter
of 4.7 A) are distinguished: “polar” (P); “mixed polar/apolar”
(N); “hydrophobic apolar” (C); and “charged” (Q), along with fur-
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B3 (694-727)
LVVLLSVMGAILLIGLAALLIWKLLITIHDRKEF
FIGURE 2. Comparison of the sequences of the TM domains of
glycophorin A (GpA), syndecans 2 (Syn2), and integrins (allb and
$3). In each case, the GxxxG or equivalent dimer interface motif is
highlighted in red.

ther subtypes for the N and Q particles that allow fine-tuning
of Lennard-Jones interactions to reflect hydrogen-bonding
capacities. Nonbonded interactions between these particles are
described by a Lennard-Jones (LJ) potential with five levels of
interaction. Hydrogen-bonding subtypes for N and Q parti-
cles modulate this LJ interaction with other particles. Charged
(Q) particles also interact via a screened Coulombic potential.
Other than for glycine, either one or two particles are used to
model each amino acid side chain. The geometry of individ-
ual amino acids and of peptide links between adjacent amino
acids are modeled via appropriate distance and angle
restraints.?° In addition, the secondary structure of each TM
o-helix is modeled via restraining the distances between back-
bone particles of residues i and i + 4 to mimic H-bonds in the
corresponding AT structure.

For multiscale simulations,?! a selected structure from a
CG-MD simulation was converted back to an AT model using
an in-house protocol.?? To convert a CG lipid to an AT model,
energy-minimized atomistic lipid fragments were aligned to
the CG particles. The AT lipids were then energy-minimized.
To convert a peptide, AT side chains were aligned with and
substituted for the CG particles used to model the side chain.
Pulchra®® was used to grow the protein backbone from the Ca.
trace. The resultant AT peptide structure was energy-mini-
mized.

2.2. Coarse-Grained MD Simulations. CG-MD simula-
tions were performed using GROMACS 3.0 (www.gromacs.
org).>* Lennard-Jones interactions were shifted to zero
between 9 and 12 A, and electrostatic interactions were
shifted to zero between 0 and 12 A, with a relative dielectric
constant of 20. All simulations were performed at constant tem-
perature, pressure, and number of particles. The temperature of
the protein, lipid, and solvent were each coupled separately using
the Berendsen algorithm?* at 323 K with z; = 1 ps. The system
pressure was semi-isotropically coupled in the x/y and z direc-
tions using the Berendsen algorithm at 1 bar with 7, = 1 ps and
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FIGURE 3. Coarse-grained GpA TM helix dimerization simulation.
(A) The initial system configuration (0 us) consists of two helices
(blue and yellow) inserted in a DPPC bilayer in a parallel orientation
with an interhelix separation of dyy ~ 55 A. The choline and
phosphate (blue) and glycerol (gray) backbone particles of the DPPC
molecules are shown. The snapshot at 1.5 us illustrates the stable
TM helix dimer. (B) Interhelix distance (dyy) as a function of time for
a GpA dimerization simulation. The arrow indicates a transient (for
<0.1 us) dissociation event of the stable helix dimer.

a compressibility of 5 x 107° bar~". The time step for integra-
tion was 20 fs (for GpA and integrins) or 40 fs (for Syn2). Coor-
dinates were saved for subsequent analysis every 200 or 400 ps,
respectively. VMD?® was used for visualization.

For all helix dimerization simulations, two a-helices were
inserted into a preformed dipalmitoyl phosphatidylcholine
(DPPQ) bilayer (containing 245 lipids) such that they were sep-
arated by an interhelix distance duy ~ 55 A (Figure 3). Each
system was solvated with ~2200 CG water particles and
appropriate counterions. The energy of the system was min-
imized and followed by a 3 us MD simulation.

2.3. Atomistic Simulations. GROMACS was also used for
all AT simulations, with the GROMOS96 united atom force
field*” and the SPC water model.?® Long-range electrostatics
were calculated using the particle mesh Ewald method?° with
a real-space cutoff of 10 A. For the van der Waals interac-
tions, a cutoff of 10 A was used. The simulations were per-
formed at a temperature of 323 K using a Berendsen
thermostat with 7w = 0.1 ps. A constant pressure of 1 bar was
maintained with an isotropic coupling constant zp = 1.0 ps
and compressibility = 4.5 x 107> bar~'. The integration time
step was 2 fs. The LINCS method3° was used to constrain
bond lengths. Coordinates were saved every 5 ps for analysis.

