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ABSTRACT: The solid-state NMR orientation-dependent frequencies measured for membrane proteins in
macroscopically oriented lipid bilayers provide precise orientation restraints for structure determination
in membranes. Here we show that this information can also be used to supplement crystallographic structural
data to establish the orientation of a membrane protein in the membrane. This is achieved by incorporating
a few orientation restraints, measured for the Escherichia coli outer membrane protein OmpX in
magnetically oriented lipid bilayers (bicelles), in a simulated annealing calculation with the coordinates
of the OmpX crystal structure. The 1H-15N dipolar couplings measured for the seven Phe residues of
OmpX in oriented bilayers can be assigned by back-calculation of the NMR spectrum from the crystal
structure and are sufficient to establish the three-dimensional orientation of the protein in the membrane,
while the 15N chemical shifts provide a measure of cross-validation for the analysis. In C14 lipid bilayers,
OmpX adopts a transmembrane orientation with a 7° tilt of its �-barrel axis relative to the membrane
normal, matching the hydrophobic thickness of the barrel with that of the membrane.

The spatial orientation adopted by membrane proteins in
cellular membranes is an intrinsic component of their
biological function. Such directional information is lost in
both the crystalline and micellar samples of membrane
proteins used for structure determination by X-ray diffraction
and solution NMR spectroscopy; however, it is retained in
samples where the proteins are embedded in lipid bilayer
membranes, such as those suitable for solid-state NMR
spectroscopy.

Solid-state NMR experiments with lipid bilayer samples
that are macroscopically oriented in the magnetic field can
provide very precise orientation restraints for structure
determination and refinement in environments that closely
resemble cellular membranes, and since the direction of
alignment is fixed by the sample geometry, they also provide
the three-dimensional orientation of the protein in the
membrane (1, 2). This information can also be used to
supplement solution NMR structural data obtained from
micelle samples, either to resolve the relative orientations
of protein domains (3) or to establish a protein’s transmem-
brane orientation (4), provided that similar structural features
are present in the two types of samples. The potential also
exists for combining solid-state NMR with crystallographic
data. In this paper, we show how this can be achieved by
incorporating a few solid-state NMR orientation restraints,
measured for the Escherichia coli outer membrane protein
OmpX in macroscopically oriented lipid bilayers, in a rigid

body simulated annealing calculation with the coordinates
of the OmpX 1.9 Å crystal structure (5). The 1H-15N dipolar
couplings and 15N chemical shifts measured for the seven
Phe residues of OmpX in magnetically oriented lipid bilayers
can be assigned by back-calculation of the NMR spectrum
from the crystal structure and are sufficient to establish the
spatial orientation of the protein in the membrane.

E. coli OmpX and its homologues in the human pathogens
Yersinia, Enterobacter, Klebisiella, and Salmonella constitute
a family of outer membrane virulence factors that regulate
the ability of pathogenic Gram-negative bacteria to resist the
host defense system (6). The structure of OmpX has been
determined by both X-ray crystallography (5) and solution
NMR in detergent micelles (7). It forms an eight-stranded
transmembrane �-barrel and a protruding extracellular four-
stranded �-sheet that is thought to mediate host cell adhesion
and invasion during pathogenesis (5). The interactions
between membrane proteins and lipids are very important
factors influencing the folding, structure, stability, and
biological function, of both R-helical and �-barrel membrane
proteins (8–11). Structural studies of �-barrel outer mem-
brane proteins via molecular dynamics simulations (12),
infrared spectroscopy (13), and NMR (14–16) indicate that
they can adopt tilted transmembrane orientations dictated by
the protein structure and the hydrophobic thickness of the
lipid bilayer, as observed for helical membrane proteins
(17–20). For example, the �-barrel of the E. coli outer
membrane protein PagP was found to be tilted by 25° relative
to the hydrocarbon chain of its bound detergent, which was
proposed to define the membrane normal orientation (21).
This 25° tilt is consistent with solution NMR oxygen-water
contrast data from PagP in micelles (22) and accommodates
the surface distribution of hydrophobic residues and a
periplasmic N-terminal amphipathic helix that rests on the
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membrane surface at the lipid-water interface. On the other
hand, the transmembrane �-barrel domain of the E. coli outer
membrane protein OmpA has been suggested to adopt a
much smaller tilt (<5°) from the membrane normal, on the
basis of one-dimensional 15N solid-state NMR (15).

