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Abstract The structures of three bacterial outer membrane
proteins (OmpA, OmpX and PagP) have been determined
by both X-ray diffraction and NMR. We have used multiple
(7 x 15 ns) MD simulations to compare the conformational
dynamics resulting from the X-ray versus the NMR struc-
tures, each protein being simulated in a lipid (DMPC)
bilayer. Conformational drift was assessed via calculation
of the root mean square deviation as a function of time. On
this basis the ‘quality’ of the starting structure seems
mainly to influence the simulation stability of the trans-
membrane f-barrel domain. Root mean square fluctuations
were used to compare simulation mobility as a function of
residue number. The resultant residue mobility profiles
were qualitatively similar for the corresponding X-ray and
NMR structure-based simulations. However, all three pro-
teins were generally more mobile in the NMR-based than in
the X-ray simulations. Principal components analysis was
used to identify the dominant motions within each simula-
tion. The first two eigenvectors (which account for >50% of
the protein motion) reveal that such motions are concen-
trated in the extracellular loops and, in the case of PagP, in
the N-terminal a-helix. Residue profiles of the magnitude of
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motions corresponding to the first two eigenvectors are
similar for the corresponding X-ray and NMR simulations,
but the directions of these motions correlate poorly reflect-
ing incomplete sampling on a ~10 ns timescale.

Keywords Membrane protein - Outer membrane -
Simulation - Molecular dynamics - Lipid bilayer

Introduction

Bacterial outer membrane proteins (OMPs) share a com-
mon basic architecture, with the transmembrane (TM)
domain formed by an anti-parallel f-barrel. OMPs consti-
tute about half of the mass of the bacterial outer membrane.
The structure of 26 OMPs have been solved by X-ray
diffraction (Buchanan 1999; Koebnik et al. 2000; Schulz
2000), of which three have also been determined by NMR
(Arora etal. 2001; Fernandez etal. 2001; Hwang et al.
2002). OMPs provide an excellent opportunity for using
molecular dynamics (MD) simulation studies to explore the
conformational dynamics of a family of structurally related
membrane proteins. This should allow us to define common
dynamic properties alongside functionally important differ-
ences between individual OMPs (Bond etal. 2002;
Domene et al. 2003). Thus, starting from an average struc-
ture (in time and space) as determined by protein crystal-
lography (PX) or NMR the dynamic behaviour of a single
protein molecule can be simulated in a membrane (Fig. 1)
(Baaden and Sansom 2004) or micellar (Bockmann and
Caflisch 2005; Bond and Sansom 2003) environment in
order to help explore the relationship between its structure
and biological function.

The majority of OMP structures have been determined
by PX. However, recent developments in NMR methods
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Fig. 1 Simulation setup for an OMP in a DMPC bilayer, illustrated for
OmpANMR_ The protein backbone is shown as a tube (cyan). The bilay-
er lipids are in blue, with the headgroup phosphorus atoms as small
purple spheres. Na* ions are shown as red spheres; C1~ ions as green
spheres; water molecules are omitted for clarity

(Arora et al. 2001; Arora and Tamm 2001) have enabled
the structure determination of three OMPs in detergent
micelle environments. These are: OmpA (Arora et al.
2001); OmpX (Fernandez et al. 2001) (which has been
refined with additional constraints derived from selective
protonation of Val, Leu and Ile residues; Fernandez et al.
2004); and the OM enzyme PagP (the structure of which
has been determined in two different detergents) (Hwang
et al. 2002). The structures of these proteins have also been
determined using PX (Ahn et al. 2004; Pautsch and Schulz
2000; Vogt and Schulz 1999).

In general structures solved by NMR are of lower accu-
racy and precision than high resolution PX structures
(Spronk et al. 2002), although it remains difficult to define
the ‘quality’ of an NMR structure (Snyder et al. 2005).
Also, the experimental difficulties inherent in studying
membrane proteins mean that NMR structures of the latter
are generally based on fewer restraints per residue than for
a water soluble protein of comparable size. A comparison
of the behaviour of NMR and PX structures of water solu-
ble proteins in MD simulations suggested that NMR-
derived structures on average exhibit a higher degree of
internal strain than PX structures (Fan and Mark 2003).
Given the increasing importance of NMR for structure
determination of membrane proteins, it is of interest to
explore the influence of the origin of the starting structure
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(NMR versus PX) on the conformational dynamics of
OMPs as seen in MD simulations in lipid bilayers. To this
end, we have performed multiple 15 ns MD simulations
starting from both PX and NMR structures of OmpA,
OmpX and PagP. The results of these studies enable us to
explore the extent to which the main features of MD simu-
lations are robust to changes in the ‘quality’ of the starting
model for the (membrane) protein.

