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ABSTRACT OpcA from Neisseria meningitidis, the causative agent of meningococcal meningitis and septicemia, is an integral
outer membrane protein that facilitates meningococcal adhesion through binding the proteoglycan receptors of susceptible cells.
Two structures of OpcA have been determined by x-ray diffraction to 2 A resolution, revealing dramatically different conformations in
the extracellular loops—the protein domain implicated in proteoglycan binding. In the first structure, a positively charged crevice
formed by loops 1 and 2 was identified as the site for binding proteoglycans, whereas in the second structure the crevice was not
evidentas loops 1 and 2 adopted different conformations. To reconcile these results, molecular-dynamics simulations were carried
out on both structures embedded in a solvated lipid bilayer membrane. Free of crystal contacts and crystallization agents, the loops
were observed to undergo large structural transformations, suggesting that the conformation of the loops in either x-ray structure
is affected by crystallization. Subsequent simulations of both structures in their crystal lattices confirmed this conclusion. Based on
our molecular-dynamics trajectories, we propose a model for OpcA that combines stable structural features of the available x-ray
structures. In this model, all five extracellular loops of OpcA have stable secondary structures. The loops form a funnel that leads to
the base of the B-barrel and that includes Tyr-169 on its exposed surface, which has been implicated in proteoglycan binding.

INTRODUCTION

It is hard to conceive of modern cell biology in the absence of
x-ray crystallography. The advent of this method brought
about atomic-detail structures of biomolecules, allowing the
mechanisms of cellular function to be understood at the mo-
lecular level. To obtain such structures, many copies of bio-
molecules are forced to assemble into crystals that produce a
diffraction pattern when exposed to x-ray radiation (1). Most
biomolecules, however, do not naturally assemble into crys-
tals under physiological conditions. Hence, there is always a
possibility that the conformation of a biomolecule resolved
by the x-ray diffraction method will differ from that asso-
ciated with a living cell. Molecular dynamics (MD) (2,3) is a
computational method that can animate atomic-scale models
of biomolecules (4-10), and thereby adapt the structures
resolved in a protein crystal to physiological conditions. In
this study, we deploy MD to refine the structure of a mem-
brane protein OpcA, for which two recent x-ray structures
revealed dramatically different conformations of its func-
tionally important domain.

OpcA (formerly called Opc) is an integral membrane pro-
tein found in the outer membrane of Neisseria meningitidis
(11), the causative agent of meningococcal meningitis and
septicemia, that facilitates adhesion and subsequent inter-
nalization of unencapsulated meningococci by the host cells
(12). Cell-surface proteoglycans, such as heparin and hepa-
ran sulfate, have been identified as prime receptors of OpcA
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in epithelial cells (13). OpcA can also bind to the serum
glycoprotein vitronectin, leading to meningococcal invasion
in endothelial cells (14). The physiological role of OpcA in
N. gonorrhoeae, the causative agent of gonorrhea, is not clear
(15). OpcA of N. meningitidis is thought to be a functional
homolog of the unrelated (by sequence) opacity-associated
(Opa) proteins that mediate tight interaction of Neisseria
pathogens with human cells and are responsible for an
opaque phenotype associated with agar-grown colonies (16).

As with most outer membrane proteins (OMP) (17-19),
OpcA has a 3-barrel architecture (20). The -barrel of OpcA
has 10 strands with five loops protruding into the extracel-
lular space. The extracellular loops of the protein are thought
to harbor a binding site for sialic acid-terminated proteogly-
can receptors of the host cells (21), although the recognition
mechanism and the specific location of the binding site are
unknown (22). The specificity of the proteoglycan binding
by OpcA was recently examined using a fluorescence-based
binding assay, which demonstrated that sialic acid binding
reduced the intrinsic fluorescence of resonance energy
transfer from tyrosine to tryptophan residues located at the
top of the B-barrel, close to the external loop regions (22).
Hence, the conformation of the OpcA loops is thought to be
critical to the molecular mechanism of proteoglycan recog-
nition and binding.

Two atomic-resolution structures of OpcA are available
currently. The first structure was solved by the x-ray diffrac-
tion method using crystals formed by the surfactant-solubilized
protein (21,23). In this structure, the extracellular loops 1
and 2 form a crevice, which was claimed to bind the mono-
or di-saccharide moieties of proteoglycan receptors (21).
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However, the second x-ray structure of OpcA (24), obtained
using crystals grown by the cubic mesophase technique
(25,26), revealed an alternative arrangement of loops 1 and
2, in which the putative binding site was no longer evident.
The former and the latter structures are referenced hereafter
as the in surfo and in meso structures, respectively.

Both in surfo and in meso protein crystals have layered
packing of the protein. In each layer, the OpcA molecules are
held together mainly by the contacts between their -barrels.
The contacts between the protein layers are mediated mostly
by the extracellular loops, labeled L1-L5. Fig. 1 illustrates
the protein contacts in both structures. In the in surfo struc-
ture (Fig. 1 a), zinc ions, essential to protein crystallization
(23), mediate crystal contacts between the loops. In the in
meso structure, which was obtained in the absence of zinc
ions, L2 protrudes to the base of the 3-barrel of the adjacent
molecule (Fig. 1 b). Hence, it is conceivable that in both
structures the conformation of the loops is strongly affected
by the crystal contacts and that neither structure represents
the conformation of OpcA in vivo.