Recently, we described the preparation of highly oriented
samples of OmpX in both macroscopically oriented glass-
supported phospholipid bilayers and magnetically oriented
phospholipid bilayers, also known as bicelles (16). The
observations of several resolved peaks in the solid-state NMR
spectra of these samples, and of a strongly hydrogen bonded
protein domain that resists exchange with D2O for days,
demonstrated that the OmpX �-barrel is folded in both types
of oriented membranes. Furthermore, the observation of
single-line spectra for bicelles oriented parallel or perpen-
dicular to the magnetic field demonstrated that the protein
undergoes rapid (<10 µs) rotational diffusion around the
membrane normal. In that study, the one- and two-
dimensional NMR spectra indicated only a slight tilt of the
OmpX �-barrel from the membrane normal. However, the
barrel tilt could be estimated only qualitatively, by visually
comparing the experimental spectra with those back-
calculated from the tilted coordinates of the OmpX crystal
structure, and experimental determination of the barrel
orientation was precluded by the absence of resonance
assignments to specific amino acids. The NMR spectra from
selectively labeled OmpX, presented in this paper, enable
resonance assignments to be made and allow the transmem-
brane orientation of OmpX to be experimentally determined.
We show that OmpX traverses the membrane with a 7.3°
((1.6°) tilt, matching the hydrophobic thickness of the
�-barrel with that of the lipid bilayer.

MATERIALS AND METHODS

Sample Preparation. Protein purification from E. coli and
NMR sample preparation were as described previously (16).
[15N]Phe-labeled OmpX was obtained by growing bacterial
cells in minimal medium, supplemented with individual
amino acids where only Phe was labeled with 15N. The
bicelle samples contained 8 mg of OmpX, 46.5 mg of 14-
O-PC1 (1,2-O-ditetradecyl-sn-glycero-3-phosphocholine), and
9.5 mg of 6-O-PC (1,2-O-dihexyl-sn-glycero-3-phosphocho-
line) in 200 µL of 1 mM Tris buffer at pH 8, and the molar
ratio of long to short chain lipids was 3.2/1. Parallel bicelles,
with the membrane normal parallel to the magnetic field,
were obtained by adding 3 mM YbCl3 to the sample.

NMR Spectroscopy. Solution NMR experiments were
performed at 40 °C, on a Bruker AVANCE 600 spectrometer
equipped with a 600/54 Magnex magnet, using a cryoprobe.
The standard fast HSQC (heteronuclear single-quantum
correlation) experiment was used for isotropic samples with
1024 points in t2 and 256 points in t1 (23). Solid-state NMR
experiments were performed at 43 °C, on a Bruker AVANCE
500 spectrometer equipped with a 500/89 AS Magnex
magnet, using a double-resonance 1H/15N probe with a 5 mm
inner diameter cylindrical coil built at the University of

California at San Diego NIH Resource for Molecular Imaging
of Proteins. The complete orientation of the bicelle samples
was obtained after equilibration in the magnetic field at 43
°C for 1 h. One-dimensional 15N chemical shift spectra were
obtained using single-contact CPMOIST (24). Two-dimen-
sional 1H-15N SLF (separated local field) spectra were
obtained using the SAMPI-4 experiment (25), with 1024
points in t2 and 2800 transients for each of 27 t1 increments,
1H irradiation field strengths of 50-55 kHz, a cross-
polarization time of 1 ms, a recycle delay of 8 s, acquisition
times of 5 or 10 ms, and SPINAL-16 heteronuclear decou-
pling during acquisition (26, 27). Other parameters were as
described previously (25). The chemical shifts were refer-
enced to the 1H2O resonance set to its expected position of
4.5 ppm at 43 °C (28). The NMR data were processed using
NMRPipe (29), and the spectra were analyzed using Sparky
(30).

Data Analysis. All calculations were performed with the
XPLOR-NIH molecular structure determination package
(31). Molecular structures were analyzed and visualized with
the Pymol molecular analysis program (32).