Methods
Protein structures

Three OMPs for which both PX and NMR structures were
available were used as the basis of the simulations: OmpA,
OmpX and PagP (Table 1; Fig. 2). For OmpA the 2.5 A
resolution PX structure (1IBXW) (Pautsch and Schulz 1998)
was used as this had a complete coordinate set for the extra-
cellular loops. With respect to the NMR structures, we
manually selected one model from each ensemble, which
was judged to be most compatible with a lipid bilayer envi-
ronment. In particular, models were selected such that, e.g.
loops were not in orientations that would bring them in con-
tact with the hydrophobic core of the bilayer. For OmpX
two simulations were performed: one using an earlier struc-
ture (1IORM), and the other using a more recent structure
(1Q9F), which was derived from substantially more
restraints per residue (see Table 1). Residues missing from
the PX structure of PagP (i.e. residues 38—47 of loop L1)
were built using Modeller v4 (http://www.salilab.org/mod-
eller/) (Fiser et al. 2000; Sali and Blundell 1993).

The ionisation state of the sidechains in each structure
was based on pK, calculations, performed using the pro-
gram Whatlf (Vriend 1990) combined with locally written
code. The local code enabled us to take the complex envi-
ronment of the ionisable sidechains and the low dielectric
of the lipid bilayer slab into account in these calculations.
In the case of OmpA and OmpX, the calculations were per-
formed using the PX structures and the results were applied
to both the NMR and PX starting models. For PagP (as the
NMR structure was published first) the pK, calculations
were performed on the NMR structure and applied to the
PX structure.

Setup of simulation systems

Each protein was embedded in a pre-equilibrated DMPC
Bilayer (Fig. 1). To orient the protein relative to the hydro-
phobic core of the bilayer the tilt and translation of the
protein relative to a 30 A thick hydrophobic slab was opti-
mised, by minimisation of the membrane—protein interac-
tion energy as calculated using empirical hydrophobicities


http://www.salilab.org/modeller/
http://www.salilab.org/modeller/

Eur Biophys J (2008) 37:131-141

133

Table 1 OMP structures used in simulations

Molecule PDB? X-ray: resolution A) NMR: restraints per residue Reference

OmpAPX 1BXW 2.5 Pautsch and Schulz (1998)
OmpANMR 1G90::1 2.0 Arora et al. (2001)
OmpXX 1QJ8 1.9 Vogt and Schulz (1999)
OmpX\MR-LOW 1ORM::10 1.6 Fernandez et al. (2001)
OmeNMR 1Q9F::18 5.5 Fernandez et al. (2004)
PagP™X ITHQ 1.9 Ahn et al. (2004)
PagPNMR IMMS5::10 35 Hwang et al. (2002)

? For the NMR structures the PDB code is followed by the model number in the NMR ensemble, i.e. the entry in the table is PDB::model

Fig. 2 Comparison of starting structures used in the simulations (also
see Table 1) with the backbone shown as fubes coloured according to
secondary structure (yellow, f-strand; pink, a-helix; blue, turn). The
horizontal broken lines indicate the approximate location of the
bilayer/water interfaces when these structures are docked in a DMPC
bilayer

(Roseman 1988). Each protein was subsequently embedded
in a DMPC bilayer as described in (Faraldo-Gémez et al.
2002). After insertion of the protein, water and ions equiva-
lent to ~0.1 M NaCl were added by simple process of
superimposition. The system was energy minimised and
then underwent 0.5 ns of protein restrained dynamics to

allow lipid relaxation. This was followed by 15ns of
production MD.