Below, we deploy the MD method to reconcile the in surfo
and in meso structures of OpcA and suggest, to the extent
possible, a model for the OpcA conformation in vivo. Each
x-ray structure is embedded in a solvated lipid bilayer mem-
brane and equilibrated for ~20 ns, while the conformation of

FIGURE 1 Crystal contacts of the OpcA loops in the in surfo (a) and in
the in meso (b) structures. Different copies of the protein are shown in
different colors. Individual loops are labeled. Zinc ions in the in surfo model
are shown as spheres. The B-barrels of the protein copies shown in orange
are aligned.
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the loops is closely monitored. For comparison, both OpcA
structures are equilibrated in their respective crystal lattices.
Comparing the structural dynamics of the four systems re-
veals the structural elements affected by the crystal contacts
and allows a consensus model, incorporating stable elements
of both structures, to be suggested. Further, the structural
dynamics of the model is investigated by MD, which con-
firms that the consensus model is stable in a lipid bilayer. The
model is characterized by computing the distribution of the
electrostatic potential and the osmotic permeability to water.
A funnel formed by the loops in the consensus structure is
proposed to lead to the site of proteoglycan recognition and
binding.

METHODS

Microscopic models of OpcA in a lipid
bilayer membrane

We built three models of OpcA in its native environment, a lipid bilayer
membrane. For the first model, the atomic coordinates of the protein were
taken from the in meso x-ray structure (Protein DataBank access code No.
2J9S). The second model was built using the atomic coordinates of the in
surfo structure (Protein DataBank access code No. 1K24). The residues
absent in the in meso structure were modeled using the corresponding frag-
ments of the in surfo structure. The first four residues missing in both struc-
tures were not modeled. The third model was built using the fragments of the
equilibrated in surfo and in meso structures. This model is described in detail
under Results. The atomic coordinates of the third model are provided in the
Supplementary Material.

In addition to water resolved in the x-ray structures, ~50 water molecules
were placed into the internal cavities of the protein using the Dowser program
(27). After that, a 3 A layer of water was created around the protein using the
Solvate program (28). The protein was merged with a patch of a
preequilibrated and solvated POPC lipid bilayer comprising 154 lipid mol-
ecules. The protein was oriented in the membrane with its 8-barrel forming a
6° angle with the z axis, normal to the lipid bilayer plane. The location of the
protein in the membrane and its orientation were chosen according to the
Orientations of Proteins in Membranes database (29). All lipid molecules that
overlapped with the protein were removed, along with all water molecules
around the protein that overlapped with the lipid bilayer. Neutral protonation
states were assigned to all histidine residues, unless specified otherwise.

The protein-lipid complex was solvated in a rectangular volume of pre-
equilibrated TIP3P (30) water molecules. Corresponding to a solution con-
centration of 0.12 M Na™ and Cl~ ions were added at random positions. The
final systems measured ~76 X 76 X 104 A3, included over 58,000 atoms,
and had a zero total charge. One of the final systems is shown in Fig. 2 a.

To remove possible steric clashes that might have been introduced during
the assembly process, each system underwent 3000 steps of minimization
using a conjugate-gradients method. After that, the systems were equili-
brated at 310 K in the NpT ensemble. In the case of the in surfo model, the
protein backbone was restrained during the first 0.5 ns of the equilibration.
To ensure that the modeled parts of the in meso structure were properly
aligned with the rest of the protein, these systems were simulated for the first
0.5 ns having all but the modeled part of the protein backbone restrained.
The rest of the simulations were carried out in the NpT ensemble without
deploying any restraints.

Microscopic models of OpcA in a crystal lattice

To construct a microscopic model of the in meso structure in a crystal lattice,
four copies of OpcA were produced using the crystallographic symmetry

Biophysical Journal 93(9) 3058-3069



3060

FIGURE 2 Microscopic models of OpcA. (a) The in meso model of OpcA
in a lipid bilayer membrane. Parts of the OpcA protein resolved in the in
meso structure are shown in orange; the missing residues that were rebuilt
using the in surfo structure (1K24) are shown in blue. The water inside the
transmembrane part of the protein is shown as van der Waals spheres; bulk
water is partially transparent. The POPC molecules making up the bilayer
are shown as brown lines. Sodium and chloride ions are shown as yellow and
cyan spheres, respectively. (b) The in meso model of OpcA in a crystal
lattice. The unit cell is shown as a rectangular box. There are four copies of
the OpcA molecule in a unit cell. Individual proteins are colored (orange,
red, blue, and green). Octane, water, and sulfate ions resolved in the x-ray
structure are shown as van der Waals spheres. Bulk water, filling the
remaining volume of the unit cell, is not shown.

transformations of the P2,2,2; space group. The resulting unit cell, shown
in Fig. 2 b, measured 37.9 X 42.5 X 150.4 A. In addition to 4 SO}~ ions, 4
octanes, and 572 water molecules resolved in the x-ray structure, 44 C1™ ions
were added to ensure the model’s electric neutrality. Bulk water was added
to fill the volume of the unit cell, increasing the number of atoms in the
system to ~50,000. The resulting structure was minimized for 3000 steps,
followed by equilibration in the NVT ensemble at 295 K—the temperature
at which the protein crystals were obtained.

The preparations and simulations of the in surfo structure in a crystal lattice
were done following the same procedures as in the case of the in meso model.
Four copies of OpcA were produced using the symmetries of the P2,2,2 space
group. The resulting unit cell measured 96.9 X 46.3 X 74.0 A®. Zinc ions,
resolved in the in surfo crystal structure, were preserved. The protonation states
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of the histidines adjacent to the ions were adjusted to minimize local elec-
trostatic energy between the histidines and the ions. Seventy-six chlorine ions
were added to reduce the system’s total charge to zero.

