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Abstract

The β-barrels found in the outer membranes of prokaryotic and eukaryotic organisms constitute an important functional class of proteins. Here
we present solid-state NMR spectra of the bacterial outer membrane protein OmpX in oriented lipid bilayer membranes. We show that OmpX is
folded in both glass-supported oriented lipid bilayers and in lipid bicelles that can be magnetically oriented with the membrane plane parallel or
perpendicular to the direction of the magnetic field. The presence of resolved peaks in these spectra demonstrates that OmpX undergoes rotational
diffusion around an axis perpendicular to the membrane surface. A tightly hydrogen-bonded domain of OmpX resists exchange with D2O for days
and is assigned to the transmembrane β-barrel, while peaks at isotropic resonance frequencies that disappear rapidly in D2O are assigned to the
extracellular and periplasmic loops. The two-dimensional 1H/15N separated local field spectra of OmpX have several resolved peaks, and agree
well with the spectra calculated from the crystal structure of OmpX rotated with the barrel axis nearly parallel (5° tilt) to the direction of the
magnetic field. The data indicate that it will be possible to obtain site-specific resonance assignments and to determine the structure, tilt, and
rotation of OmpX in membranes using the solid-state NMR methods that are currently being applied to α-helical membrane proteins.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The solid-state NMR orientation-dependent frequencies
measured for samples of membrane proteins in oriented lipid
bilayers provide very high-resolution restraints for protein
structure determination and refinement [1,2]. Measurements
made in oriented lipid bilayers have the important advantage that
they enable structures to be determined in an environment that
closely resembles the cellular membrane, and since the align-
ment tensor is fixed by the sample geometry, they provide the
global orientation of the protein in the membrane. This infor-
mation can also be used to supplement the data from micelles, to
derive detailed structural information about membrane proteins
in cases where the same structure is present in the two types of
samples [3]. For proteins in oriented lipid bilayers, the two-
dimensional 1H/15N separated local field spectra exhibit charac-
teristic wheel-like patterns of resonances – PISA (polarity index
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slant angle) wheels – that reflect both the protein structure and
orientation in the membrane [4,5]. The direct relationship bet-
ween spectrum and structure makes it possible to calculate NMR
spectra from specific structural models of proteins and provides
a method for structure determination [6,7]. Distinct PISAwheels
have been observed experimentally for α-helical membrane
proteins [3–7], but have also been predicted for β-stranded
proteins [8], and recent reports describing the reconstitution of
the transmembrane domain of Escherichia coli OmpA, in mag-
netically oriented lipid bilayers [9], and magic angle spinning of
OmpG in two-dimensional crystals [47], indicates that solid-
state NMR of β-barrel outer membrane proteins is feasible.

The β-barrel outer membrane proteins form a major func-
tional class, with important roles in regulating molecular trans-
port, bacterial pathogenesis, and mitochondrial homeostasis
[10], and therefore represent important targets for structural and
functional characterization. For example, bacterial pathogens
are capable of neutralizing the host defense system by adhering
to and entering the host cells and by interfering with the
host immune system. For gram-negative bacteria, these
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interactions are mediated by outer membrane proteins, which
include E. coli OmpX and its homologs in the human pathogens
Yersinia, Enterobacter, Klebisiella, and Salmonella. Within this
family of virulence-related β-barrel membrane proteins, the
membrane-spanning portion of the protein barrel is much better
conserved than the extracellular domain, which forms a pro-
truding β-sheet that has been proposed to promote cell adhesion
and invasion, and to defend against the host immune system
during pathogenesis [10,11].