3. Results

3.1. Coarse-Grained Simulations of Glycophorin Helix
Dimerization. To model the dimerization of GpA, two CG heli-
ces were inserted in a parallel orientation relative to one
another in a preformed DPPC bilayer (Figure 3). Seven simu-
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FIGURE 4. Glycophorin A TM helix dimerization: wild type and mutant (G83L) compared. (A) Helix crossing angle distributions for the WT
(blue) and the G83L (red) mutant. Helix crossing angles (Q) were then evaluated from merged dimer trajectories corresponding in each case
to an ensemble of 7 x 3 us simulations. Note that a positive crossing angle corresponds to left-handed helix packing and a negative
crossing angle to right-handed packing. (B) Representative structures of the WT and G83L mutant GpA TM helix dimers. Purple spheres
correspond to glycine, green to threonine, and red to the G83L leucine. (C) 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 and a G83L simulation are shown. 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 dissociation events. The inset figures show the corresponding interhelix vs time plots

(see Figure 3B for details).

lations of duration 3 us were run both for the GpA wild-type
(WT) helices and for several mutant helices.! Here we will
focus on a comparison of the GpA-WT with a mutant, G83L,
which has been shown to destabilize the GpA TM helix dimer.
During each simulation, the two helices diffused randomly in
the bilayer, encountered one another, and formed a dimer
(Figure 3B). If the initial separation was increased from 55 to
~110 A, a similar dimerization was seen, but the initial delay
was increased from <0.5 to >1 us.

The GpA-WT helices formed a long-lasting dimer, exami-
nation of which revealed that the helices were packed in a
right-handed fashion (i.e., with a negative value of the helix-
crossing angle, Q; Figure 4). The Q distribution across all
GpA-WT simulations (total simulation time 21 us) is bimodal,
with the major mode (72%) having a crossing angle of Q =
—25°3" This Q distribution compares well with the right-
handed packing of the GpA helices observed in both the solu-
tion/micelle NMR (Q = —43°)'® and the solid-state/bilayer
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NMR (Q &~ —35°)32 structures. Analysis of the helix/helix con-
tacts in the right-handed GpA model from CG-MD showed that
the Gly79, Gly83, and Thr87 residues formed the helix/helix
interface (Figure 3B), in good agreement with NMR'#32 and
mutagenesis data.>* 3 A number of test cases (e.g., a sim-
ple model KL;9K a-helix and the £& TM helix dimer®’) have
shown that in the absence of a GxxxG motif, right-handed
packing is not observed.

The diffusion of the two GpA helices within a lipid bilayer
may be examined by plotting the position of the center of
mass of one helix relative to the other. Such analysis reveals
a two-dimensional random walk followed by helix—helix
encounter and subsequent stable dimer formation (Figure 4C).
We have also explored simulations with four GpA helices. In
these simulations, right-handed helix dimers formed, in addi-
tion to some trimers (also right-handed) and loose tetrameric
aggregates.

Comparable helix/helix association CG-MD simulations
have been performed for both nondisruptive and disruptive
mutations. For the former (e.g., 185F), the resultant dimers
were indistinguishable in terms of their helix packing and sta-
bility from the WT GpA dimer. However, with the disruptive
mutants, both the dimer structure and stability were perturbed.
Thus for the GpA-G83L mutant, the helices formed a dimer
but subsequently dissociated once or twice in four out of the
seven simulations (each of duration 3 us).3' This can be seen
via analysis of the position of the center of mass of one G83L
helix relative to the other (Figure 4C). In general, for a num-
ber of disruptive mutant helices, the initial two-dimensional
random walk and helix—helix encounter is followed by a
dynamic process of dimer dissociation and reassociation, on
a ~1 us time scale.