MD methods

All MD simulations were performed using the program NAMD (31), the
CHARMM?27 force field (32), periodic boundary conditions, particle-mesh
Ewald full electrostatics, and multiple time-stepping (33). The particle-mesh
Ewald electrostatics was computed over a 64 X 64 X 84 grid. The tem-
perature was kept constant by applying Langevin forces (34) to all non-
hydrogen atoms; the Langevin damping constant was set to 1 ps~'. The
integration time-step chosen was 1 fs. The equilibration in the NpT ensemble
was performed using Nosé-Hoover Langevin piston pressure control (35) at
1 bar. The van der Waals energies were calculated using a smooth (10-12 A)
cutoff. Restraints were imposed through harmonic forces using the spring
constant of 1 kcal/(A% X mol).

RESULTS
Conformational dynamics of the in surfo structure

To facilitate the crystallization of OpcA by the in surfo
method, zinc ions were introduced into the protein solution
(23). As a side effect of this procedure, three zinc ions were
embedded in the resulting x-ray structure: two in the protein
loops, and one in the B-barrel (Fig. 3 a). The crevice between
L1 and L2 in this structure (Fig. 3 b) was proposed to harbor

L5
L4

L?} . q

L2

FIGURE 3 Transformation of the in surfo structure of OpcA simulated in a
lipid bilayer membrane. (a and b) The conformation of OpcA in the in surfo x-ray
structure. L1 and L2 create a crevice that was proposed to harbor a binding site
for proteoglycans (21). Zinc ions (orange), resolved in the x-ray structure, are
shown as van der Waals spheres. (¢ and d) The conformation of the in surfo
model after 16-ns equilibration in a lipid bilayer carried out in the absence of
the zinc ions. In this simulation, the crevice between L1 and L2 disappeared
after ~8 ns. The protein structure is shown in cartoon (a and ¢) and molecular
surface (b and d) representations. The loops are shown in different colors.
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a binding site for proteoglycans (21). To investigate the role
of zinc ions and crystal contacts in stabilizing this particular
conformation of OpcA, we carried out MD simulations of the
in surfo structure in a lipid bilayer membrane and in a protein
crystal with and without the zinc ions.

Fig. 4 a illustrates the root mean-square deviation (RMSD)
(36) of the OpcA backbone from the x-ray coordinates in a
16-ns simulation carried out in a lipid bilayer having no zinc
ions embedded in the protein. The RMSD of the protein back-
bone saturates at ~2.5 A after 8 ns. The RMSD of the B-barrel
part saturates at ~1.2 A, indicating that the conformation of
the 3-barrel is stable. The RMSD of the loops is much higher
(>4 A), suggesting instability of the loops’ structure.

The conformation of the in surfo structure at the end of the
16-ns equilibration is shown in Fig. 3, ¢ and d. L2-L4, which
were connected by a zinc ion in the x-ray structure, moved
apart. L2 moved from a position on top of the center of the
barrel toward L1, while L1 moved toward the barrel’s center.
Meanwhile, residues Glu-67 in L2 and Lys-27 in L1 formed
a salt-bridge that brought L1 and L2 even closer. Hence, by
the end of the simulation, the crevice formed by L1 and L2 in
the x-ray structure disappeared (Fig. 3 d). As L4 was moving
away from L2 and LS, the a-helical part of L4 elongated by
two residues; the L4 helix tilted away from the barrel (Fig. 3
¢). In this simulation, L3 and L5 maintained their secondary
structures, although the location and the tilt of LS changed
considerably. Our observations of L2 mobility qualitatively
agree with the results of a recent computational study carried
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FIGURE 4 RMSD of the in surfo structure simulated in a lipid bilayer
(gray) and in a protein crystal (black). (a) Time-dependence of the RMSD of
the protein backbone from the x-ray coordinates of the 3-barrel, extracellular
loops, and the entire protein. (b) Per-residue RMSD of the protein backbone
from the x-ray coordinates, averaged over the last nanosecond of each
simulation. The extracellular loops and periplasmic turns, respectively, are
labeled L1-L5 and T1-T4. The shaded region indicates residues missing in
the x-ray structure.
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out using a united-atom force field (37). Although in that
study the OpcA protein was embedded in a different type of
lipid bilayer membrane (DMPC), the results demonstrated
that, in the absence of zinc, L2 drifts away from the barrel
center, forming a pathway for sialic acid among L2-L5. The
same study, however, reported unfolding of a short helix in
L4, which was not observed in our simulations.

The transformation of the OpcA structure is dissected in
the per-residue RMSD plot (Fig. 4 b), which was computed
against the x-ray coordinates for the last nanosecond of the
equilibration. The per-residue RMSD is high for both ex-
tracellular loops (L1-L5) and periplasmic turns (T1-T4),
indicating that these parts of the protein are mobile. On
average, the extracellular loops of OpcA are more flexible
than the periplasmic turns because the latter are shorter. The
RMSD values for the shortest loop (L3) are as small as those
for the turns. For other loops, high RMSD values (>5 A) are
consistent with observed changes of the loops’ confor-
mation.

For comparison, we carried out MD simulations of the in
surfo structure in a crystal lattice, preserving zinc ions at their
crystallographic positions. As shown in Fig. 4 a, the RMSD
(averaged over four copies) of the protein backbone from the
x-ray coordinates saturates quickly after ~6 ns. The RMSD
of the protein backbone is smaller in a crystal lattice than in a
lipid bilayer membrane (Fig. 4 a). The RMSD of the barrel
reaches approximately the same value as in a lipid bilayer.
However, the averaged RMSD (Fig. 4 a) of the loops is ~1.3 A
smaller in the crystal environment, indicating that the loops
are less mobile. The RMSD of the averaged (over the four
copies of the protein in the unit cell) structure attains similar
values. Such RMSD plots are available in the Supplementary
Material.

