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Abstract The dimerizations of membrane proteins, Outer
Membrane Phospholipase A (OMPLA) and glycophorin A
(GPA), have been simulated by an adapted Brownian
Dynamics program. To mimic the membrane protein
environment, we introduced a hybrid electrostatic potential
map of membrane and water for electrostatic interaction
calculations. We added a van der Waals potential term to
the force field of the current version of the BD program to
simulate the short-range interactions of the two monomers.
We reduced the BD sampling space from three dimensions
to two dimensions to improve the efficiency of BD simu-
lations for membrane proteins. The OMPLA and GPA
dimers predicted by our 2D-BD simulation and structural
refinement is in good agreement with the experimental
structures. The adapted 2D-BD method could be used for
prediction of dimerization of other membrane proteins,
such as G protein-coupled receptors, to help better under-
standing of the structures and functions of membrane
proteins.
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Introduction

wDimerization is essential for the function of many mem-
brane proteins, including protein-tyrosine kinase receptors,
cytokine receptors, antigen receptors, tumor necrosis
receptors, protein-serine/threonine kinase receptors, and G
protein-coupled receptors (GPCRs) [1-6]. Growing experi-
mental evidence suggests that GPCRs function as dimers (or
higher oligomers), and that dimerization can occur among
identical GPCRs (homodimers) as well as among close but
distinct family members (heterodimers). Dimerization of
GPCRs affects ligand binding, receptor activation, desen-
sitization and trafficking, as well as receptor signaling [7, 8].

To better understand the relation between dimerization
and the biological function of transmembrane proteins,
a detailed structural model would be very important.
Both experimental and computational approaches have
contributed to the current view of GPCR dimerization.
Experimental approaches, such as Western blot analysis,
coimmunoprecipitation, fluorescence resonance energy
transfer (FRET) and bioluminescence resonance energy
transfer (BRET), provided convincing evidence that
dimerization takes place but it is difficult to construct a
detailed structural model on the basis of these results
[4, 9-16]. The projection structures of invertebrate and
vertebrate rhodopsins obtained by cryo-electron micros-
copy of two-dimensional crystals provided valuable
information of the alignment of rhodopsins in vivo [17-19].
Recently, the organization of rhodopsin in native mem-
branes was determined by atomic force microscopy (AFM)
[12, 14], which demonstrated that the structural dimers of
rhodopsin are organized in paracrystalline arrays. Even
though the AFM experiments did not reach atomic level
resolution, a molecular model was developed based on the
results, and a detailed structure of the rhodopsin dimer was
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proposed [13]. More recently, the homodimer interface in
dopamine D2 receptors has been mapped by crosslinking of
substituted cysteines, and it has been demonstrated that the
changes at the transmembrane homodimer interface deter-
mine the activation of GPCRs [20].

An alternative approach is to use de novo computational
approaches to construct molecular models of the dimers.
Computational approaches can be based on bioinformatics
or molecular docking methods. Bioinformatics methods,
based on sequence and genomic information, can predict
probable regions involved in dimerization of proteins [21].
For example, a new subtractive correlated mutation method
has been developed by Filizola et al. [22, 23], and its
application to opioid receptor homo/hetero-dimers predic-
tion showed that opiod receptors could dimerize in several
patterns. Docking approaches depend on the availability of
a three-dimensional structure for the monomer(s) and some
information of potential interaction surfaces to predict
protein—protein interactions [24]. However, most of the
current docking programs need to be extended to be able to
simulate dimerization of membrane proteins in a hybrid of
a water/membrane environment. In addition, most of the
docking programs sample the entire three-dimensional
(3D) space, which seems to be computationally wasteful
for docking in the nearly planar environment of the
membrane. The constraint imposed on the monomers by
localizing them to the membrane allows the reduction of
sampling space from 3D to 2D with a concomitant increase
in the efficiency of docking simulations of membrane
protein dimerization.