The structures of about twenty β-barrel membrane proteins
have been determined, primarily by X-ray crystallography (for
reviews see [10,12–14]), with three also determined by solution
NMR in micelles (OmpX, OmpA, PagP) [15–17]. The crystal
structure of E. coli OmpX [11] consists of eight all-next-
neighbor antiparallel β-strands that fold into a cylindrical barrel,
with polar residues on the inside and hydrophobic residues on
the outside facing the membrane environment (Fig. 1). The
height of the cylindrical barrel is approximately 32 Å and its
diameter 20 Å, and four of the β-strands (β-strands 3–6) extend
out of the predicted membrane boundaries to a total height of
50 Å. The strands are connected by three loops on the peri-
plasmic side (PL1–PL3), and four somewhat loser loops on the
extracellular side (EL1–EL4). The NMR structure of OmpX in
detergent micelles [15] has the same overall features and
dimensions as the crystal structure. In the micelle structure,
however, the β-strands are about two residues shorter than in
the crystal structure, and the loops and turns are less well-
defined and exhibit varying degrees of mobility. A recent study
on the transmembrane domain of E. coli OmpA found that non-
specific physical interactions between the lipid bilayer and the
protein are very important for determining protein stability and
fold [18]. This argues very strongly in favor of determining the
structures of β-barrel membrane proteins in the functional
Fig. 1. Crystal structure and amino acid sequence of OmpX. (A) Structure of OmpX
loops (EL) and three periplasmic loops (PL) are in yellow. (B) Amino acid sequence
residues in loops are in circles. Transmembrane residues on the barrel surface are show
Dashed lines indicate hydrogen bonds. Adapted from reference [11].
environment of the lipid bilayer, and solid-state NMR spectros-
copy is the ideal method for this purpose.

Although samples of membrane proteins in lipid bilayers are
too large for solution NMR structural studies, they are suitable
for solid-state NMR experiments where macroscopic alignment
of the samples in the magnetic field provides both high-reso-
lution and orientation-dependent restraints for structure determi-
nation. Sample alignment can be obtained by assembling planar
phospholipid bilayers on silica surfaces or with bicelles,
phospholipid bilayers which orient spontaneously in the
magnetic field. Surface-supported bilayers can be prepared
using a wide variety of lipids and are the closest analogs to
natural membranes for studying membrane proteins, however,
they have the disadvantages that it is not easy to maintain a
constant level of hydration during the course of NMR expe-
riments, and that the samples cannot be easily manipulated after
preparation. Bicelles, in contrast, have the important advantage
that the samples are fully hydrated. The use of non-hydrolyzable
ether-linked phospholipids contributes significantly to the long-
term (months) stability of bicelle samples, and should also
benefit planar supported bilayer samples. Both types of samples
are extremely valuable for NMR studies of membrane proteins.
Here we describe the preparation of solid-state NMR samples of
E. coliOmpX in both types of oriented lipid bilayers, and present
one- and two-dimensional spectra, which highlight some of the
structural features of the protein in membranes.

2. Materials and methods

2.1. Protein expression and purification

The E. coli plasmid pET3b-OmpX was obtained from Georg Schulz. It
directs the expression of a mutant form of OmpX, with His100 changed to Asn
in the third extracellular loop, which was found to optimize the polar packing
(PDB file 1QJ8 [11]). The eight β-strands are in gray, and the four extracellular
and structural organization of OmpX. Residues in β-strands are in squares, and
n in gray. The first strand is shown twice to illustrate the cylindrical connection.



Table 1
List of buffers used for protein purification and sample preparation

Buffer A (20 mM Tris, pH 8, 2 mM NaN3)
Buffer AT (20 mM Tris, pH 8, 2 mM NaN3, 2% w/v Triton X-100)
Buffer AU (20 mM Tris, pH 8, 2 mM NaN3, 6 M urea)
Buffer AP5 (20 mM Tris, pH 8, 2 mM NaN3, 5% w/v C8POE)
Buffer AP1 (20 mM Tris, pH 8, 2 mM NaN3, 1% w/v C8POE)
Buffer A6 (20 mM Tris, pH 8; 150 mM 6-O-PC)
Buffer B (20 mM Tris, pH 7, 200 mM KCl, 0.1 mM EDTA)
Buffer BE (20 mM Tris, pH 7, 200 mM KCl, 0.1 mM EDTA, 1% w/v C4E8)
Buffer C (20 mM Tris, pH 9.5)
Buffer D (1 mM Tris, pH 8)
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contacts in the crystal [11]. The OmpX-bearing plasmid was transformed in
E. coli C41(DE3) cells [19] (www.overexpress.com), and the positive clones
were grown in M9 minimal media to a cell density of OD600=0.7, before
induction with IPTG for 3 h. The growth media contained (15NH4)2SO4 as the
nitrogen source for 15N labeling. The buffers used in the subsequent purification
steps are described in Table 1. Isotopes were obtained from Cambridge (www.
isotope.com), lipids from Avanti Polar Lipids (www.avantilipids.com), and the
detergents C8POE and C4E8 from Anatrace (www.anatrace.com). SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide gel electrophoresis) was performed
with the Tris–Tricine system [20], and gels were stained with Coomassie Blue.