Simulation protocols

The OmpA™R OmpX and PagP simulations were
performed using GROMACS v3.14 (Lindahl et al. 2001)
(see also www.gromacs.org); v2 was used for OmpAPX
(Bond and Sansom 2003). The GROMOS96 force field
(van Gunsteren et al. 1996) was used for all simulations.
Energy minimisations used up to 500 steps of steepest
descents. During protein restrained runs, harmonic position
restraints with force constants of 10 kJ mol ™! A~2 per atom
were applied to all non-hydrogen atoms. Electrostatic ener-
gies were calculated using particle mesh Ewald (Darden
etal. 1993) with a 10 A cut-off for the real space calcula-
tions. A cut-off of 10 A was also used for van der Waals
interactions. All the simulations were performed at constant
temperature, pressure and number of particles. The temper-
atures of the lipid, solvent (i.e. water and ions) and proteins
were coupled separately. The Berendsen temperature
coupling algorithm (Berendsen et al. 1984) was applied at
310 K, i.e. well above the main phase transition tempera-
ture of DMPC T),;=297 K, with coupling constant 7=
0.1 ps, and the system pressure was isotropically coupled
using a Berendsen barostat (Berendsen et al. 1981) at 1 bar
with coupling constant 7, = 1 ps. The timestep for integration
was 2 fs, and coordinates and velocities were saved every 5 ps.
The LINCS algorithm was used throughout to restrain bond
lengths (Hess et al. 1997). Trajectories have been deposited in
the BioSimGRID database (www.biosimgrid.org).

Secondary structure analysis used DSSP (Kabsch and
Sander 1983). VMD (Humphrey et al. 1996) and Rasmol
(Sayle and Milner-White 1995) were used for visualisation.
Convergence analysis (Bond and Sansom 2003; Faraldo-
Gomez et al. 2004) was carried out on the final 10 ns of
each simulation: average mean square fluctuation (MSF)
values were calculated for time windows of 0.1, 0.25, 0.5,
1, 2, 4 and 8 ns. In each case the MSF values are evaluated
separately for TM and non-TM residues. Principal component
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analysis of the covariance matrix of the positional fluctua-
tions of the Ca atoms was performed as described by (Amadei
et al. 1993; Garcia 1992). This matrix was generated from
the final 10 ns of each trajectory.

Results
Starting structures

Visual inspection of the starting structures (Fig. 2) reveals
differences between the PX and NMR structures, mainly in
the conformations of the extracellular loops (and of the
N-terminal o-helix in the case of PagP), but also in some
aspects of the local secondary structure of the TM barrels.
These differences reflect the different experimental condi-
tions and techniques used during structure determination. In
particular, they are likely to reflect differences in the envi-
ronment of the flexible loops experienced by the proteins in
detergent micelles (for the NMR experiments) and in crys-
tal lattices (for the X-ray studies) (see, e.g. Bond et al.
2006, for a simulation perspective of OmpA loop mobility
within a crystal). The starting structures may also be com-
pared by calculation of the root mean squared deviations
(RMSDs) of the equivalent Co atoms in the PX and NMR
structures (Table 2). It can be seen that in each case the
RMSDs are significantly higher for the residues outside the
TM region (i.e. the loops and turns) than for the fS-barrel
residues within the TM region. Comparing the TM residue
RMSDs between structures, they are higher for OmpA (a
lower resolution PX structure), and for the comparison of
OmpX"MR-LOW (which has a small number of restraints per
residue) with OmpX*X. More generally, if the structures are
ordered according to a common ‘quality’/resolution scale,
one obtains starting from the highest quality structure:
OmpX** ~ PagP™ > OmpAP* > OmpX™"™R > pagp"MR >

Table 3 Summary of simulations

ANMR XNMR—LOW

Omp > Omp . The higher quality structures
have a lower RMSD between their TM residues (OmpX
and PagP), whereas the lower quality structures yield a higher
RMSD for those residues (OmpA and OmpX MR-LOW)
However, this does not remain true for the non-TM resi-
dues where no direct correlation with the quality of the
starting structure can be seen.

Each structure was energy minimised prior to the simu-
lations. Comparing the potential energies (per residue) of
the resultant minimised structures (Table 3) does not reveal
any correlation between the origin of the structure (PX ver-
sus NMR) and the potential energy of the protein following
minimisation. Note that the potential energies per residue
cited are therefore after minimisation to a local energy min-
imum nearest to the published structure. Thus, the analysis
demonstrated the absence of a simple correlation between
the experimental method used and the corresponding force-
field energy for the (locally) minimised structure. It is inter-
esting to note that NMR structures can be of slightly lower
energy, even though they are derived from relatively few
restraints per residue.