The coordinates of the 1.90 Å OmpX crystal structure (5)
were obtained from the Protein Data Bank (PDB) (entry
1QJ8). Missing hydrogens were added using XPLOR-NIH,
and the structure was subjected to 100 cycles of Cartesian
coordinate Powell minimization using a simple repulsive
potential with a weak van der Waals repulsion term (kVDW

) 2.0 kcal mol-1 Å-4), the van der Waals radii scaled to
0.75 times their CHARMM values in XPLOR-NIH (krad )
0.75), and no interactions between bonded atoms and atoms
separated by two bonds. The resulting coordinates have an
average backbone pairwise rmsd of 0.10 Å, and an average
non-hydrogen atom pairwise rmsd of 0.17 Å, from the
coordinates of the original PDB entry.

Simulated annealing calculations were performed with
internal coordinates dynamics (33). Dipolar coupling re-
straints (in kilohertz) were implemented with the SANI
potential (34) ramping the force constant (kSANI) from 0.001
to 1.0 kcal kHz-2, set to yield a target error of (0.5 kHz
between the calculated and experimental dipolar couplings.
The comparison sets of chemical shift anisotropies (in parts
per million) were implemented with the DCSA potential (35)
by fixing the force constant (kCSA) to 0.0 kcal ppm-2.

The initial rigid body simulated annealing calculations for
the six test assignments of F90, F107, and F148 were
performed as described previously (36), by grouping all
backbone and side chain atoms of OmpX as a rigid body. In
the final semi-rigid body simulated annealing step, 20
structures were calculated for the lowest-rmsd resonance
assignment of the SLF spectrum (Figure S2). The backbone
N, O, C, and CA atoms were grouped as a rigid body leaving
the HN, HA, and side chain atoms free, and preferred side
chain conformations were selected using the torsion angle
database Rama potential (37). The temperature was decreased
from 300 to 20 K in steps of 10 K, with 8 ps of internal
dynamics at each temperature. The force constants were
ramped as follows: kRAMA from 0.02 to 0.2, kVDW from 0.002
to 4.0 kcal mol-1 Å-4, krad from 0.4 to 0.8, kang from 0.4 to
1.0 kcal mol-1 deg-2, and kimp from 0.1 to 1.0 kcal mol-1

deg-2.
The magnitude (Da) and rhombicity (R) of the NH dipolar

coupling alignment tensor used in the calculations are defined

1 Abbreviations: HSQC, heteronuclear single quantum correlation;
SLF, separated local field; 6-O-PC, 1,2-O-dihexyl-sn-glycero-3-phos-
phocholine; 14-O-PC, 1,2-O-ditetradecyl-sn-glycero-3-phosphocholine;
DHPC, 1,2-dihexyl-sn-glycero-3-phosphocholine; rmsd, root-mean-
square deviation.

6532 Biochemistry, Vol. 47, No. 25, 2008 Mahalakshmi and Marassi



as Da ) 1/2(Dmax)(Szz) and R ) 2/3(Sxx - Syy)/Szz, respectively,
where Sxx, Syy, and Szz are the principal traceless components
of the order tensor and Dmax is the maximum value of the
dipolar coupling, which is 21.035 kHz for an N-H bond
length of 1.05 Å (34, 38, 39). For planar phospholipid
bilayers macroscopically oriented with the membrane normal
parallel to the magnetic field, the order tensor is axially
symmetric and its principal axis coincides with the membrane
normal so that Szz ) 1, Sxx ) Syy, R ) 0, and Da(bilayer) )
1/2(Dmax) ) 10.52 kHz. For magnetically aligned bicelles,
the “wobble” of the bilayer normal about the principal axis
of alignment, parallel to the magnetic field, scales the
observed dipolar coupling frequencies and chemical shift
anisotropies by a factor Szz of 0.75-0.83 relative to the
frequencies observed in the absence of motion (40, 41). Since
the bicelle wobble motion is axially symmetric, R ) 0,
Da(bicelle) ) SzzDa(bilayer), and the observed NMR frequencies
reflect the orientation of the molecule relative to the
membrane, which is similar to the case of static oriented
bilayers.

In this study, the NMR experiments were performed using
parallel bicelles, oriented with the membrane normal parallel
to the magnetic field, and values of Dmax ) 21.035 kHz, Szz

) 0.8, Da(bicelle) ) 8.41 kHz, and R ) 0.0 were used in the
calculation. These parameters gave the best agreement
between experimental and calculated frequencies. The effect
of varying Szz on the calculated spectra is shown in Figure
5.