2.2. Protein purification

OmpX was purified as described by Schulz and coworkers [11], with minor
modifications. Cells from 1 L of culture were lysed by French Press in 30 mL of
buffer A, and the soluble fraction was removed by centrifugation (48,000×g,
4 °C, 30 min). The pellet was re-suspended and mixed in 30 mL of buffer AT for
2 h, followed by centrifugation (48,000×g, 4 °C, 30 min) to remove the soluble
fraction. The resulting pellet, enriched in OmpX, was dissolved in buffer AU,
and OmpX was purified by ion-exchange chromatography with a NaCl gradient
(FF-Q HiPrep-Q column, Amersham). Pure OmpX eluted at 180 mM NaCl, and
was concentrated to 2.5 mg/mL.

2.3. Samples in glass-supported lipid bilayers

The OmpX solution (10 mL of 2.5 mg/mL in buffer AU) was first diluted by
adding 50 mL of buffer AP5, then extensively dialyzed against buffer AP1

followed by buffer BE, and concentrated to 1.5 mg/mL. The lipids, 80 mg of
DOPC (di-oleoyl-phosphatidylcholine) plus 20 mg of DOPG (di-oleoyl-
Fig. 2. Refolding of OmpX in lipids. (A) SDS-PAGE monitoring OmpX refolding in
OmpX dissolved in 6M urea. (lanes 3–5) OmpX dissolved in 100 mMSDS and added
immediately after start of refolding reaction, (lane 4) after 2 h incubation, or (lane 5) a
∼20 kDa and ∼16 kDa, respectively. All samples were loaded without boiling. (B, C
500 mM SDS, or (C) 150 mM 6-O-PC.
phosphatidylglycerol), were mixed in chloroform, and the solvent was
evaporated under a stream of nitrogen followed by high vacuum for 1 h. The
dry lipid mixture was then suspended in 5 mL of buffer B and sonicated to
transparency using a Branson sonifier with a micro tip (www.sonifier.com) to
form small unilamellar vesicles. For reconstitution, 3 mL of OmpX solution
(1.5 mg/mL in buffer BE) were added to 5 mL of the lipid vesicle suspension and
mixed by vortexing. The lipid/protein mixture was diluted by the addition of
12 mL of buffer B, rapidly frozen in liquid nitrogen, allowed to thaw at room
temperature, and bath-sonicated for 30 s. The preparation was transferred to a
10,000 molecular weight cutoff dialysis bag (www.spectrapor.com) and
dialyzed against four 12 h changes of 4 L of buffer B, followed by two 5 h
changes of 4 L of water, all at 4 °C.

The reconstituted vesicle preparation was concentrated by ultrafiltration in
an Amicon cell with a YM10 membrane (www.millipore.com), and evenly
distributed over the surface of fifteen glass cover slides (www.marienfeld-
superior.com) with dimensions 11×11×0.07 mm. After allowing the bulk water
to evaporate, the slides were stacked and placed in a sealed chamber together
with a saturated ammonium phosphate solution, which provides 93% relative
humidity. Oriented bilayers formed after equilibrating the sample in this
chamber at 42 °C for 12 h. For HD exchange, the stacked sample was incubated
in a chamber where H2O had been replaced with D2O, at 42 °C for several hours.

The final samples contained 4.5 mg of uniformly 15N-labeled OmpX, 80 mg
of DOPC, and 20 mg of DOPG, corresponding to a protein to lipid molar ratio of
1/400. Before insertion into the coil of the NMR probe, the stack of glass slides
was wrapped in a thin layer of parafilm and then placed in thin polyethylene
tubing, which was heat sealed at both ends to maintain sample hydration during
the NMR experiments.

2.4. Samples in lipid bicelles

The purified OmpX solution (3.2 mL of 2.5 mg/mL in buffer AU) was
dialyzed against water to remove urea and salts, and pure OmpXwas lyophilized
to obtain a white powder. For the bicelle samples, 8 mg of lyophilized OmpX
were dissolved in 1 mL of 100 mM SDS in water, and added to small unilamellar
vesicles, prepared by sonicating 46.5 mg of 14-O-PC (1,2-O-ditetradecyl-sn-
glycero-3-phosphocholine) in 20 mL of buffer C, as described above. The
protein/detergent/lipid solution was incubated for at least 12 h at 40 °C, and
folding was monitored by SDS-PAGE, where the appearance of a band with
lower apparent molecular weight corresponds to folded OmpX (Fig. 2A). After
refolding, SDS was removed by dialysis against several 3–12 h changes of 1 L
of buffer C, followed by buffer D.