Comparison of the Q distribution for the disruptive G83L
mutant (while in a dimer) reveals loss of the preferred right-
handed helix packing. Indeed, the distribution becomes mark-
edly bimodal suggesting that the disruptive mutant “softens”
the interhelix interface. The tight dimerization interface
observed in the GpA-WT is lost upon mutation of one of the
key glycine residues that provide stabilizing direct interac-
tions as well as allow the close approach of other nearby res-
idue side chains within the interface such as Thr87. In general,
simulations of three disruptive mutants revealed dimers that
were less stable than those for the WT and two nondisrup-
tive mutants. From the dimer—monomer equilibria observed
in the simulations, values of AAGpverization Were estimated,
which were in agreement with experimental data.>® Direct cal-
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FIGURE 5. Atomistic simulations of the GpA dimer. (A) Simulation
snapshot from an AT-MD simulation starting from a GpA dimer
model converted from CG. The choline and phosphate groups of
the bilayer are in blue, the remainder of the lipid molecules in
green, and the water molecules in red/white. (B) Converged
structure from an AT-MD simulation showing the H-bond between
the Thr87 side chains of opposite GpA monomers. (C) Comparison
of the GpA dimer at the start (0 ns) and end (30 ns) of an AT-MD
simulation initiated from the CG-MD generated model of the dimer.
(D) Comparison of the helix crossing angle distributions from three
AT-MD simulations, starting from the micelle/NMR (blue), bilayer/
NMR (red), and CG-MD model (green) structures.

culation of AGpmerization Of the WT GpA was not undertaken,
for which umbrella sampling or related approaches would be
required.?®

3.2. A Multiscale Approach: From CG to AT. Overall,
our studies of GpA suggest that CG-MD is sufficiently sensi-
tive to detect disruptions of the helix/helix interface introduced
by mutation and for GpA-WT to yield a structural model com-
parable to those derived from NMR data. This encourages us
to refine CG-MD-generated models via atomistic simulations,
allowing, for example, local distortions of the TM a-helices,
thus providing a multiscale approach to predict the packing of
TM helices.

To this end, a representative (i.e., right-handed, with a
crossing angle close to the mode of the distribution) GpA
dimer from the ensemble of CG simulations was converted to
an AT model and used as the starting point for a 30 ns AT-MD
simulation (Figure 5). Visualization and comparison of the
structures at the start and end of the AT-MD simulation indi-
cated a shift of crossing angle from Q ~ —25° to Q ~ —40°,
the latter value giving an improved agreement with the NMR



structures. However, the helix—helix interface of the AT dimer
was broadly the same as that in the CG model, namely, cor-
responding to the LIXxxGVxXGVxxT motif. In contrast, AT-MD
simulations starting from a left-handed CG model for GpA
resulted in a much looser interface that changed substantially
over the course of the 30 ns simulation and did not show
interactions between the GxxxG motifs of adjacent helices.

The AT-MD simulation starting from the CG model may be
compared with two previously published AT simulations of a
GpA-WT dimer, with initial dimers from the solution/micelle
NMR structure and the solid-state/bilayer NMR structure.*® All
three AT-MD simulations converge to the same model, with a
modal crossing angle of Q ~ —40°. Moreover, in all three sim-
ulations, the dimer is stabilized by packing interactions
between the glycines of the GxxxG motif and also by inter-
helix side chain H-bonds of the Thr87 residues across the
interface. Thus, in all three atomistic simulations the GpA-WT
dimer converged to a common structure. This suggests that a
multiscale approach to helix dimerization may be able to pro-
vide refined model structures of accuracy comparable to that
of NMR experimental studies.

3.3. TM Helices and Transmembrane Signaling. As dis-
cussed above, GpA TM helices contain a motif
(LIxxGVxxGVxxT) that plays a key role in homodimeriza-
tion.*3° Such GxxxG motifs may play a more general role in
TM helix dimerization.*' Related motifs may also be found at
helix—helix interfaces, in which one or both glycines of GxxxG
are substituted by alanine or serine,® again leading to a right-
handed crossing angle for the dimer.?3° It is therefore of
some interest to use CG-MD simulations to explore the role of
such motifs in, for example, TM helix dimerization for recep-
tors that signal across the bilayer and for which helix associ-
ation is thought to play a key functional role. Two examples
will be described here: the syndecans and the integrins (Fig-
ure 2).