Individual mobility of the residues in the crystal lattice is
characterized by the per-residue RMSD plot (Fig. 4 b). For the
majority of the loop residues, the RMSD values are smaller
in the crystal lattice simulation, particularly for residues in
contact with the zinc ions, which are identified along the x axis
in Fig. 4 b.

So far, we have demonstrated that removing zinc ions and
placing the in surfo structure in a lipid bilayer destabilizes the
conformation of the OpcA loops. The observed instability
of loop conformation can be explained by the electrostatic
unbalance introduced upon the removal of the zinc ions. Fig.
5 illustrates the zinc binding sites in the loops of the in surfo
structure. The first binding site (Fig. 5 a@) is formed by res-
idues Asp-69 (L2), His-128 (L.3), and Thr-176 (L4) from the
same OpcA copy and Glu-223 (LS5) from an adjacent copy.
In a lipid bilayer, removing this zinc ion leads to a sudden
increase in the local electrostatic energy because of the high
density of negative charge. The residues coordinating this
zinc binding site repel each other. Consequently, L2 and L4
move in opposite directions, as shown in Fig. 3 ¢. When the
in surfo structure was simulated having His-128 in a fully
protonated state (total charge +1e), L2 and L4 did not
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separate within 10 ns. In the second binding site (Fig. 5 b), a
zinc ion connects Glu-28 and His-30 of two adjacent copies,
stabilizing the conformation of L1 resolved in the protein
crystal. Consequently, when simulated in a lipid bilayer and
without zinc, L1 can move toward the barrel.

We have also simulated the in surfo model in a crystal
lattice without including the zinc ions. L2 was observed to
move in the same direction as in the simulation carried out in
a lipid bilayer. Interestingly, without zinc ions, the crystal
contacts between L1 of the adjacent protein copies were
stabilized by two salt-bridges formed by Glu-28 from one
copy and Lys-29 from the other. In this simulation, we used a
different protonation state of His-128 than in the simulations
that included zinc ions. The following two cases were
considered: a proton was located at the nitrogen atom nearest
to the position of the zinc ion in the x-ray structure, and His-
128 was fully protonated (total charge +1e). Such proton-
ations of His-128 reduced the electrostatic repulsion between
L3 and the other two loops, L2 and L4. Nevertheless, the
conformation of the residues near the (empty) binding site
was unstable and the loops moved apart, which is consistent
with the fact that the in surfo structure could not be crys-
tallized in the absence of zinc ions.

The in surfo structure was also simulated in a lipid bilayer
having all three zinc ions embedded in the structure (24). In
that case, Asp-69 in L2 was strongly attracted to a nearby
zinc ion, while L1, bound to another zinc ion, moved further
away from the barrel. The latter can be explained by the fact
that the surface of the crevice formed by L1 and L2 is
positively charged in the vicinity of residues Lys-60, Lys-61,
and Lys-80, which belong to L2. Hence, having a zinc ion
bound to L1, the electrostatic force between L1 and L2 is
repulsive. Therefore, in the absence of the crystal contact
stabilizing L1, the crevice becomes unstable and widens.

In the last system, the protonation state of (neutral) His-
128 was found to be important for the stability of the zinc
binding site formed by L.2-1.4 (Fig. 3 a). Placing a proton on
the nitrogen nearest to the zinc ions (CHARMM topology
entry HSE) was observed to disrupt the zinc binding pocket.
However, when the proton was placed on the nitrogen furthest
from the zinc ion (CHARMM topology entry HSD), the struc-
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FIGURE 5 Stabilization of the crystal contacts by zinc
ions in the in surfo structure of OpcA. (@) Zinc binding site
between L2, L3, and L4 of the same protein and L5 of the
adjacent copy. In each copy, L2-L5 are shown in cyan,
orange, green, and blue, respectively. The rest of the
protein is shown in yellow. (b) Zinc binding site between
L1s of neighboring copies of OpcA. The conformation of
L1 in the in meso structure (white) is shown for compar-
ison. Snapshots of the OpcA structure were obtained from
a 14-ns equilibration performed in a crystal lattice. The
residues coordinating the zinc ions are shown in atomic
bond representation and colored according to the atom
names. Zinc ions are shown as van der Waals spheres.

ture of this zinc binding site was stable within the simulation
timescale (5 ns). Changing the protonation state of His-128
did not affect widening of the crevice between L1 and L2.

These MD simulations indicate that the conformations of
L1 and L2, and, to a smaller extent, of L4 and L5 in the in
surfo structure are affected by the crystal contacts and by the
zinc ions. The crevice between L1 and L2 is not stable when
the crystal contacts are removed. Neither the presence of zinc
in a lipid bilayer membrane simulation, nor the crystal
contacts in the absence of zinc in the crystal lattice simu-
lation, could stabilize the structure resolved by the x-ray
diffraction. As zinc ions are not required for physiological
function of OpcA, significance of the conformation of the
loops resolved in the in surfo structure is not clear.