The docking feature of the Brownian Dynamics (BD)
approach has been used in the past to predict protein—
protein interactions [25-27]. In earlier work we used BD to
successfully simulate the recognition between scorpion
toxins and potassium channels. The results indicate that the
strong electrostatic interactions between scorpion toxins
and potassium channels are the main driving force for the
recognition and association [28-31]. However, since the
current BD approach considers electrostatic forces as the
biasing guide in the otherwise Brownian stochastic
motions, it may not be suitable to predict protein com-
plexes in which electrostatic interactions between proteins
are not dominant. In membrane proteins electrostatic
interactions are clearly not dominant as illustrated in the
recent study of the dimerization of the D2 receptor [20].

Here we describe an attempt to adapt the conventional
BD approach to the prediction of membrane protein
dimerization. To this end we have modified several aspects
of the computational protocol. We have modified the cal-
culation of the electrostatic potential to account for the
different dielectric properties of the water/membrane
environments. Since electrostatics plays a substantially
smaller role in membrane protein dimerization, we have
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added a van der Waals term to the current BD energy
expression and its force field. Finally, to take advantage of
the spatial limitation imposed by the membrane we have
reduced the BD sampling space from 3D to 2D.

The adapted BD program has been used to predict the
dimerizations of OMPLA and GPA. The crystal structure
of OMPLA and Nuclear Magnetic Resonance (NMR)
structures of GPA are available, thus allowing us to test our
predictions based on this computational approach. The
consistency of predicted dimers of OMPLA, and GPA with
the experimental structures indicates that the modified BD
approach could be used for predicting dimerization of other
membrane proteins, such as GPCRs.

Materials and methods
Atomic coordinates

The atomic coordinates of the OMPLA dimer at a resolu-
tion of 2.1 A were obtained from the Protein Data Bank
(PDB) [32], entry 1QD6 [33]. The residues missing in the
crystal structure (26-29) were generated by the MOD-
LOOP server (http://alto.compbio.ucsf.edu/modloop/)
[34, 35]. Each OMPLA monomer consists of a 12-stranded
antiparallel f-barrel with a flat side that is the dimerization
interface and a convex side that faces the lipid membrane.
The 12 amphipathic f-strands traverse the membrane,
forming a hydrophobic outer surface flanked by rings of
aromatic residues at the area of the polar head-groups that
presumably coincide with the boundaries of the membrane
bilayer. Dimerization occurs almost exclusively between
the apolar membrane-embedded parts, and results in the
formation of substrate-binding pockets and functional
oxyanion holes, which are catalytically important but are
absent in monomeric OMPLA [33].

The atomic coordinates of the GPA dimers were
obtained form PDB, entry 1AFO [36]. The dimeric struc-
tures of GPA peptide (residues 62—-101) were determined
by heteronuclear nuclear magnetic resonance (NMR)
methods, and there are 20 NMR structures in 1AFO. The
residues 71-95 of GPA were used for this study. Each
NMR structure of GPA peptide (residue 71-95) was opti-
mized by using the implicit membrane Generalized Born
(GB) model in CHARMM program. The dimeric structure
with the lowest interaction energy between two monomers
was selected for BD docking studies.

BD simulations
The program package MacroDox, version 3.2.2 [37], was

used to assign charges on proteins, solve the linearized
Poisson—Boltzmann equation, and run the BD simulations.


http://alto.compbio.ucsf.edu/modloop/
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The BD algorithm for this program has been detailed by
Northrup et al. [38, 39].

BD simulations of the two interacting macromolecules
in a solvent is approximated by a series of small dis-
placements chosen from a distribution that is equivalent to
the short time solution of the Smoluchowski diffusion
equation [40] in the presence of external forces. The basic
Ermak—McCammon algorithm [41] is employed to simu-
late the translational Brownian motion of two interacting
proteins as the displacements Ar of the relative separation
vector r between the centroids of the two proteins in a time
step At according to the relation

D - At
Ar —
T eT

F+S (1)

where D is the translational diffusion coefficient for the
relative motion and is assumed to be isotropic; F is the
systematic inter-particle force, which is computed during
Brownian dynamics; kg is the Boltzmann constant and T
the absolute temperature; S is the stochastic component of
the displacement arising from collisions of proteins with
solvent molecules, which obeys the relationship

($?) = 2DAt (2a)
(s)=0 (2b)

A similar equation governs the independent rotational
Brownian motion of each particle, in which the force is
replaced by a torque and D is replaced by an isotropic
rotational diffusion coefficient D;, for each particle i.