The traceless values and the molecular orientation of the
15N chemical shift tensor were as follows: δ11 ) -45.7 ppm,
δ22 ) -62.8 ppm, δ33 ) 108.5 ppm, � ) 20°, and γ ) 11°
(42) [reported following the convention |δ33| > |δ22| > |δ11|
(Figure S1)]. The chemical shift anisotropy alignment tensor
was normalized to the maximum value of the dipolar
coupling by setting the XPLOR-NIH DCSA parameter
“scale” to 21035 Hz. The chemical shift anisotropy (CSA)
for each Phe residue was calculated by subtracting the
isotropic 15N chemical shift frequency (δiso) from the
orientation-dependent chemical shift frequency (δbicelle) mea-
sured in the solid-state NMR SLF spectrum of OmpX in
oriented bicelles; similarly, the CSA values back-calculated
by simulated annealing were converted to orientation-
dependent frequencies by adding δiso. The value of δiso was
taken as the average (125 ppm) of the isotropic frequencies
measured for the Phe peaks in the solution NMR HSQC
spectrum of OmpX in 6-O-PC micelles.

Definition of the Barrel Axis. The OmpX barrel axis was
determined using the equation tan R ) S(a/n)b, derived to
describe the geometric parameters of �-barrels (43–45),
where R is the mean angle between the �-strands and the
barrel axis, S is the shear number, nis the number of strands,
a is the average distance between consecutive CA atoms
along the strand, and b is the average distance between
CA atoms on neighboring strands. For OmpX, n ) 8, S
) 8, and the values of a ) 3.48 Å, b ) 4.90 Å, and R )
35° were measured from the crystal structure. The barrel
axis obtained in this way provides a frame of reference for
describing the barrel tilt. The coordinates of the barrel axis
were fixed to those of OmpX during the simulated annealing
calculations so that the angle between the barrel axis and
the external fixed axis system, with Z parallel to the magnetic
field and the membrane normal, could be readily measured

for each calculated structure. The barrel axis orientation for
each of the 20 structures calculated in the final simulated
annealing step is shown in Figure S2.

RESULTS AND DISCUSSION

The one- and two-dimensional 1H-15N spectra of [15N]Phe-
labeled OmpX in 14-O-PC/6-O-PC parallel phospholipid
bicelles are shown in Figure 1A-C. The seven Phe residues
in the protein sequence give seven fully resolved peaks, and
each peak in the SLF spectrum provides a pair of 15N
chemical shift and 1H-15N dipolar coupling frequencies that
can be used as residue-specific orientation restraints for
protein structure determination, provided that peak assign-
ments are determined. Peak assignments were obtained by
an iterative method of simulated annealing and back-
calculation from the crystal structure of OmpX, as described
below.

The frequencies measured for the seven Phe peaks are
reported in Table 1. Although the SLF experiment does not
provide direct information about the signs of the dipolar
couplings, the signs can be determined from the peak
positions in the spectrum. The dipolar coupling signs for
peaks assigned to F90, F107, F115, F125, and F148 (-, +,
+, +, and +, respectively) can be determined with a high
degree of confidence since these peaks fall in well-defined
regions of the SLF spectrum where the sign is unambiguous
(46). The signs for peaks assigned to F24 and F43 are less
easily determined by simple inspection. They were estimated

FIGURE 1: One- and two-dimensional 1H-15N spectra of [15N]Phe-
labeled OmpX in 14-O-PC/6-O-PC parallel bicelles, in H2O (black)
or D2O (red). (A and B) 15N chemical shift spectra. Asterisks denote
peaks that disappear in D2O. (C) Experimental SLF spectrum. Peaks
that persist in D2O are colored red. (D) SLF spectrum back-
calculated after refinement and orientation of the crystal structure
using the dipolar coupling restraints for the final resonance
assignments. The orientation-dependent chemical shift frequencies
were obtained from the calculated chemical shift anisotropies using
a δiso of 125 ppm. Peak numbers and assignments are listed in Table
1. The rmsds between experimental and calculated frequencies are
reported in Table 2.
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(- and -, respectively) from the spectra predicted for
oriented �-strands (47) analogous to the characteristic wheel-
like patterns observed for R-helices (48, 49), and verified
by the back-calculation analysis.