The sample was concentrated by ultrafiltration in an Amicon cell using a
YM10 membrane, to a final volume of 100 μL. For the unoriented sample, this
concentrated OmpX/14-O-PC preparation was transferred directly to a flat-
14-O-PC small unilamellar vesicles. (lane 1) Molecular weight markers. (lane 2)
to 14-O-PC vesicles to initiate protein refolding; samples were collected: (lane 3)
fter 12 h incubation. Unfolded and folded OmpXmigrate at molecular weights of
) Solution NMR 1H/15N HSQC spectra of uniformly 15N labeled OmpX in (B)
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bottomed 5 mm tube (www.newera-spectro.com) that was sealed with a rubber
cap. For bicelle preparation, 9.5 mg of 6-O-PC in 100 μL of buffer D were added
to the OmpX/14-O-PC preparation, and bicelles were formed by repeated
freeze–thawing as described previously [21,22], then transferred to a flat-
bottomed 5 mm tube and sealed with a rubber cap.

The final bicelle samples contained 8 mg OmpX, 46.5 mg 14-O-PC, 9.5 mg
6-O-PC, in 200 μL of buffer D. The molar ratio (q) of long to short chain
phospholipids was 3.2, and the protein to lipid molar ratio was 1/190. Bicelles
were flipped by adding 5 μL of 100 mMYbCl3 (www.sigma.com) directly to the
NMR tube pre-cooled at 4 °C, mixing thoroughly, and re-sealing the tube. HD
exchange experiments were carried out by first reducing the sample volume to
100 μL under a stream of N2 gas, then adding 100 μL of D2O, and repeating this
process 4 times.

2.5. Samples in micelles

For samples in 6-O-PC (1,2-O-dihexyl-sn-glycero-3-phosphocholine),
refolding of OmpX was obtained by slow dropwise addition of 4 mg of
OmpX in 20 μL of buffer AU, to 200 μL of buffer A6, followed by dialysis
against 4 L of buffer D at 4 °C to remove urea. To minimize the loss of 6-O-PC,
two 20-min dialysis steps were carried out using a 1000 molecular weight cutoff
membrane to achieve a final urea concentration of 1.5 nM. Some protein
precipitation was observed during this process, and the precipitated protein was
removed by centrifugation. The final protein concentration in the NMR sample
was 0.2 mM OmpX in 500 μL of 150 mM 6-O-PC, 1 mM Tris–HCl, pH 8, and
5% D2O. For samples in SDS, urea was removed by dialysis against water and
pure OmpX was lyophilized to obtain a white powder. Lyophilized OmpX
(4 mg) was dissolved in 500 μL of buffer D supplemented with 500 mM
deuterated SDS and 5% D2O, to obtain a 0.5 mM protein sample.

2.6. NMR experiments

Solution NMR experiments were performed on a Bruker AVANCE 500
spectrometer at 30 °C. The standard FHSQC (fast heteronuclear single quantum
correlation) experiment was used for isotropic samples with 1024 points in t2
and 256 in t1 [23]. Solid-state NMR experiments were performed on a Bruker
AVANCE 500 spectrometer (www.bruker-biospin.com) equipped with a 500/89
AS Magnex magnet (www.magnex.com), using double-resonance (1H/15N or
1H/31P) probes built at the UC San Diego NIH Resource for Molecular Imaging
of Proteins (nmrresource.ucsd.edu), with a 5 mm inner diameter cylindrical coil
for the bicelle samples, or a 11×11×4 mm square coil for the glass-supported
bilayer samples. Bicelle samples were allowed to equilibrate in the magnetic
field for at least 2 h at 42.5 °C before experiments. One-dimensional 15N
chemical shift spectra were obtained using single contact CPMOIST [24], and
two-dimensional 1H/15N separated local field spectra were obtained with
SAMMY [25], with 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 ms or
10 ms, and SPINAL-16 heteronuclear decoupling during acquisition [26,27].
For the SAMMY spectra, 250–350 transients were acquired for each of 128 t1
increments. Other parameters were as described [25,28]. 31P chemical shift
spectra were obtained with a single pulse and continuous 1H irradiation (20 kHz
field strength) during acquisition to decouple the 1H–31P dipolar interactions.
The chemical shifts were referenced to the 1H2O resonance set to its expected
position of 4.5 ppm at 42.5 °C [29].