Conformational dynamics of the in meso structure

The in meso x-ray structure was determined from membrane
protein crystals that had a record high fraction (57%) of the
unit cell volume occupied by the protein (24). Hence, it is
conceivable that the in meso conformation of OpcA is also
influenced by its crystal environment. For example, the tip of
L2 is stretched away from the body of the protein by almost
one diameter of the 3-barrel (Fig. 1 b). To identify the parts
of the structure affected by protein contacts, we performed a
22-ns MD simulation of the protein in a lipid bilayer
membrane, and an 8-ns MD simulation in a protein crystal.

Fig. 6 a shows the average RMSD of the protein backbone
from the x-ray coordinates for the simulation carried out in a
lipid bilayer. After 5 ns, the RMSD saturates at ~4 A. As this
value is much larger than the length of the atomic bonds in
the protein backbone, the plot suggests large transformations
of the OpcA structure. The parts of the structure that
underwent structural transformations can be discerned from
the per-residue RMSD plot (Fig. 6 ¢). The RMSD of residues
in L2 and LS5 are considerably larger than those in the other
loops. Thus, for example, the RMSD of the L2 tip exceeds
15 A. To check whether the structure had reached a new
metastable state, the averaged RMSD of the protein back-
bone was computed against the state obtained 8 ns after
the beginning of the simulation. As shown in Fig. 6 a, the
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FIGURE 6 RMSD of the in meso structure simulated in a lipid bilayer
membrane and in a crystal lattice. (¢) RMSD of the protein backbone in a
lipid bilayer from the x-ray coordinates (solid), and from the state obtained
after the first 8 ns of the equilibration (shaded). (b) RMSD of the protein
backbone in a crystal lattice from the x-ray coordinates during an 8-ns
equilibration. The RMSD values shown were averaged over the four copies
of the protein (see also Fig. 2 b). (¢) Per-residue RMSD of the protein
backbone in a lipid bilayer from the x-ray coordinates (dashed line), and
from the state obtained after the first 8 ns of the equilibration (shaded). Per-
residue RMSD of the protein backbone in a crystal lattice from the x-ray
coordinates (solid). All per-residue RMSD plots were obtained by averaging
over the last nanosecond of the MD trajectory. The extracellular loops are
labeled L1-L5 whereas the inner turns are labeled T1-T4. The shaded
regions indicate residues missing in the in meso x-ray structure.

RMSD value saturates at ~2 A for the rest of the simulation.
The per-residue RMSDs relative to the 8-ns state are also
much smaller (Fig. 6 ¢). These plots indicate that the in meso
structure, when placed in a lipid bilayer environment,
evolved into a new, relatively stable conformation.

The details of the structural transformation are shown in
Fig. 7. Starting from the x-ray structure (Fig. 7, @ and b), L2
was observed to move toward the center of the (-barrel,
while L5 moved closer to L2. The upper cord of L2 (Lys-75
to Lys-80) rotated by ~45° toward the extracellular side
(Fig. 7, a and c), while the lower cord (Leu-66 to Thr-68)
rotated just a little (<15°). After the motion of the cords, the
helix in L2 (Asp-69 to Gly-74) rotated by ~90°. When
viewed from the extracellular side, the helix also rotated by
45° counterclockwise about the barrel axis, along with the
upper cord (Fig. 7, b and d). In the final state, the loops are
much closer to each other than in the in meso x-ray structure.
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FIGURE 7 Transformation of the in meso structure of OpcA simulated
in a lipid bilayer membrane. (a and b) Side and top views of the protein at the
beginning of the MD simulation. (¢ and d) Side and top views of the protein
after a 22-ns equilibration. (¢ and b) Direction of the structural rearrangement
is shown schematically by the curved arrows. In this simulation, the protein
reached a stable conformation after 8 ns. For the remaining 14 ns, the protein
conformation did not change significantly (see also Fig. 6).

We also carried out a short (5 ns) simulation of this model
without rebuilding any missing residues and observed similar
loop motion.

Compared to the in surfo model, the RMSD values of L1
in the in meso model are considerably smaller, because the
unstructured part of this loop is much shorter. The RMSD of
L4 and LS5 are greater in the in meso structure, likely because
several residues of these loops were not resolved in the in
meso structure, and were rebuilt using the in surfo fragments
(see Fig. 2 a). Although L3 was also rebuilt, its residues
attain smaller RMSD values in the in meso structure. In
contrast, the B-barrel residues in the in meso structure have
RMSD values as small as 1 A, which indicates that the
conformation of the 3-barrel is, most likely, very similar to
that in a lipid bilayer membrane.

The results of the simulation carried out in a protein crystal
are summarized in Fig. 6, b and c. After ~4 ns, the RMSD
from the x-ray coordinates of the loops, the B-barrel, and the
entire protein reach a constant value (Fig. 6 b). All RMSD
values shown were averaged over the four copies of the
protein (see Fig. 2 b). The RMSD values of the 3-barrel
residues are ~0.9 A, on average. The RMSD values of the
loops are approximately twice as large, but still are much
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smaller than the values obtained from the simulation in a
lipid bilayer membrane (Fig. 6 b). The RMSD of the entire
protein backbone saturates at ~1.3 A, which is also much
smaller than in a lipid bilayer membrane (Fig. 6 a).

Another outer membrane protein, OmpA, was simu-
lated in both the DMPC lipid bilayer (38) and the crystal
environment (39) using a united-atom force field. In that
study, the RMSD of the barrel was also observed to be much
smaller than that of the loops. It seems that the rigid barrel
and flexible loops are common features of OMPs. When
simulated in the crystal lattice, the average RMSD of the
OmpA a-carbons reached ~3.5 A. Our calculations suggest
that the in meso structure of OpcA is much less mobile in the
crystal environment than OmpA, most likely because of the
dense packing of OpcA in the in meso protein crystal (17).