To obtain residue-specific assignments, we first identified
three peaks that disappear from the spectrum after H-D
exchange (Figure 1C, black, #1, #4, and #7) and assigned
them to three possible residues (F90, F107, and F148) by
comparison with the HSQC spectra of OmpX in 6-O-PC
micelles obtained in H2O or D2O (Figure 2), using the
assignments for OmpX in DHPC (1,2-dihexyl-sn-glycero-
3-phosphocholine, the phosphodiester analogue of 6-O-PC)
deposited by Wuthrich and co-workers (7) in the Biological
Magnetic Resonance Data Bank (BMRB entry 4936).

Next we generated six (3!) test assignments (Figure 3A-F)
for the possible permutations of three labels among three
peaks, and six corresponding lists of dipolar couplings and
chemical shift anisotropies, which were used in a rigid body
simulated annealing calculation to orient the coordinates of
the crystal structure relative to the magnetic field and to the
membrane. Rigid body simulated annealing calculations for
each of the six test assignments of F90, F107, and F148 were
performed with an energy function that included only dipolar
coupling restraints, while the chemical shift anisotropies were
used as a comparison set to assess the closeness of fit to the
experimental data. In this calculation, all the atoms of the
minimized coordinates of OmpX were grouped as a rigid
body and allowed to undergo both rotation and translation,
while the coordinates of an external axis system with the Z
axis parallel to the magnetic field were held fixed. The
resulting oriented coordinates were used, in turn, to back-
calculate the SLF spectrum, which was then evaluated for
its closeness of fit to the experimental solid-state NMR

spectrum by computing the rmsds between the observed and
calculated NMR frequencies. To obtain comparable, frequency-
independent, estimates of the rmsds for the dipolar couplings
and chemical shifts, the deviations were scaled by the spectral
range available for each spin interaction (20 kHz; 150 ppm).
Since the chemical shifts were not implemented as working
restraints during simulated annealing, their rmsd provides a
measure of cross-validation for the structural analysis. The
resulting back-calculated spectra and protein orientations are
shown in Figure 3, and the corresponding rmsds are reported
in Table 2.

Of the six test assignments, only two (Figure 3A,B)
generated plausible transmembrane orientations of the OmpX
�-barrel, while the others gave inconsistent and highly tilted
orientations that are incompatible with membrane insertion
or with the membrane hydrophobic thickness. The first test
assignment (Figure 3A) was able to reproduce the pattern
of resonances in the experimental spectrum very well and
gave the lowest rmsds for both dipolar coupling and chemical
shift frequencies.

The frequencies obtained by back-calculation from the
lowest-rmsd test assignment of F90, F107, and F148, in
Figure 3A, were further compared to the 24 (4!) possible
assignments for the four remaining peaks of residues F24,
F43, F115, and F125 (Table S1). One result with significantly
lower rmsds from the experimental frequencies was accepted,
and the seven dipolar couplings assigned in this way were
used as working restrains in a second and final simulated
annealing calculation performed with semi-rigid body dy-
namics, while the corresponding chemical shift anisotropies
were used as a comparison set. In this step, only the backbone
CA, C, N, and O atoms were grouped as a rigid body and
allowed to undergo rotation and translation, and the coor-
dinates of the external axis were fixed. The energy function
included dipolar coupling restraints, as well as terms for
covalent geometry, van der Waals contacts, and the torsion
angle database Rama potential (37) for selection of preferred
side chain conformations relative to the backbone dihedral
angles.

Table 1: Dipolar Coupling (DC) and Chemical Shift (δ) Frequencies
Measured for [15N]Phe-Labeled OmpX in 14-O-PC/6-O-PC Bicelles or
in Isotropic 6-O-PC Micellesa

peak
no.

residue
assignment

1H-15N DCb

(kHz)

15N δbicelle
b

(ppm)

15N δiso
c

(ppm)

2 F24 -5.30 133.70 122.15
3 F43 -1.88 146.70 128.25
1 F90 -7.56 80.25
7 F107 5.38 186.70 120.25
6 F115 4.86 179.10 126.00
5 F125 3.52 171.40 122.65
4 F148 1.80 155.10 128.35

a Assignments are as shown in Figure 1 and were obtained as
described in the text. b Measured in magnetically oriented parallel
bicelles. c Measured in isotropic micelles.