2.7. Data analysis and calculations

The NMR data were processed using NMRPipe [30], and the spectra were
analyzed using Sparky [31]. Solid state NMR spectra were calculated with
tensor values and FORTRAN code as described previously [8], from the
coordinates of the 1.90 Å OmpX crystal structure (PDB file 1QJ8) [11], rotated
with the barrel axis nearly parallel to the magnetic field. The spectra were
calculated by treating residues in the β-strands as static and residues in the
extracellular and periplasmic loops as disordered and mobile. This was obtained
by scaling the loops NMR frequencies (F), calculated from the crystal structure,
by a factor of 5 around the isotropic chemical shift (119 ppm), to account for the
ratio of the full span of 15N chemical shift tensor (∼150 ppm) to the iso-
tropic span (∼30 ppm), using the formula 119+(|F−119| /5) for FN119 ppm, or
119− (|F−119| /5) for Fb119 ppm.

3. Results and discussion

3.1. SDS-PAGE analysis of the folded state of OmpX

To ascertain that OmpX was of sufficient purity for NMR
studies, we first examined the purified protein by SDS-PAGE
and solution NMR (Fig. 2). The gel shows that purified OmpX
runs as a single band (Fig. 2A, lane 2), and the 1H/15N HSQC
spectrum of OmpX in 6-O-PC (Fig. 2C) is well dispersed and
very similar to the spectrum previously reported for OmpX in
DHPC (1,2-dihexyl-sn-glycero-3-phosphocholine), the ester-
linked analog of 6-O-PC [15]. The presence of a single peak for
each amino acid residue indicates that the sample is pure and
homogeneously folded in 6-O-PC micelles.

SDS-PAGE analysis can be very useful for monitoring
folding of β-barrel outer membrane proteins, since the unfolded
and folded states give bands with distinct molecular weights
[11,14]. Thus, while purified OmpX in 6M urea has an apparent
molecular weight near 20 kDa (Fig. 2A, lane 2), protein folding
from SDS solution into 14-O-PC vesicles could be monitored
by the appearance, over time, of a band near the calculated
molecular weight of the protein (16 kDa) and the disappearance
of the higher molecular weight band (Fig. 2A, lanes 3–5). After
incubating the OmpX/SDS/14-O-PC mixture for 12 h (Fig. 2A,
lane 5), the presence of a band near 16 kDa indicated folded
protein, and most of the intensity corresponding to unfolded
protein was gone. The small 1H chemical shift dispersion
(∼1 ppm) in the HSQC spectrum of OmpX in SDS micelles
indicates that the protein is not properly folded in this detergent
(Fig. 2B), however incubation with phospholipids leads to
folding in a short period of time. To further promote protein
folding, we used a pH above neutral, since this was previously
reported to promote folding of OmpA in DMPC (dimirystoyl-
phosphatidylcholine) the ester-linked analog of 14-O-PC [32].
Reconstitution of OmpX in 14-O-PC was the starting point for
the preparation of OmpX in bicelles.

3.2. OmpX in glass-supported lipid bilayers

To reconstitute OmpX in phospholipid bilayers we also
tested a method that has proved useful for the efficient
reconstitution and solid-state NMR sample preparation of
other integral membrane proteins [33,34]. We started from
purified OmpX dissolved in the detergent C4E8, since this was
used successfully for protein crystallization by Schulz and
coworkers [11]. This solution was mixed with pre-formed small
unilamellar lipid vesicles, followed by a freeze–thaw cycle and
dialysis prior to deposition on glass slides for sample alignment.
The resulting 15N chemical shift spectra are shown in Fig. 3A,
B, and are compared with the spectra calculated from the X-ray
coordinates of OmpX (Fig. 3D, E).