In Fig. 6 ¢, per-residue RMSDs are plotted for the
simulations carried out in a lipid bilayer membrane and in a
protein crystal. These RMSD values were obtained by
averaging over the last nanoseconds of the respective MD
trajectories against the in meso x-ray structure. Due to the
crystal contacts, per-residue RMSD values of the in meso
model are considerably smaller in a protein crystal than in a
lipid bilayer membrane, particularly for the extracellular
loops and the periplasmic turns. Residues missing in the
original structure, but that were rebuilt using the in surfo
fragments, show large RMSD values in both simulations. L2
and L5 were not observed to move considerably in the
crystal environment, as they did when the crystal contacts
were removed. The per-residue RMSD values of these loops
(Fig. 6 ¢) are consistent with this observation.

These simulations demonstrate that, although the confor-
mation of L2 in the in meso structure is strongly affected by
crystal contacts, when the crystal contacts are removed, L2
adopts a new, stable conformation; the a-helix in L2 does not
unfold. The conformation of L1 does not appear to be
affected by the crystal contacts in the in meso structure.

The x-ray structures converge in a lipid
bilayer membrane

Given enough time, one can expect that the two x-ray struc-
tures of OpcA simulated in a lipid bilayer might converge to

In meso

h
=}
7

Sns
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the same conformation. At present, the range of MD is
limited to tens of nanoseconds, which usually is not suf-
ficiently long to observe spontaneous folding of a protein, or
large conformational transitions, but is long enough to ob-
serve instability of the secondary structure. In our case,
however, spontaneous transformations in the OpcA struc-
tures were dramatic enough to demonstrate the approach to
convergence of the two simulations.

Fig. 8 shows the conformations of the in meso and in surfo
structures before (Fig. 8 a; x-ray structures) and after (Fig. 8
b) equilibration in a lipid bilayer. The two structures were
aligned using the coordinates of their 3-barrels. Before the
equilibration, L2 is located on top of the B-barrel in the in
surfo structure, while, in the in meso structure, the loop is
stretched away from the barrel. After several nanoseconds
of MD simulation, L2 in the in surfo structure drifts toward
the edge of the barrel, while L2 in the in meso structure
moves toward the barrel. At some point, the conformation of
L2 from the two different structures overlaps, as shown in
Fig. 8 b.

Fig. 8 ¢ shows the RMSD of the protein backbone be-
tween every two frames of the in meso and in surfo trajec-
tories. The initial RMSD of the two x-ray structures is ~6 A
(at the origin of the plot). The RMSD decreases with time for
each trajectory. The minimum RMSD value between the
trajectories is ~4 A.

Despite the convergence, the conformation of L1 relative
to L2 in both structures is still quite different. In the in meso
model, L1 and L2 form a B-sheet; L1 is short and ordered. L1
in the in surfo crystal is less ordered and forms a crystal
contact with another L1 of an adjacent protein, as shown in
Fig. 5 b. During equilibration in a lipid bilayer, L1 of the in
surfo structure moves toward L2, which is consistent with
the conformation of L1 in the in meso model. However, for
L1 and L2 to form a B-sheet in the in surfo structure, the side
chains of Glu-28 and His-30 in L1 should flip by 180° to face
the interior of the B-barrel (Fig. 5 b). Within the timescale of
MD simulation, such motion was not observed. As the
conformation of Glu-28 and His-30 in the in surfo model is
strongly affected by the crystal environment (Fig. 5 b),
we conclude that the ordered S-sheet structure of L1 in
the in meso model, stabilized by hydrogen bonds with the

RMSD FIGURE 8 Convergence of the in
&) meso (blue) and in surfo (yellow) struc-
4 tures of OpcA simulated in a lipid bi-

I layer membrane. (a) The original x-ray
5 structures of both models. (») The struc-

] tures of both models obtained after equi-

6 libration in a lipid bilayer. (c) RMSD of
the protein backbone between any two

frames of the in surfo and in meso tra-

. - — jectories.
Sns 10ns In surfo
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neighboring strands of the 3-barrel, is likely to be close to the
structure of L1 in a lipid bilayer.

L3-L5 in both simulations have similar conformations
and secondary structures, partly because the residues missing
in the in meso structure were modeled according to the in
surfo structure. The conformation of L3 is the same in both
models. The short helix in L4 was not stable in the in meso
structure, as that loop was built using fragments of the in
surfo structures. For the same reason, L5 in the equilibrated
in meso structure has a shorter B-sheet than in the in surfo
structure.

Most probable conformation of OpcA in a
lipid bilayer

Our MD simulations of the in surfo and in meso x-ray
structures have revealed the influence of the crystal contacts
and the crystallization agents on the resolved conformations
of the protein. Although the global conformations of the
loops were observed to converge to a common structure in
the simulations carried out in a lipid bilayer (Fig. 8), the local
conformation of L1, L2, L4, and L5 in the in surfo and in
meso structures remained different. Using the MD trajecto-
ries of both structures in a lipid bilayer, we attempted to
reconstruct the conformation of OpcA in a lipid bilayer
membrane. The resulting consensus structure is shown in
Fig. 9. The atomic coordinates of the consensus structure are
provided in the Supplementary Material.