Table 2: Root-Mean-Square Deviations between Experimental and
Calculated Values of the Dipolar Coupling (DC), Chemical Shift
Anisotropy (CSA), and Combined DC and CSA (TOT), Obtained for
Each of the Six Test Assignments of F90, F107, and F148, shown in
Figure 3, and for the Final Assignment for All Phe Peaks in Figure 1D

test assignment DC rmsda CSAcrmsdb total rmsd

A 0.019 0.028 0.023
B 0.075 0.136 0.106
C 0.019 0.259 0.139
D 0.218 0.239 0.229
E 0.254 0.288 0.271
F 0.220 0.195 0.208
final (Figure 1D) 0.015 0.028 0.021
a Scaled by the frequency range of 20 kHz. b Scaled by the frequency

range of 150 ppm. c CSA ) δbicelle - 125 ppm.

FIGURE 2: Selected region of the superimposed 1H-15N HSQC
spectra of OmpX in 6-O-PC micelles, in H2O (black) or D2O (red).
Peaks for F24, F43, F115, and F125 persist in the D2O spectrum.

6534 Biochemistry, Vol. 47, No. 25, 2008 Mahalakshmi and Marassi



This final simulated annealing step yields the coordinates
for oriented OmpX shown in Figure 4A,D and the corre-
sponding back-calculated spectrum in Figure 1D. The results
show that OmpX traverses the membrane with a modest (7.3
( 1.6°) tilt of the barrel axis relative to the membrane
normal. The 20 calculated structures have average pairwise
rmsds of 0.23 Å for the backbone atoms and 1.15 Å for all
non-hydrogen atoms. Within this set, the structure with the
lowest energy (Figure 4A,D) has backbone and non-hydrogen
atom rmsds of 0.49 and 1.62 Å, respectively, from those of
the original PDB file. The calculated spectrum is very similar
to that obtained experimentally, and the resulting rmsds of
0.015 for the dipolar couplings, 0.028 for the chemical shifts,
and 0.021 for the combined frequencies reflect experimental
errors as well as uncertainties in the N-H bond length, in
the Szz value of the bicelle order parameter, in the 15N
chemical shift tensor, and in the atomic coordinates of the
molecular structure.

Varying the order parameter Szz from 1.0 to 0.7 [corre-
sponding to values of Da(bicelle) from 10.52 to 7.36 kHz] yields
back-calculated spectra with dipolar couplings and chemical

shift anisotropies that scale as Szz, as expected, but has no
effect on the orientation of OmpX in the membrane (Figure
5). Among these values of Szz, the best agreement between
experimental and calculated frequencies was obtained for Szz

) 0.8 and Da(bicelle) ) 8.41 kHz (Figure 5B).
Since the chemical shifts were not implemented as working

restraints during simulated annealing, they play no role in
determining the membrane orientation of OmpX, and given
that a common chemical shift tensor was used for all Phe
peaks in the analysis, it is remarkable that the back-calculated
SLF spectrum reproduces both dipolar couplings as well as
chemical shifts so well. Furthermore, using the residue-
specific values of δiso, measured for each Phe peak in the
HSQC spectrum of OmpX in micelles, instead of the average
value of all the Phe peaks, has little effect on the back-
calculated orientation-dependent chemical shifts (Figure 5C).
The very low rmsds between the experimental and calculated
spectra suggest that residue-specific tensor variations are
minor compared to the spectral manifestation of molecular
orientation, indicating that chemical shifts as well as dipolar
couplings can be used as useful restraints for structure
determination and refinement.

The oriented coordinates show that OmpX traverses the
membrane with a 7° tilt of the barrel axis relative to the
membrane normal. This is similar to the orientations of
OmpX reported in the PDB_TM [Protein Data Bank of
Transmembrane Proteins (http://pdbtm.enzim.hu/)] and OPM
[Orientations of Proteins in Membranes (http://opm.phar.
umich.edu/)] databases, where computational methods are
used to position proteins in membranes. The oriented
membrane protein coordinates in the OPM database are
obtained by minimizing the energy involved in transferring
a protein from water to a hydrophobic slab approximating
the membrane hydrocarbon core (50, 51), while the PDBTM
database orientations are derived from hydrophobicity scales

FIGURE 3: Test assignments generated for six possible ways (A-F)
of distributing three Phe labels (F90, F107, and F148) among three
peaks, shown in black to indicate that they disappear in D2O; peaks
in red persist in D2O. For each test assignment, the experimental
spectrum is shown at the left, the spectrum back-calculated after
rigid-body simulated annealing with the three dipolar coupling
restraints is shown in the center, and the corresponding orientations
of the OmpX coordinates are shown at the right. The Z axis shown
at the top is parallel to the membrane normal and the magnetic
field.