The spectrum of OmpX in oriented bilayers (Fig. 3A) has
some discernable resonances, and its overall shape and fre-
quency range are similar to those observed in the spectrum
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Fig. 3. Solid-state NMR spectra of uniformly 15N labeled OmpX in phospholipid bilayers. The corresponding orientations of OmpX membranes relative to the
magnetic field (Bo) are shown at the top. (A, B) Supported DOPC/DOPG lipid bilayers oriented on glass slides with the membrane plane perpendicular to the magnetic
field, in (A) H2O, or (B) D2O. (C) OmpX in unoriented 14-O-PC vesicles. (D, E) Spectra calculated from the crystal structure of OmpX rotated with the barrel axis
tilted by 5° relative to the direction of the magnetic field (Bo), showing, (D) peaks from all sites, or (E) only peaks from β-strands but not from the loops. (F) Powder
pattern calculated for static amide sites. (G–L) Lipid bicelles magnetically oriented with the membrane plane, (G–I) flipped perpendicular to the magnetic field by
adding Yb3+, or (J–L) parallel to the magnetic field. Spectra were obtained in (G, J) H2O, or (H, K) in D2O. (I, L)

31P NMR spectra of the oriented bicelle lipids. The
intensities of the experimental spectra were set to display a similar signal-to-noise level in the baseline. The intensities of the calculated spectra were set to match those
of the experimental spectra.
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calculated for OmpX oriented with the barrel axis nearly
parallel (5°) to the magnetic field (Fig. 3D). Notably, it is very
different from the spectrum obtained for OmpX in unoriented
lipid vesicles (Fig. 3C), which is a powder pattern spanning the
full range (60–220 ppm) of the amide 15N chemical shift
interaction, similar to the calculated powder pattern in Fig. 3F,
except for the additional intensity near the isotropic frequencies
(100–130 ppm), which reflects the presence of more mobile
disordered residues in the sample, and probably corresponds to
the extracellular and periplasmic loops of OmpX.

To examine the degree of hydrogen bonding, we exposed the
oriented OmpX sample to a D2O atmosphere to exchange labile
hydrogens for deuterons. Amide hydrogen exchange rates are
useful for identifying residues that are involved in hydrogen
bonding. For example, the amide hydrogens in transmembrane
helices can have very slow exchange rates due to strong
hydrogen bonds in the low dielectric environment of the lipid
bilayer, and their 1H-cross-polarized 15N signals can persist for
days after exposure to D2O [35]. Faster exchange rates are
observed for transmembrane helices that are not tightly hydro-
gen bonded and are in contact with water because they parti-
cipate in channel pore formation [36], and for other water-
exposed regions of proteins with weaker hydrogen bonds.
When the OmpX sample was exposed to D2O (Fig. 3B), several
amide hydrogens exchanged, and their peaks disappeared from
the spectrum, while the remaining resonances persisted well
after 48 h, demonstrating the presence of a tight hydrogen bond
network, and also confirming the presence of folded protein in
the oriented lipid bilayers. Overall, HD exchange reduces
resonance overlap and simplifies the spectrum, but the principal
effect of HD exchange is to remove the peaks near the isotropic
frequency, and near 35 ppm from amino groups of the lysine
sidechains and the N-terminus. Taken together with the
isotropic intensity observed in the spectrum from unoriented
vesicles, this indicates that the majority of exchanged sites
correspond to disordered mobile residues in the protein.

The spectrum of OmpX in D2O also demonstrates that a high
degree of alignment can be obtained with these samples. This is
further confirmed by comparison with the spectra calculated
from the crystal structure of OmpX. The spectra in Fig. 3D and
E were obtained by treating residues in the β-strands as
structured and static, and those in the extracellular and
periplasmic loops as disordered and mobile by scaling their
calculated frequencies to the isotropic range. The spectrum
showing peaks from all sites (Fig. 3D) compares very well with
that obtained experimentally for oriented OmpX in H2O (Fig.
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3A), and when the isotropic resonances from the loops were
removed to simulate the effect of HD exchange, the resulting
spectrum (Fig. 3E) matches extremely well with the experi-
mental spectrum obtained for oriented OmpX in D2O (Fig. 3B).

These results indicate that OmpX adopts a similar structure
in lipid bilayers as in the crystal, and are consistent with the
extracellular and periplasmic loops being more disordered and
able to rapidly exchange their amide hydrogens, although this
will have to be confirmed with high-resolution structural
studies. These one-dimensional spectra are useful for charac-
terizing the dynamics of the protein, and are the basis for higher
dimensional NMR experiments and structure determination.