In the original approach, only long-range electrostatic
interactions, and van der Waals excluded volumes are used.
In the adapted approach F includes in addition to the elec-
trostatic also the repulsive and attractive van der Waals.

Because the residues of OMPLA and GPA are partly in
water and partly in membrane, the electrostatic potential
was calculated in a hybrid environment with dielectric
constants of 2 and 78 assigned to mimic the membrane and
water environments, respectively. The dielectric constant
of the protein was set to 4. The CHARMm?22 force field
was used to assign the atomic charges for OMPLA and
GPA. After charge assignments, the electrostatic potentials
of OMPLA and GPA were computed with the linearized
Poisson—Boltzmann equation,

=Ve(r)V(r) + e(r)ip(r) = p(r)e (3)

where &(r) is the dielectric constant, ¢(r) is the electrostatic
potential, and p(7) is the charge density, all at position r; k
is the inverse Debye length. The assignment of &(r) to the
membrane and water was done on the basis of identifying
the membrane surface as described in “Results and dis-
cussion”. The Poisson—Boltzmann equation was solved by
the method of Warwicker and Watson [42] as implemented

in the MacroDox program. The electrostatic potentials
were determined on 131 x 131 x 131 cubic grids centered
on the center of mass of Monomer I. The resolutions of the
inner and outer grids for OMPLA and GPA were 1.2 and
3.6 A, respectively.

Next, modified BD simulations of the dimerization of
OMPLA and GPA were performed to identify the favorable
complex(es). For simulations of protein—protein interac-
tions in which the proteins are treated as rigid bodies, there
are only two solute particles. Without loss of generality one
of the proteins (Monomer I) is positioned at the origin and
the translational and rotational motions are simulated for
the other protein (Monomer II) [43] (See Fig. 1). We
reduced the dimensionality of BD sampling from three
dimensions to two dimensions with the relaxations of
motions perpendicular to the membrane (£1 A for OM-
PLA and GPA) and rotations out of the membrane (£15°
for OMPLA and +45° for GPA), as a suitable approxi-
mation for simulations of membrane proteins that translate
and rotate within the two-dimensional membrane.

Trajectories were started with Monomer II at a random
position and orientation on the b-cylinder with radius b
(50 A and 30 A for OMPLA and GPA, respectively)
(Fig. 1). Monomer II was subjected to four forces: elec-
trostatic, van der Waals, the random Brownian force, and
the frictional force due to solvent viscosity. All the coor-
dinates and interaction energies were recorded when the
distances between the monomers were smaller than 35 A
for OMPLA or 15 A for GPA during the simulations. The

c-cylinder
b-cylinde

protein |

protein Il
atend

Fig. 1 A systematic representation of the Brownian dynamics
simulation of the association between two proteins. Simulations are
conducted in coordinates defined relative to the position of the center
of the protein, protein I. At the beginning of each trajectory the
second mobile protein, protein II, is positioned with a randomly
chosen orientation at a randomly chosen point on the inner cylinder of
radius b. BD simulation is then performed until this protein diffuses
outside the outer cylinder of radius q. During the simulation, the
complex(es) satisfying the reaction criteria for encounter complex
formation is recorded
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trajectory was terminated when monomer II escaped the
g-cylinder (65 A for OMPLA and 45 A for GPA) or was
taken longer than 20 ns. We ran 3,000 BD simulations for
OMPLA and 50,000 BD simulations for GPA at a tem-
perature of 298.15 K. The recorded structures in each
trajectory were ranked based on the interaction energies
between two monomers. Only the most favorable recorded
structures from each trajectory were selected, and ranked
based on the interaction energies. The dimeric structures of
OMPLA and GPA with favorable interaction energies were
selected for the local energy minimization and cluster
analysis.