FIGURE 4: Membrane orientation of OmpX. (A and D) OmpX after
refinement against the dipolar couplings measured for the seven
Phe residues. The average tilt angle (τ) between the barrel axis (b)
and the membrane normal (Z) is 7.3° ((1.6°). The hydrophobic
thickness of the barrel is ∼24 Å. (B and E) OmpX orientation from
the PDBTM database. (C and F) OmpX orientation from the OPM
database. The PDBTM and OPM coordinates were rotated around
the Z axis to obtain views comparable to those in panels A and D.
Amide nitrogen atoms are shown as spheres, with H-D exchange-
able residues colored black (F90, F107, and F148) and nonex-
changeable residues colored red (F24, F43, F115, and F125). (D-F)
Views from the top of the Z axis.
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of amino acid residues and estimates of nonpolar accessible
surface area (52, 53). Lee (9) has noted that although the
fatty acyl chain lengths of the phospholipid component of
the bacterial outer membrane are predominantly C16 or C18,
the fatty acyl chains of the lipopolysaccharide component
are mostly saturated with a length of C14 and some C12
(54), suggesting that the thickness of the bacterial outer
membrane will be similar to that of a 14-O-PC lipid bilayer,
which is 23 Å, matching the hydrophobic thickness of the
protein very well. Therefore, our result obtained in 14-O-
PC is likely to reflect the state in the natural membrane
environment.

CONCLUSIONS

The structures of several outer membrane proteins have
been determined by X-ray crystallography (reviewed in refs
45 and 55-57) and more recently, the structures of OmpX,
OmpA, PagP, and OmpG have also been determined in
micelles by solution NMR (7, 58–60). For �-barrels, solution
NMR structure determination is aided by the greater fre-
quency dispersion observed for �-stranded compared to
R-helical structures, by the lower proportion of hydrophobic
amino acids and greater variability of amino acid types found
in �-barrels compared to transmembrane R-helices, and,
possibly, by the greater structural rigidity of �-barrels

compared to R-helical proteins. The precision of NMR
structures is greatly improved when orientation restraints,
derived from residual dipolar couplings, are included in the
structure calculation and refinement. Nevertheless, although
both X-ray crystallography and solution NMR can provide
high-resolution structures of membrane proteins, neither
method can provide the spatial orientation of a membrane
protein in the lipid bilayer membrane.

Here we have shown that this information can be
obtained by combining the orientation-dependent restraints
measured by solid-state NMR spectroscopy of the protein
embedded in phospholipid bilayers with the atomic
coordinates obtained by X-ray crystallography. In this
example, the solid-state NMR data were used only to position
the protein in the membrane; however, they could also be
useful in refinement to improve the structural precision,
which is typically much lower for membrane proteins than
for their globular counterparts. The high quality of the SLF
spectra obtained for OmpX also indicates that independent
structure determination of �-barrel membrane proteins in
lipid bilayers will be possible, since resonance assignments
can be obtained spectroscopically and by analysis of the
characteristic resonance patterns of oriented proteins (1, 2).

In a previous study, we also demonstrated that solid-state
NMR orientation restraints can be combined with the solution
NMR structure of a membrane protein to obtain its orienta-
tion in the membrane (4). The ability to back calculate the
solid-state NMR spectra of membrane proteins in lipid
bilayer membranes from their structures determined in
crystals or in micelles indicates that their principal structural
features in these distinct environments are similar, allowing
the data obtained from these different types of samples to
be used in a complementary fashion to obtain membrane-
specific structural information.

ACKNOWLEDGMENT

We thank Georg Schulz for providing the OmpX expres-
sion plasmid.

SUPPORTING INFORMATION AVAILABLE

Additional data and information showing rmsds for the
24 test assignments of F24, F43, F115, and F125; the
magnitudes and orientations of the components of the 15N
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OmpX. This material is available free of charge via the
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