3.3. OmpX in lipid bicelles

Bicelles are planar lipid bilayers composed of mixtures of
long and short chain phospholipids. Large bicelles (qN2.5)
orient spontaneously in the NMR magnet with the bilayer plane
parallel to the direction of the magnetic field, and can be flipped
by 90° with the addition of lanthanide ions, to obtain spectra
similar to those for planar glass-supported bilayers (reviewed in
[37,38]). Fast uniaxial diffusion around the axis normal to the
lipid bilayer results in single-line spectra even for unflipped
bicelles [21,22,39], and the resulting orientation-dependent
frequencies can be used for protein structure determination.
Performing experiments at this orientation has the important
advantage of reducing the radiofrequency range of the aniso-
tropic interactions, thereby relieving the requirements for high
Fig. 4. Separated local field 1H/15N SAMMY spectra of uniformly 15N-labeled OmpX
in H2O (red) is superimposed with the spectrum calculated from the OmpX crystal stru
(D) The spectrum obtained in H2O (red) is superimposed with the spectrum obtained a
unchanged in the two spectra.
power decoupling, and allowing experiments to be performed
at higher magnetic fields. High-resolution multi-dimensional
solid-state NMR spectra have been reported for several 15N-
labeled helical membrane proteins in magnetically aligned
bicelles [21,22], including spectra for a G-protein coupled
receptor [39], and one-dimensional 15N chemical shift spectra
have been reported for the transmembrane domain of the E. coli
β-barrel OmpA [9].

The spectra in Fig. 3G–L show that OmpX can be incor-
porated in lipid bicelles oriented with the bilayer plane parallel to
the field of the NMR magnet (unflipped bicelles; Fig. 3J–L), or
perpendicular to it (flipped bicelles; Fig. 3G–I). The spectrum of
OmpX in unflipped bicelles is not a powder pattern but shows
discrete peaks from amide sites over a range from about 70 to
160 ppm (Fig. 3J), indicating that the protein or protein/bicelle
assembly undergoes rotational diffusion (N105 s−1) around an
axis perpendicular to the plane of the lipid bilayer. This is similar
to previous observations with helical membrane proteins. The
very small trace of residual powder pattern discernable in this
spectrum reflects a small amount of OmpX that forms a
precipitate and remains unoriented, and might be corrected by
experimenting with lower protein concentrations and different
lipid compositions.

Flipping the bicelles by 90° yields a very different spectrum
spanning a much wider range of 15N chemical shift frequencies
(Fig. 3G). As expected, discrete peaks can be seen at this
orientation, and the spectrum now resembles the spectrum
obtained for OmpX in supported lipid bilayers, which are
in flipped bicelles, obtained in (A) H2O, or (B) D2O. (C) The spectrum obtained
cture rotated with the barrel axis 5° to the direction of the magnetic field (black).
fter addition of D2O (black). The arrows point to selected resolved peaks that are
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oriented in a similar way. The high degree of uniaxial alignment
of both unflipped and flipped bicelles is demonstrated by the
31P NMR spectra of the lipids (Fig. 3I, L), which display single
lines at the expected frequencies corresponding to signals from
14-O-PC (−11 ppm unflipped; 18 ppm flipped) and 6-O-PC
(−4 ppm unflipped; 6 ppm flipped).

As observed for OmpX in supported bilayers, the addition of
D2O causes several amide hydrogens to exchange for deuterons,
with the principal effect of reducing resonance overlap and
reducing the intensity of peaks near the isotropic chemical shift
frequencies for both the unflipped (Fig. 3K) and flipped
(Fig. 3H) bicelle samples.

The effect of HD exchange is even more evident in the two-
dimensional 1H/15N separated local field spectra obtained for
OmpX in flipped bicelles (Fig. 4). Comparison of the spectra
obtained in H2O (Fig. 4A) and D2O (Fig. 4B) shows that HD
exchange causes several peaks to disappear. Many of the lost
peaks are near the isotropic chemical shift and dipolar coupling
frequencies, and probably correspond to the extra-membrane
loops of the protein, as discussed above. As seen in Fig. 4D, the
spectrum obtained in H2O (red) overlaps very well with the
spectrum obtained after exchange in D2O (black), including for
several resolved peaks (arrows). This indicates that the sample
is stable over the course of the NMR experiments, and over the
course of sample manipulations (HD exchange in this case),
allowing reproducible spectroscopic results to be obtained. Both
spectra compare well with the spectrum back-calculated from the
crystal structure of OmpX (Fig. 4C, black), assuming static
structured β-strands, and disordered mobile loops with fre-
quencies near the isotropic regions of the 15N chemical shift
(∼100–130 ppm) and 1H–15N dipolar coupling (0 kHz) tensors.