Like other OMPs (9,20), OpcA has a rigid 3-barrel. When
simulated in a lipid bilayer membrane, the RMSD of the
B-barrel residues from the crystal structure is only ~1 A,
which is in accordance with the small B-factor values mea-
sured experimentally (21,24). The resolved 3-barrel parts of
the in meso and in surfo structures have very similar confor-
mations. Due to our choice of the L1 structure (see below),

FIGURE 9 The consensus model of OpcA derived from MD simulations
of the in meso and in surfo structures. The upper portion of the protein that
projects above the membrane is shown in cartoon representation (orange).
Tyr-169 and the lipid bilayer are shown as atomic bonds and as van der
Waals spheres, respectively, colored according to the atom names.
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the B-barrel part of the consensus structure was modeled
according to the in meso structure. As the dynamics of the
periplasmic turns are very similar in both equilibrated crystal
structures, the structure of the turns was taken from the in
meso model as well.

L1 in the in surfo model extends away from the barrel and
forms a crystal contact with the L1 of an adjacent protein via
a zinc ion (Fig. 5 ). Our simulations of the in surfo model,
limited by the timescale of several tens of nanoseconds, did
not reveal a better conformation. However, L1 in the in meso
structure has an ordered B-sheet structure that is stable in a
lipid bilayer. Hence, for the consensus model, the structure
of L1 was taken from the equilibrated in meso structure.

The conformation of L2 in both x-ray structures is affected
by the crystal environment. During the equilibration in a
lipid bilayer, L2 of both structures were observed to drift
toward the edge of the (-barrel (Fig. 8 b). The a-helix
formed by Asp-69 to Gly-74 in the in meso structure, is also
present but is of lesser extent (Asp-69 to Lys-72) in the in
surfo structure. This helix was stable during the 22-ns
equilibration of the in meso structure, but not during the 16-ns
equilibration of the in surfo structure, most likely because, in
the latter, the stabilizing zinc ion was removed. During the
equilibration of the in meso structure, the helix in L2 was
stabilized, in addition to hydrogen bonds within the helix,
by two salt-bridges (Glu-70-Lys-75 and Glu-67-Lys-72)
formed by the charged residues of the helix (Glu-70 and Lys-
72) and the charged residues of the upper (Lys-75) and lower
(Glu-67) cords. An additional 15-ns simulation of this helix
alone in a water box confirmed the stability of the helix.
Therefore, for the consensus model, the conformation of L2
was taken from the equilibrated in meso structure.

Because not all residues of L3-L5 were resolved in the in
meso structure, in the consensus model, these loops were
built according to the equilibrated in surfo structure (Fig. 3
¢). Consequently, in our model, L3 is a short cord, L4 has
both a-helical (from Leu-172 to Leu-178) and B-sheet (from
Asp-181 to Lys-185) fragments, and L5 has a 8-sheet (from
Ser-221 to Ile-237) connected to the B-barrel by two short
cords. Note that the structures of L3-L5 in the consensus
model are different from those of the in meso model; in the
latter, residues missing from L3-L5 were rebuilt using the
fragment of the in surfo x-ray structure, but in the consensus
model, entire loops were built using the fragments of the
equilibrated in surfo structure.

Characterization of the consensus model

To test the structural stability of the new model, it was
embedded in a lipid bilayer membrane and equilibrated
for ~20 ns following the same protocols as in the case of the in
surfo and in meso structures. A movie illustrating the simu-
lated trajectory is available in the Supplementary Material.
During this simulation, the location of L1-L4 relative to
the B-barrel did not change, while L5 was observed to move
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sporadically between the edge and the center of the 3-barrel.
This motion is illustrated in Fig. 10. When L5 is located near
the barrel’s edge (snapshots at 7 and 16 ns), the loops form a
funnel wide enough for sialic acid and other saccharides to
enter. When LS is located above the barrel’s center (snapshot
at 12 ns), L3 bends toward L35, and the passage is closed.

The secondary structure of OpcA during a 9-ns fragment
of the MD trajectory is shown in Fig. 11 a. This fragment
covers the time interval from 7 to 16 ns shown in Fig. 10, in
which the sporadic back-and-forth motion of L5 was
observed. In the rest of the trajectory, the conformation of
L5 remains similar to the initial one (Fig. 9). The secondary
structure analysis program STRIDE (40) identified T1-T4
and the short loops L1 and L3 as turns. The secondary
structure plot demonstrates that the a-helices in L2 and L4
are stable, as indeed are the B-sheets in L4 and LS.

Although the loops in the consensus model maintain
stable secondary structures, they are still more mobile than
the B-barrel itself. The root mean-square fluctuation (RMSF)
(36) of the a-carbon atoms of the protein computed for the
same 9-ns segment of the simulation trajectory are shown in
Fig. 11 b. The RMSF plot peaks at L5, which is consistent
with the motion depicted in Fig. 10. In the starting con-
formation, L5 of the consensus model is weakly connected
to the other loops, while the same conformation of L5 in
the crystal is stabilized by crystal contacts with neighboring
copies of OpcA (Fig. 1). Therefore, despite the stable sec-
ondary structure, L5 is still very flexible and can move back
and forth between the edge and the center of the 3-barrel.
The simulated B-factor computed from the RMSF values are
compared with the crystallographic B-factors in the Supple-
mentary Material.