Table 2 RMSDs between NMR and PX structures

Molecule RMSD? (A)
All ™ Non-TM
residues residues residues
OmpA 7.4 3.7 10.0
OmpX MR-LOW 5.1 3.5 6.2
OmpX 32 1.9 4.5
PagP 12.0 1.6 14.8°

* Co RMSD between NMR starting structure used in simulation and
PX starting structure, fitted onto the PX structure

® Contains the L1 loop, nine missing residues of which were built via
homology modelling

Simulation Potential energy Potential energy Final® Ca RMSD for Final®

of protein® per residue® TM residues (A) Co RMSD for

(kJ mol™1) (kJ mol™1) non-TM residues (A)
OmpAFPX —-0.52 x 10* —30.4 1.34 4+ 0.04 3.57+£0.25
OmpANMR —1.36 x 10* -79.5 3.08 & 0.86 8.00 &+ 0.44
OmpX*X —1.28 x 10* —86.5 0.87 +0.53 4.40 £ 0.26
OmpXNMR-LOW —0.51 x 10* —34.5 2.90 + 0.07 438 +0.18
OmpX MR —0.94 x 10* —64.0 2.00 4 0.80 4.90 +0.25
PagP™X —-1.02 x 10* —62.6 1.21 + 0.07 424 £0.24
PagPNMR —0.83 x 10* —-51.0 1.32 £0.05 7.51 £ 0.27

Each simulation was of 15 ns duration. The number of lipid (DMPC) molecules varied between 105 and 113 molecules. The number of waters
ranged from ~4,800 to ~5,600, and the total numbers of atoms from ~21,000 to ~24,000

4 Calculated for the local minimum closest to the experimental starting structure after 100 steps of energy minimisation of the protein

® Calculated for the last 5 ns of each simulation
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Structural drift

The overall drift of a membrane protein structure from its
initial conformation during a simulation provides a crude
measure of the ‘stability’ of a structure in its membrane
environment. Structural drifts for each simulation can be
quantified by calculating the RMSD with respect to time of
the Ca atoms from the starting structure. For this purpose
we divided the structure into TM, and non-TM regions
(Fig. 3; Table 3).

For each simulation the RMSDs are, as expected, lower
for the TM region than for the non-TM region. Comparing
the two OmpA simulations, the RMSDs are significantly
higher when starting from the NMR structure, both for the
TM (i.e. -barrel) and non-TM (i.e. loop and turn) regions.
In both OmpA simulations the main initial rise in RMSD is
complete after ~9 ns.

For the OmpX simulations, as the ‘quality’ of the struc-
ture decreases the RMSD of the TM region increases, i.e.
OmpXMRLOW 5 OmpX MR 5 OmpXPX. For the non-TM

regions the equivalent RMSDs are all in the range 4-5 A.
Thus it would appear that the ‘quality’ of the structure
mainly influences the simulation stability of the TM f-barrel.
In both OmpX"* and OmpX™R simulations, the initially
rising RMSD reaches a plateau at ~2 ns. However for the
OmpX"MRLOW cimulation (data not shown), the TM region
RMSD levels off but the non-TM RMSD continues to drift.

For all of the simulations, Procheck (Laskowski et al.
1993) was used to assess the stereochemical quality of the
protein structure before and after the simulation. For the PX
structure-based simulations, there was some drift of -barrel
residues from the most favoured region to the additionally
allowed regions. For the simulations based on NMR struc-
tures, the corresponding drift was less, possibly as a result
of a poorer stereochemical quality of the starting structures.
This may help to explain the higher TM region RMSD for
the NMR-based simulations, as it has been shown that there
is a correlation between backbone stereochemical quality
and final RMSD in membrane protein simulations (Law
et al. 2005).