Structure refinements by local minimization

The structures of the OMPLA and GPA dimer obtained by
BD simulations was subjected to energy refinement using a
newly developed rigid-body energy minimization program
based on the downhill simplex method [44] which uses the
same force field as the BD simulations in our work. Six
variables (three translation values and three rotation values
of monomer II relative to monomer I) were allowed to
change for the minimization.

Results and discussion
Adapted BD method for membrane proteins
BD sampling space reduction

In simulations of the dimerization of membrane proteins, it
is more efficient to sample the two-dimensional space. To
that end, we adapted the MacroDox 3.2.2 program, and
restricted the motions in the BD simulations to displace-
ments within a two dimensional space. The 2D-BD
simulations require knowing the relative orientation and
the relative position along z-direction between two proteins
before the simulations. However, this information is not
available without knowing the complex structure, which
makes the prediction impossible. So it is necessary to
introduce the out-plane relaxations to 2D-BD method for
the most cases. We have included the motions in the
z-direction and the out-plane rotations of monomer II.
Thus, the usual b-sphere and g-sphere of 3D-BD simula-
tions were replaced with the equivalent b- and g-cylinders
(see “Materials and methods”). In this work, we allowed
the motions in z-direction within +1 A for both OMPLA
and GPA, and the out-plane rotations within +15° for
OMPLA and +45° for GPA. The values we chosen here
are based on the crystal structure of OMPLA dimer (0 A
and 0°) and NMR structures of GPA dimers (0 A and
~40°). These values depend on the system to be studied.
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However, increasing these values will increase the sam-
pling space dramatically.

Hybrid membrane/water electrostatic potential

It is essential to treat the electrostatic force correctly for the
BD simulations, since it provides long-range guidance of
the motion of proteins. We have adapted the program to
solve PB equation for hybrid membrane/water environment
defining the local dielectric properties &(r) according to the
boundaries of the membrane and the protein. To build the
hybrid water/membrane environment for -electrostatic
potential calculations, and to perform the BD docking
simulations, it is also important to define the water/mem-
brane interface for the proteins within the membrane. The
dielectric constant varies by a factor of ~40 between
membrane (¢ = 2) and water (¢ = 78) environments.

We determined the interface of membrane/water of
OMPLA by locating the positions of Trp. Statistical anal-
yses of membrane proteins show that Trp has a preference
for the interfacial membrane—water environment [45, 46].
The chemical properties of the indole side chain of Trp
appear ideally suited for interacting with the phospholipids
head groups, which defines the polar—apolar interface [47].
Here we used Trp as the reference residues to determine the
membrane—water interface. There are 16 Trp residues in
the OMPLA dimer, of which 10 (Trp 97, Trp98, Trpl55,
Trpl176 and Trp 216 for each monomer) are located in
upper part, and six (Trp78, Trp 131 and Trp 169 for each
monomer) in the lower part of the protein. To approximate
the plane of the membrane, we calculated the center of
masses (COMs) of Ca atoms of Trp residues for the upper
and lower parts, respectively, and translated, as a rigid
body, the lower part Ca atoms of Trp residues to the upper
part along the COMs direction (this is equivalent to
superimposing the two COMs). The largest root-mean-
square deviation (RMSD) from the plane fitted to the Co
atoms of all the Trp residues was 2.9 A. After removing the
Ca atoms of Trp 131, Trp 176 and Trp 216 with large
RMSD values, the deviation from the newly fitted plane
was <0.7 A. The distance from the upper to the lower level
is about 24 A. We oriented the OMPLA dimer protein
along the normal direction of the fitted plane, which was
defined as the z-direction for 2D-BD simulations.

GPA peptide (residue 71-95), which is an o helix, was
oriented to parallel the normal direction of membrane
plane. The upper and lower membrane planes are defined
as £14.5 A from the center of mass of GPA peptide.