If the OpcA adhesin binds negatively charged moieties of
proteoglycans, as previously suggested (21,24), the distri-
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bution of the electrostatic potential, especially in the loop
region of OpcA, must have important implications for the
binding mechanism. By analyzing the MD trajectory re-
sulting from the simulation of the consensus model in a lipid
bilayer membrane, we determined the average distribution of
the electrostatic potential for the loop part of the protein in
the open conformation. These calculations were performed
using a 7-ns fragment of the trajectory in which the open
conformation was stable. The resulting electrostatic potential
is displayed in Fig. 12. The loops in the open conformation
form a funnel. The electrostatic potential at the surface of the
funnel is mostly positively biased. The surface of the funnel
includes Tyr-169 that was implicated in sialic acid-binding
changes in the fluorescence of the protein (Fig. 12 (22,24)).
The entrance to the funnel is decorated with positively
charged residues Lys-77 and Lys-80 (L2), Lys-127 (L3), and
Lys-229 (L5). The only negatively charged residue at the
entrance of the funnel is Asp-232 (L5). Hence, it is conceiv-
able that this particular distribution of the electrostatic po-
tential could facilitate the entrance of the negatively charged
moieties into the funnel and onto the binding site.

To characterize the permeability of OpcA to small solutes,
the osmotic permeability to water was computed for all three
models simulated in a lipid bilayer membrane. The method
used to compute the osmotic permeability is described
elsewhere (41); the details of the calculations are presented in
the Supplementary Material. The osmotic permeability to
water of OpcA was determined to be 1.4 X 107" em?® /s,
which is two orders-of-magnitude less than that of the
a-hemolysin channel (42), and five times less than that of
aquaporin (43). The permeability to water varied very little
with different loop conformations in all trajectories, as the
barrier to water permeation is located inside the 3-barrel (see
Supplementary Material for more details).

FIGURE 10 Snapshots of the consensus model
of OpcA simulated in a lipid bilayer membrane and
viewed from the extracellular space. The starting
conformation of this simulation is shown in Fig. 9.
The funnel formed by the loops can be either open
(7 and 16 ns) or closed (12 ns), mainly depending
on the conformation of LS. The protein structure is
shown in cartoon (fop) and molecular surface
(bottom) representations.
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FIGURE 11 Secondary structure and RMSF of the consensus model of

OpcA simulated in a lipid bilayer. (¢) The secondary structure of OpcA
during the 9-ns segment of the MD trajectory. The plot covers the time
interval from 7 to 16 ns referred to in Fig. 10. The y axis of the plot indicates
the OpcA residue by number, while the x axis shows the simulation time.
The following secondary structure elements are identified by color: 3-sheet
(yellow), cord (white), turn (cyan), and a-helix (pink). The secondary struc-
ture analysis was performed using STRIDE (40). (b) RMSF of the protein
a-carbon atoms during the ~9-ns of the simulation. Loops are labeled
L1-L5.

CONCLUSION

MD simulations of OpcA were carried out in a lipid bilayer
membrane and in a crystal lattice to reconcile the two x-ray
structures obtained using different protein crystallization
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methods (21,24). The simulations revealed that the x-ray
structures of OpcA incorporate conformations in the extra-
cellular loop region that arise due to crystal contacts (both
structures) and the protein crystallization agents (zinc ions,
in surfo structure only). When placed in a lipid bilayer
membrane, both structures were observed to evolve toward a
common conformation, although the loops did not converge
on the exact same structure likely due to the timescale
limitation of the MD method. The simulations clearly
demonstrated that, in the in meso structure, L2, which starts
out, swung out and away from the protein drifts toward the
center of the B-barrel when the crystal contacts are removed
(Fig. 7). In the case of the in surfo structure, removing the
crystal contacts leads to closure of the crevice between L1
and L2 (Fig. 3), which calls the proposed molecular
mechanism of proteoglycan binding (21) into question.

The structural transformations observed in our MD simu-
lations were used to construct a consensus model of OpcA
(Fig. 9) that, we believe, better represents the conformation
of OpcA in vivo than either x-ray structure. Having the
advantage of comparing structural dynamics of the two x-ray
models in a lipid bilayer membrane and in a crystal lattice,
we could choose for the new model structural parts least
affected by the crystal contacts. Subsequent MD simulations
proved that the model proposed is stable in a lipid bilayer
membrane. The conformation of the loops in the new model
reveals a pathway toward a binding site, presumably located
at the confluence of the loops and the barrel (22,24). Thus,
the loops form a funnel wide enough for sialic acid and other
saccharides to access the base of the loops and to pass Tyr-
169, whose fluorescence is affected by sialic acid binding
(22).

Our results do not rule out the possibility that further
rearrangements of the protein structure can occur upon
changing the external conditions, or binding a polysaccha-
ride ligand. Thus, as the motion of the OpcA loops is largely
driven by the electrostatic interactions of its charged res-
idues, it is possible that the loops will adopt a different
conformation at a higher salt concentration, which was also
suggested in Bond et al. (37). Another factor that was not

FIGURE 12 The distribution of the electrostatic poten-
tial in the loop region of the consensus model of OpcA. An
open conformation of OpcA is shown in cartoon (left) and
molecular surface (right) representations, colored accord-
ing to the values of the electrostatic potential. The distri-
bution of the electrostatic potential was obtained by
averaging instantaneous snapshots of the electrostatic
potential over a 7-ns MD trajectory. Tyr-169 is shown in
the atomic bond representation. The view is from the ex-
tracellular medium.
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considered in our study is the presence of lipopolysaccha-
rides in the outer leaflet of the bacterial membrane, which
could affect the conformational dynamics of the protein. Our
simulations of OpcA in the crystal lattices did not include the
crystallographically observed detergent/salt mixture, which
could be important to accurately reproduce structural
dynamics of a protein crystal having low protein density
(39). Nevertheless, this work clearly demonstrates that MD,
although limited by the nanosecond timescale, can be
successfully deployed to adopt x-ray structures of membrane
proteins affected by the ‘‘tyranny of the lattice’” to phys-
iological conditions.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
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