Fig. 3 Root mean square A 10 B 10 -
deviation (RMSD) of the Co OmpAP* OmpANMR —— J
atoms versus time for the 8 8 AP
a OmpA™X; b OmpANMR; 2 4
PX NMR = non transmembrane,
; 6
C Om[;)))g d Omp)lgMR g 8 = ¢
e PagP™" and f PagP simula- & =
. P o
tions. In each case the structures 4 non transmembrane LE"’ 4
from the simulation were fitted | 74
to the initial structure relative to 2 g e 2 transmembrane
which the RMSD was evaluated. - i lransmemuane
The black and grey lines give the 7 il i Rk it el 0
RMSDs for the transmembrane 0 5 10 15 0 5 10 15
and non-transmembrane Time (ns) Time (ns)
residues, respectively
C 10 D 10
OmpXFP* OmpXhMR
8 8
= non transmembrane
g 6 non transmembrane % 6 "
8 v g
2 4 2 4
o« transmembrane
21 2 M«m
transmembrane
st i "
0 0
0 5 10 15 0 5 10 15
Time (ns) Time (ns)
E 10 F 10
pagpp}t Wi PagP”MR
8 8 TTYW™
= 6 Z s non transmembrane
3 non transmembrane 8
= T =
& 4 . WA g 4
J 2 transmembrane
2 _ ransmembrane it .
vy - G
0 0
0 5 10 15 0 5 10 15
Time (ns) Time (ns)
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For all three proteins, the non-TM RMSDs are high,
even for the PX structures. Such elevated RMSDs may refl-
ect the release of restraints formed by crystal contacts. For
example, the large extracellular ‘flag’ of OmpX** forms a
major crystal contact between the L3 loops of adjacent
monomers, and in PagP"™® the L4 loop is stabilised by a
contact to turn T2. When comparing simulations of globu-
lar proteins starting from both NMR and PX structures (Fan
and Mark 2003) it was noted that for those PX structures
that gave a core backbone RMSD >3 A this was mainly due
to the release of crystal packing forces.

Co RMSD matrices were calculated to enable a pairwise
comparison of each structure within a PX trajectory with
each structure within the corresponding NMR trajectory.
Such analysis (data not shown) did not provide any support
for convergence of the PX and NMR structures over the
course of the simulations. This may reflect the incomplete
sampling of membrane protein conformational dynamics
on a ~10ns timescale (Faraldo-Gémez et al. 2004). To
check this, the RMSD of structures along each NMR simu-
lation was calculated against the final structure from the
corresponding PX simulation. Again, these results did not
suggest convergence of the NMR and PX simulations.

Convergence analysis

A more quantitative comparison of relative protein mobility
in the different simulations, and for the TM versus non-TM
regions of each protein, was carried out by means of block
analysis of the MSFs of Co atoms about the structure at the
beginning of the time frame to be analysed. For the last
10 ns of each simulation, MSF averages were calculated for
time windows of 0.1, 0.25, 0.5, 1.0, 2.0, 4.0 and 8.0 ns for
both the TM and non-TM regions of the protein and plotted
on log-log scales (Fig. 4).

From the non-zero slopes of the lines we conclude that
the MSFs have not converged in any of the simulations.
This is a general property of the current timescales (tens of
nanoseconds) accessible by MD simulations of membrane
protein systems (Faraldo-Gémez et al. 2004). However,
these graphs reveal that trends in relative magnitudes of
MSFs are preserved over the analysis time windows, sug-
gesting that extrapolation to longer timescales associated
with biological function is not unreasonable. Hence our
estimates of the relative magnitudes of fluctuations of, e.g.
TM and non-TM regions are probably correct, even if the
absolute values are underestimated due to failure to fully
capture longer timescale motions. In all cases, at ~10 ns
the non-TM regions show on average ~4x higher confor-
mational fluctuations (in terms of Coe MSF) than do the TM
regions.

Comparing the MSFs between PX and NMR structure
simulations reveals a more complex pattern. For the OmpA
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OmpX

MSF (A2)
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PagP
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Fig. 4 Block analysis of mean square fluctuations (MSFs) calculated
for Ca atoms for the a OmpA, b OmpX and ¢ PagP simulations. The
grey lines show the MSFs for TM structure elements, the black lines
the MSFs for non-TM structure elements. The solid lines represent the
PX structures and the broken lines the NMR structures. MSFs are also
averaged over all windows of the same length; error bars represent
standard deviations about the window-average

TM regions the PX and NMR simulation MSFs are approx-
imately equal. However, for the OmpX and PagP simula-
tions it can be seen that the MSFs are consistently greater
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for NMR simulations than for the PX simulations. Focusing
on the non-TM regions, OmpA has a higher MSF for the
PX than NMR simulation whereas for OmpX and PagP the
reverse is true. This may reflect the more poorly defined
conformations of the extracellular loops in the OmpA PX
structure, as has been suggested previously (Faraldo-
Gomez et al. 2004). Indeed, coordinates were missing for
several loop residues from the higher resolution structure of
OmpA (1QJP; Pautsch and Schulz 2000).