Including the van der Waals potential

For docking simulations, it is critical to include the
short-range interaction energy terms between the
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Fig. 2 The center of mass
distribution of Monomer II
around Monomer I of OMPLA
from adapted 2D-BD
simulations (a: top view; b:
side view)

proteins. In the current version of BD programs, how-
ever, usually only long-range electrostatics interaction
energy term is included. So we adapted the force field of
the MacroDox program by adding additional van der
Waals energy term. We used a smoothed 12-6 Lennard—
Jones potential to model the van der Waals energy term,
and the 12-6 parameters were converted from AMBER
parameters [48]. Four united atom types (C, N, O, S)
van der Waals potential maps of Monomer I were cal-
culated before BD simulations. We used the same cubic
grid dimensions (131 x 131 x 131) and grid resolutions
of 1.2 A centered on the center of mass of Monomer I
for van der Waals potential maps. However, unlike for
the electrostatics potential map, only the inner grid maps
of van der Waals potentials are calculated due to the
nature of short-range interactions.

Fig. 3 Interaction energies of

RMSD vs. Interaction Energies

predicted dimer complexes vs.
RMSD between the predicted

o

Oe

Applications of adapted 2D-BD simulations

To validate the adapted 2D-BD method, we applied it to
simulate the dimerization of transmembrane proteins
OMPLA and GPA, whose experimental structures are
available for comparison.

BD simulations of the dimerization of OMPLA

In 837 instances out of a total of 3,000 independent BD
trajectories of OMPLA, the critical distance criterion
(35 A) was met. The interaction energies between the
monomers in each trajectory with recorded structures were
ranked, and the complex with the lowest interaction energy
was selected in each trajectory. About 782 complexes
(Fig. 2) with negative interaction energies were obtained
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for the following local minimization and statistical cluster
analysis.

We used the downhill simplex method with the same
force field as in the BD simulations to optimize the local
configurations of all the dimer structures of OMPLA with
the negative interaction energies. To evaluate the BD-
predicted OMPLA dimer, we calculated the root-mean-
square deviation (RMSD) of o carbon atoms between the
predicted and crystal structures of monomer II, and gen-
erated the plots of interaction energies vs. RMSD (Fig. 3a,
b present the results before and after local energy mini-
mization, respectively). From Fig. 3, one can see that the
dimer complex structures with lower interaction energies
have smaller RMSDs to the native structure, which means
that one can distinguish the native structure from non-
native ones by comparing the interaction energies. The
local energy minimization significantly improves the
predictions.

% Cluster population vs. Interaction Energies

80
70
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*

Population of cluster

40
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*
-

S g
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Interaction Energies (kcal/mol)

Fig. 4 Cluster population vs. lowest interaction energies between
Monomers I and II of OMPLA in the cluster (3.5 A cutoff based on
all the o carbon atoms of Monomer II)

Fig. 5 Comparison of crystal
structure and 2D-BD predicted
structures. The BD-predicted
Monomer II (right, in black) is
very close to that of the crystal
structure (right, in gray), and
Monomer I (left) is colored in
gray (RMSD: 0.52 A)
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In order to explore importance of the contributions of
vdw terms to the BD simulations, we turned off the terms
during the simulations. About 408 complexes with negative
interaction energies were obtained from the simulations.
The plot of interaction energies vs. RMSD (Fig. 3c) shows
no correlations between RMSD and interaction energy,
which means that one cannot identify the native structure
from the simulations without vdw terms by using the
lowest interaction energies. However, after we performed
additional local energy minimizations with the vdw terms
on these complexes, the correlations of interaction energies
and RMSD were recovered (Fig. 3d).

A statistical cluster analysis for 782 optimized complex
structures from the BD simulations with vdw terms based
on 3.5 A cutoff for all the o carbon atoms, produced 163
clusters. The clustering algorithm used picks the element
that has the largest number of conformation within the
cutoff and makes it a cluster. This cluster is then removed
and the procedure is repeated until no more configurations
are left. The plot of cluster population vs. lowest interac-
tion energies of the cluster is shown in Fig. 4. From Fig. 4,
one can see that the cluster with the lowest interaction
energy is more stable than the rest of clusters. The pre-
dicted structure with lowest interaction energy
superimposed on the crystal structure is shown in Fig. 5.
The BD predicted structure is very close to the crystal
structure (RMSD = 0.52 A) of OMPLA, which indicates
success of the prediction.