3.4. The Syndecans: A GxxxG Dimerization Motif in a
Signaling Protein. The syndecan family of receptors partici-
pate in a number of cellular processes, for example, in aid-
ing integrins in focal adhesion development and in wound
healing. All syndecans have an N-terminal extracellular
domain (containing heparan sulfate and chondroitin sulfate
binding sites), a single TM helix (~25 residues), and a short
C-terminal cytoplasmic domain.** The cytoplasmic domain
contains interaction sites for a number of intracellular pro-
teins. Syndecan-2 (Syn2) is the predominant syndecan
expressed during embryonic development and is involved in
regulating TGF-4 signaling.**> Syn2 may form homodimers.*>
Its TM helix contains a conserved dimerization motif similar to
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FIGURE 6. Helix crossing angles and selected TM helix dimer
structures from CG-MD simulations, with the glycines in purple: (A)
Syn2; (B) integrin allb/$3, showing LH and RH helix dimers. The
glycines of allb (blue Ca trace) are in purple and the serine and
alanine (of the SxxxA motif) of 53 (yellow Ca. trace) are in green
and purple, respectively.

that of GpA, containing GxxxG but lacking a threonine side
chain (Figure 2). As yet, there are no structural data for the
Syn2 TM domain. Thus, it is of interest to apply the CG-MD
methodology evaluated using GpA to this biomedically rele-
vant protein.

The initial system for the Syn2 simulations was similar to
that for GpA, that is, with two Syn2 TM helices inserted 55 A
apart, and five 3 us simulations were performed. As for GpA-
WT, Syn2 helices dimerized within the first ~0.7 us, subse-
quently remaining as a dimer for most of each simulation. In
general, Syn2 behaved similarly to GpA, with the main inter-
actions being between the glycines of the GxxxG motif (Fig-
ure 6A). However, the crossing angle distribution of Syn2 is a
unimodal distribution with a modal Q@ = —30°, that is, a right-
handed packing orientation. Thus it would seem that
homodimerization mediated by a simple GxxxG motif yields
a helix packing mode the same as that of GpA, even though
Syn2 lacks the threonine side chain present in GpA.

3.5. The Integrins: The ollb/#3 Helix Dimer. The mul-
tiscale approach employed to model the GpA dimer may also
be used to explore a more complex example such as the inte-
grin heterodimer formed by the a-helical TM domains of inte-
grins. The integrins are a major class of cell adhesion receptors
involved in many cellular processes, for example, cell migra-
tion, adhesion, differentiation, and prolifera’[ion.44 Integrins are
heterodimeric type | transmembrane (TM) proteins of nonco-
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valently associated a and f subunits. Each a and  subunit
consists of a large (~700—1000 residues) N-terminal extra-
cellular domain, a single TM helix, and a short (~20—50 res-
idues) C-terminal cytoplasmic tail. The TM helices of both o
and g subunits consist of ~23 mostly hydrophobic residues
and are terminated by either a tryptophan/lysine pair or a sin-
gle lysine residue at the intracellular (C-terminal) side.**

In mammals, 19 a and 9 g subunits have been identified,
and different combinations of these o and  subunits produce
24 different heterodimers that each bind to a specific ligand,
cell surface, and extracellular matrix. As an example, we will
explore the allb/#3 dimer. The TM domain of allb contains a
GxxxG motif, while 53 contains a GxxxG-like motif, namely,
SxxxA (Figure 2). These two motifs are expected to be impor-
tant for dimerization, alongside other residues close to the
membrane/cytoplasmic interface. Thus, simulations were per-
formed with longer TM helices for allb and 33 (Figure 2), in
agreement with recent NMR studies.*®4”

As for GpA and Syn2, CG models of the two TM helices
(allb and 53) were inserted in a DPPC bilayer with the heli-
ces separated by a distance of ~55 A, and 10 3 us simula-
tions were performed. In 9 out of 10 simulations, the allbj3
dimer was formed within the first 0.5 us and for the remain-
ing simulation within 1 us. In all simulations, once formed the
dimer did not subsequently dissociate over the course of the
remainder of the simulation.

The helix crossing angle distribution for the integrin dimer
is bimodal (Figure 6B), with a slight bias (56% vs 449%) in
favor of right-handed dimers. To further explore the packing
of integrin TM helices, two models of the dimer, one left-
handed (©2 = +28°) and one right-handed (Q = —25°), were
extracted from the CG-MD trajectory and used to initiate
AT-MD simulations.