Fluctuations versus residue

To further characterise the pattern of flexibility versus
rigidity within the proteins, and to compare the PX versus
NMR simulations, we have measured the Co root mean
square fluctuation (RMSF) as a function of residue number
for each simulation (Fig. 5). Comparing NMR- and PX-
based simulations, it is evident that all three proteins are
generally more mobile in the NMR-based simulations than
in the PX simulations. Comparing the OmpX NMR simula-
tions it can also be seen that as the quality of the structure
(i.e. number of restraints per residue) improves the flexibil-
ity of the protein in the membrane decreases (data not
shown). The only exceptions to this are loop L1 of OmpA
and loop L3 of OmpX (part of the loop L2 and L3 ‘flag’—
see below), where the PX-based simulations yield higher
mobilities. The third periplasmic turn (ca. residue 119) of
OmpX also shows an elevated mobility in the NMR-based
simulation (possibly resulting from correlations between
the motions of turn 3 and the L2/L3 flag). In the case of
PagP there are considerable differences between the PX and
NMR simulations as far as the RMSF profiles are con-
cerned. In both simulations, the RMSF is high for the N-ter-
minal a-helix, but particularly so in the case of the PagP"MR
simulation. This difference may reflect the initial orienta-
tion of the a-helix. (In the PX structure this is close to the
preferred location, i.e. at the membrane/water interface,
whereas in the NMR structure used in the simulation the
initial orientation is directed away from the membrane.)
Furthermore, for loops L.3 and L4 the fluctuations are con-
siderably greater for PagP"™R than for PagP?*. This may
reflect the rather more ‘closed’ nature of the loops in the PX
structure. Interestingly, closure of the loops may play an
important role in forming the active site of PagP (K. Cox
and M. S. P. Sansom, ms. in preparation).

Secondary structure

For each simulation the secondary structure versus time has
been examined (results not shown) and used to calculate the
predominant secondary structure (i.e. the secondary struc-
ture elements present for at least 75% of each simulation;
Fig. 6). For OmpA the secondary structure elements did not

OmpA

RMSD (A)
w

0 50 100 150
Residue

OmpX

RMSD (A)

0 50 100 150
Residue

RMSD (A)

50 100 150
Residue

Fig. 5 Co atom root mean square fluctuations (RMSFs) versus residue
number. RMSFs were calculated from the final 10 ns of each simula-
tion: a OmpA; b OmpX and ¢ PagP. The grey lines correspond to
simulations based on the NMR structures; the black lines to simula-
tions based on the PX structures

fluctuate significantly with respect to time. From the pre-
dominant secondary structure analysis it is clear that the
only major differences are at the ends of the f-strands.
Thus, on average the length of strands of OmpANMR s
shorter for 3, p4 and 6 than in OmpAFX. For OmpX, a
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A OmpAPX
0 20 40 60 80 100 120 140 160
B OmpANMR

(NN NI i
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C OmpxFx
s T D o Y I R
0 20 40 60 80 100 120 140
D OmpXNMR

BN NN

0 20 40 60 80 100 120 140

E PagP™
1] 20 40 60 80 100 120 140 160
F PagpPhM®

0 20 40 60 80 100 120 140 160
residue

Fig. 6 Dominant secondary structure (i.e. secondary structure, as
determined using DSSP, maintained for >75% of the simulation,
calculated over the whole duration of each 15 ns simulation) for:
a OmpA™*; b OmpA™E; ¢ OmpX™X; d OmpX™R, e PagP™ and
f PagPNMR. Red, f-sheet; grey, coil; green, bend; yellow, turn; and
blue, o-helix

similar pattern is seen, with shorter strands for, e.g. 53, 4,
B5 and p6 in the OmpX MR simulation. For PagP the
difference between the two simulations is less pronounced.
Interestingly, given the difference in loop mobility noted
above, the secondary structure of L4 is less defined in the
PagP™R than in the PagP"* simulation.