BD simulations of the dimerization of GPA

In 22,246 instances out of a total 50,000 independent BD
trajectories of GPA, the critical distance (15 A) was met. We
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Fig. 6 The center of mass
distribution of Monomer II
around Monomer I of GPA from
adapted 2D-BD simulations
(left: top view; right: side view)

used the same protocol as described above to rank complexes.
However, only 529 complexes (Fig. 6) with interaction
energies smaller than —35 kcal/mol were selected for fol-
lowing local minimization and statistical cluster analysis.

The RMSD of a carbon atoms between the predicted and
experimental structure of monomer II were calculated, and
the plot of interaction energies vs. RMSD was shown in
Fig. 7 (Fig. 7a, b present the results before and after local
energy minimization, respectively). From Fig. 7 one can
see that after local energy minimizations the lowest inter-
action energy complexes with the smallest RMSD to the
experimental structure.

Fig. 7 Interaction energies of
predicted dimer complexes vs.
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terms. About 646 complexes with negative interaction
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the simulations. The plot of interaction energies vs. RMSD
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interaction energies. However, after we performed addi-
tional local energy minimizations with the vdw terms on
these complexes, again the correlations between the inter-
action energy and RMSD were recovered (Fig. 3d).
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Cluster population vs. interaction energies
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Fig. 8 Cluster population vs. lowest interaction energies between
Monomers I and II of GPA in the cluster (3.5 A cutoff based on all the
o carbon atoms of Monomer II)

Fig. 9 Comparison of NMR (10th) and 2D-BD predicted structures
of GPA. The BD-predicted Monomer II (top, in black) is very close to
that of the NMR structure (top, in gray), and Monomer I (bottom) is
colored in gray (RMSD: 0.78 A)

clusters. The plot of cluster population vs. lowest interac-
tion energies of the cluster is shown in Fig. 8. Again, the
lowest energy cluster is much stable than the rest clusters.
The predicted structure with lowest interaction energy
superimposed on the experimental structure is shown in
Fig. 9. The BD predicted structure is very close to the
experimental structure (RMSD = 0.78 1&) of GPA, which
again indicates success of the prediction.

Conclusions

To explore whether Brownian Dynamics simulations could
predict dimerization of membrane proteins, we modified
the BD program MacroDox 3.2.2 to include a van der
Waals term in the interaction energy as an essential con-
tribution to drive dimerization of membrane proteins. The
adaptation of MacroDox includes: 1. Generating the
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membrane—water hybrid electrostatic potential maps to
mimic the specific environment of membrane proteins for
electrostatic interaction calculations; 2. Addition of a
smoothed van der Waals potential term into the force field
of the BD program for short-term van der Waals interac-
tions; 3. Reduction of the BD sampling space from three
dimensions to two dimensions to increase sampling effi-
ciency for membrane proteins: the translations and
rotations are restricted within the 2D membrane. We also
implemented an RMSD-based clustering to analyze the
results and to identify the cluster with the most favorable
interaction energies between the two monomers. The dimer
complex identified by the cluster analysis of the 2D-BD
results was further refined by energy minimization to
identify the most favorable local configuration. The pre-
dicted structure of the dimer of OMPLA, and GPA
membrane proteins agreed with the experimental structures
with a RMSD of 0.52 A and 0.78 A for Monomers II,
respectively, which were the only monomers allowed to
move during the BD simulations. The interaction energy
decomposition shows that the van der Waals interactions
between the two dimers are the main components for the
total interaction energies for OMPLA (vdw: —307.0 kcal/
mol, Elec: 5.4 kcal/mol) and GPA (vdw: —97.3 kcal/mol,
Elec: —2.1 kcal/mol). The inclusion of short-range van der
Waals interactions played an important role in the dimer-
ization of OMPLA and GPA. The consistency between
predicted dimer of OMPLA and GPA with the experi-
mental structures indicates that the extended BD program
could be used for prediction of dimerization of other
membrane proteins, such as GPCRs.
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