Visualization of the structures at the start and end of the
atomistic allb3-LH simulation (data not shown) suggests that
the left-handed dimer is relatively unstable, with the two heli-
ces not remaining closely packed during the simulation. In
contrast, visualization of the structures at the start and end of
the allb3-RH simulation (Figure 7) suggests that the right-
handed dimer is relatively stable. This difference is confirmed
by analysis of the interhelix distances of the allb and 3 TM
helices in each simulation as a function of time (Figure 7A).
Thus, for allbs3-RH, the interhelix distance remains at ~8 A
throughout the simulation, whereas for allb$3-LH, the inter-
helix distance doubles over the course of 30 ns. Examina-
tion of crossing angle distributions suggests that a tight right-
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FIGURE 7. AT-MD simulations of integrin allb/53 TM helix dimers,
starting from models generated by CG-MD. (A) Progress of the two
simulations (black = RH; red = LH), monitored as the interhelix
separation distance as a function of simulation time. (B) Snapshots
at the start (t = 0 ns) and end (t = 30 ns) of the simulation of the
RH dimer model, compared with NMR structures (2K9J*¢ and
2KNC?*’). The allb chain is in blue and the 83 chain in yellow. The
Ca atoms of the contact residues (Gly972, Gly976, and Leu980 of
allb in green; Val700, 1le704, and Gly708 of 33 in red) are shown
as spheres. (C) Two views of the 30 ns AT-MD structure of the allb/
/3 RH helix dimer. On the left, the surface of the allb helix is
shown in blue, with Gly972, Gly975, and Gly976 in red. On the
right, the surface of the 53 helix is in yellow with residues Val700,
Ala703, and 1le704 in cyan.

handed interface (Q = —25° £ 3°) is maintained, while there
is more flexibility of packing in the LH (2 = +20° to +50°)
dimer.

Analysis of the interacting residues (over the last 5 ns)
between the two helices in each of the dimers showed that in
allb3-RH there were interactions along the whole length of
both helices (i.e., allb and 53). Two main regions of interac-
tions were (a) the G72xxxG°’® motif and nearby residues of
allb interacting with the hydrophobic patch on 53 close to its
GxxxG-like motif, namely, residues Val700, Ala703, and
lle704, and (b) the cytoplasmic, membrane-proximal residues



987-997 of allb with the cytoplasmic, membrane proximal
residues 715—727 of 3. The interactions of the residues
located in the cytoplasmic region appear to modulate the
interactions of residues located in the GxxxG region. This is of
particular interest because earlier combined experimental and
computational studies of the allb33 TM helix dimer*® had
already implicated a similar interaction surface between the
G272xxxG%7% region of the helices, but not of the more polar
residues toward the C-termini. Similarly, two recent NMR struc-
tures of a allb/#3 TM helix dimer (one in DHPC/POPC
bicelles*® and one in a membrane-mimetic solvent system*’)
both revealed a right-handed packing (2 = —26° and —30°,
respectively, compared with Q = —25° for the simulation) of
the N-terminal segments of the two helices, with close
approach of G?72xxxG°’8 of the allb subunit to V7%%xxx1794 of
B3. In the NMR structures, the C-termini of the two helices are
further apart than in the AT-MD model structure. It will there-
fore be of interest to further explore the details and possible
functional significance of the predicted interactions closer to
the C-termini of the helices, especially as mutagenesis stud-
ies have implicated the more C-terminal region of 43 in helix/
helix interactions*> and in the context of proposed changes in
helix packing modes upon integrin activation.*®

4. Future Directions

These studies indicate a future direction for MD simulations of
lateral association and oligomerization of TM helices. In par-
ticular, the methods outlined in this Account may be applied
to a wider range of TM helices and association motifs. One
example of interest is provided by ErbB receptor homo- and
heterodimers.>® The ErbB TM helices interact via complex
GxxxG and related sequence motifs and may exhibit multi-
ple modes of interaction reflecting the activation status of a
receptor. Another direction will be to extend studies to larger
assemblies of TM helices. For example, preliminary studies
have shown that CG-MD simulations may also be used to self-
assemble the tetrameric TM helix bundle of the influenza A
M2 protein channel.”’

From a methodological perspective, there are two imme-
diate challenges. The first is to extend the multiscale approach
to embrace a wider range of scales, from CG through, for
example, QM/MM simulations, thus enabling more detailed
analysis of the role of H-bonds in stabilizing TM helix
packing.>>>2 It will also be important to develop high-through-
put (HT) methods of multiscale MD simulation setup and anal-
ysis in order to enable a wider range of biological systems to
be explored.
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