Principal components analysis
Principal components analysis has been employed to iden-

tify the dominant motions in each simulation. The eigen-
value profiles for the seven simulations (Table 4) reveal that

Table 4 Percentage of motions represented by the eigenvectors

Simulation Percentage motion of eigenvector
Eigenvectors Eigenvectors Eigenvectors
1 and 2 1-5 1-10
OmpAPX 55 71 80
OmpANMR 55 75 83
OmpXPX 37 54 66
OmpXNMR-LOW 5 66 76
OmpX MR 52 69 78
PagP™X 50 61 72
Pagp™R 65 78 85

@ Springer

in all cases except one the first two eigenvectors captured
>50% of the motion sampled during the simulation. How-
ever, when the subspace overlap of the eigenvectors was
calculated for the covariance matrices from corresponding
PX and NMR simulations (data not shown), for all the pair-
wise covariance matrix comparisons a low dot product was
observed, indicating that the essential motions of the two
systems were different. This is presumed to reflect the rela-
tive lack of convergence of the simulations (see above).

We have compared visually the nature of the first two
principal motions (eigenvectors) for each structure and sim-
ulation (Fig. 7). For both OmpA and OmpX these motions
are concentrated in the extracellular loops. The first two
principal components for both OmpA simulations show the
presence of a concerted motion between loops L1, L2 and
L3. From analysis of the displacement of the Co carbons of
the OmpA simulations along the first three eigenvectors, it
can be seen that the amplitude of the fluctuations is similar
(data not shown).

For OmpX, the principal motions are also concentrated
in the loops, and especially in the L2/L3 flag. However,
there are significant differences between the PX- and NMR-
based simulations, as can be seen from Fig. 7. In particular,
for eigenvectors 1 and 3 of OmpX"* the loop motion domi-
nates, but for eigenvector 2 there is a correlated motion
between the flag loops (L2 and L3) and the first S-hairpin
(i.e. p1-L1-p2). These fluctuations are amplified in the
OmpX"MR gimulations.

For the PagP simulations, comparison of the principal
motions revealed a more complex behaviour. For example,
a concerted motion can be detected between the N-terminal
a-helix and the L1 extracellular loop in the PagP™R simu-
lation, whereas the same motion is virtually absent from the
PagP?X simulation. These differences in sampled motions
presumably reflect the rather different orientations of the o-
helix in the PX and NMR structures.

In general, there appears to be a correlation in the rela-
tive magnitude of the principal motions between the corre-
sponding PX and NMR based simulations. However, a
more detailed residue-by-residue comparison of the angles
between the displacements corresponding to the first eigen-
vectors (data not shown) revealed somewhat imperfect cor-
relations, suggesting that the two simulations have sampled
different regions of subspace. Again, this probably results
from incomplete sampling during 15 ns simulations.

Pores

A number of measurements of ionic currents using OmpA
and OmpX reconstituted into planar lipid bilayers have sug-
gested that these proteins are capable of forming ion perme-
able pores (Dupont et al. 2004). (There have not been any
suggestions of pore formation by PagP.) Previous simulation
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Fig. 7 Superimposed Cu traces
corresponding to projections
along the first (EV1) or second
(EV2) eigenvector from each
simulation. Twenty Co trace
structures are superimposed and
coloured from red to blue

OmpA

OmpX

NMR

EV2

studies of OmpA, in both lipid bilayer and detergent
micelle environments (Bond et al. 2002; Bond and San-
som 2003) suggest that small changes in the packing of
sidechains within the f-barrel core could result in open-
ing of a transbilayer pore. We therefore examined
whether OmpX showed any evidence of pore formation.
None of the simulations of OmpX revealed any pore
activity. For the OmpXFX simulation analysis of the tra-
jectories of selected water molecules present within the
TM barrel revealed three possible constrictions prevent-
ing the complete penetration of water. Interestingly, one
of these constrictions (Fig. 8) is formed by two amino
acids, F90 and S130, which were found to have two
alternative conformations in the crystal structure. This
suggested that fluctuations in sidechain conformation
might be capable of ‘gating’ an OmpX pore. However,
no such pore opening event was observed in the current
OmpX simulations. We analysed the water occupancy in
the OmpX pore over the last 5 ns of the simulation. The
ten most solvent exposed pore-lining residues are E128,
T4, T66, S42, D124, R29, Q114, T44, K27 and Y62,
listed in decreasing order. Thus, there are at least some
polar residues with potential for pore-lining seen within
the simulations. However, our results suggest that longer
simulations might be needed to fully address biologi-
cally relevant questions of pore formation by OmpX.

Fig. 8 Snapshot from the OmpX"X simulation, showing the inner
surface of the OmpX ‘pore’ as calculated using HOLE (Smart et al.
1993, 1996). It can be seen that the ‘pore’ is constricted (red surface)
in several places as indicated by the horizontal arrows
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Discussion

These studies suggest that there are differences in the con-
formational dynamics between OMP simulations based on
PX versus on NMR structures. At present it is difficult to
dissect out those differences which are a consequence of the
various environments (crystal versus detergent micelle) used
in the structure determinations (Bond and Sansom 2003),
those differences which arise from the variable quality of the
starting structures, and thus differences due to incomplete
sampling on a ~10 ns timescale. However, common pat-
terns between NMR and PX structure simulations do
emerge, providing a strong indication of those simulation
features that are robust to changes in starting structure.

It is important to recognise that simulations based on
NMR structures of OMPs do yield meaningful data, espe-
cially in the context of the emergence of further membrane
protein structures based on NMR techniques upon which
simulation studies may be based. Whilst we note that a
recent simulation study of water soluble proteins has sug-
gested that a significant number of NMR structures may be
less stable than their crystallographic counterparts (Fan and
Mark 2003), for the OMPs any such differences in stability
of the TM regions (i.e. -barrels) are relatively low. It is
also important to note that NMR methods for membrane
protein structure are advancing (Arora and Tamm 2001;
Fernandez and Wiithrich 2003) and as higher quality NMR
structures become available (Fernandez et al. 2004) the
reliability of subsequent simulations also improves. How-
ever, the number of restraints per residue is still low for
membrane protein structures compared to their water solu-
ble counterparts. For example, even the ‘best” NMR struc-
ture of an OMP (OmpX and 1Q9F) has only ~6 restraints
per residue. In contrast, for many water soluble proteins
NMR structures with >20 restraints per residue (compara-
ble to a 2.0-2.5 A resolution PX structure) are available.

In terms of mobility, the overall patterns observed are
similar to those seen in previous simulations (Baaden et al.
2003; Baaden and Sansom 2004; Bond and Sansom 2003;
Faraldo-Gomez etal. 2003; Tieleman and Berendsen
1998), i.e. extracellular loop residues are more mobile than
TM p-barrel residues. In general the mobility is a little
higher for NMR than for PX structures. Of course, one
must remember that the current simulations are in a DMPC
membrane, i.e. under in vitro conditions. In vivo the outer
leaflet of the OM is composed of lipopolysaccharide, the
conformational dynamics of which (Lins and Straatsma
2001; Shroll and Straatsma 2002, 2003) are likely to modu-
late the behaviour of the protein.

To this extent, we can see that PX and NMR structures
yield similar information on OMP flexibility. However, at
the level of more detailed analysis of the conformational
spaces occupied by the principal motions, there is limited
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overlap between the two classes of simulation. This sug-
gests an upper bound on the level of interpretation of simu-
lations of OMPs of duration 10-20 ns. To address more
generic aspects of pore function and of protein-lipid inter-
actions for these systems, one probably needs to extend the
simulations by an order of magnitude.

These simulations have probed some similarities and
some differences of the conformational dynamics based on
NMR versus PX structures of OMPs. A number of other
simulations have explored the conformational dynamics of
OMPs in bilayer, detergent micelle (Bockmann and
Caflisch 2005; Bond et al. 2004; Bond and Sansom 2003)
and crystal (P. J. Bond and M. S. P. Sansom, ms. in prepa-
ration) environments. There remains a need to extend such
studies to a wider range of membrane proteins in order to
more fully understand the influence of both environment
and structure quality on the dynamics of membrane pro-
teins, and in order to relate differences in conformation and
dynamics (e.g. in PagP; Hwang et al. 2004) to membrane
protein function. In particular, the structures of a number of
simpler o-helical membrane proteins have now been deter-
mined by NMR, including the glycophorin A TM helix
dimer (MacKenzie et al. 1997), Mistic (Roosild et al. 2005)
and MerF (Howell et al. 2005). Thus an understanding of
the influence of the quality of a-helical membrane protein
structures in simulations should also soon be possible.
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