The calculated spectra were derived by rotating the
coordinates of the 1.90 Å crystal structure of OmpX to obtain
a 5° tilt of the barrel axis relative to the magnetic field (Fig. 5A).
The agreement between the spectra obtained in bicelles and
those calculated from the crystal structure appears to be quite
Fig. 5. Separated local field 1H/15N spectra calculated from the coordinates of the 1
direction of the magnetic field (Bo). (A) Tilted structure of OmpX, with loops shown
(D–G) selectively 15N-labeled OmpX. (C) The peaks from the 8th β-strand fit on th
good, however, a quantitative comparison of the crystal and
bicelle structures is premature in the absence of resonance
assignments to specific amino acids or to amino acid type. We
anticipate that structural comparisons will be possible once the
spectra from selectively labeled samples are obtained. Further-
more, although a 5° tilt reproduced the overall features of the
one- and two-dimensional experimental NMR spectra better
than a 0° or a 10° tilt, we note that a detailed rotational analysis
and spectrum back-calculation was not carried out at this early
stage of the research, and therefore, that the data are not
sufficient to definitively determine the barrel tilt. Nevertheless, it
is interesting to note that studies of β-barrel membrane proteins
in elliptical micelles or membranes, by molecular dynamics
simulations [40], infrared spectroscopy [41], and solution NMR
paramagnetic relaxation enhancements [42], indicate that some
barrels adopt tilted transmembrane orientations, and that the tilts
can be dictated by the hydrophobic thickness of the lipid bilayer,
as observed for helical membrane proteins [43–46]. The spectra
presented in Figs. 3 and 4 indicate that it will be possible to
determine the tilt and structure of OmpX in membranes.

Three-dimensional spectroscopy and selectively labeled
samples will be required to resolve and assign the spectrum of
OmpX in oriented lipid bilayers. The calculated spectra in Fig. 5
suggest that most of the resonances will fall on a common
twisted PISA wheel pattern, as predicted for ideal β-strands
crossing the membrane with angles between 40° and 50° [8].
The separation of even- and odd-numbered resonances on
opposite wings of the twisted PISAwheel is apparent when the
peaks from the eighth β-strand of OmpX are examined
separately (Fig. 5C), suggesting that these types of spectra
will provide valuable information about transmembrane pro-
tein orientation even before complete structure determination.
Furthermore, the spectra calculated for selectively 15N-labeled
OmpX indicate that it will be possible to resolve individual
peaks and measure frequencies for structure determination
(Fig. 5D–G). In the case of 15N-Ala labeling, for example, the
.9 Å crystal structure of OmpX rotated with the β-barrel axis tilted 5° from the
in yellow. (B–G) Spectra calculated for (B) uniformly 15N-labeled OmpX, and

e twisted PISAwheel of an ideal β-strand with a tilt of 40° (red line).
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calculated spectrum displays excellent resolution. OmpX has
10 alanines, and since at least 8 or 9 are in β-strands (Ala1 is the
N-terminus) the characteristic twisted PISA wheel resonance
pattern is readily seen in the spectrum.

4. Conclusions

In conclusion, we have demonstrated the preparation of
highly oriented samples of 15N-labeled OmpX in both glass-
supported lipid bilayers, and in lipid bicelles that can be
magnetically oriented either parallel or perpendicular to the
magnetic field. The observation of discrete peaks in the spec-
trum from unflipped bicelles demonstrates that OmpX, or
OmpX-containing bicelles, undergo rotational diffusion around
an axis perpendicular to the membrane surface, and extends the
types of samples that can be used for NMR structural analysis of
OmpX. The observation of a strongly hydrogen bonded domain
that resists exchange with D2O for days, indicates that the
OmpX β-barrel is folded in the lipid bilayer membrane, while
the coincidence of peaks at isotropic frequencies with peaks that
disappear upon HD exchange, indicates that these correspond to
disordered mobile residues in the extracellular and periplasmic
loops of OmpX.

Finally, the observation of several resolved peaks in the
separated local field spectra of OmpX in flipped bicelles indi-
cates that site-specific resonance assignments will be possible
through the use of selectively labeled samples and higher
dimensional spectroscopy. The experimental spectra agree well
with the spectra calculated from the 1.90 Å crystal structure of
OmpX with the barrel axis tilted 5° from the magnetic field,
suggesting that OmpX may be tilted in the membrane. While a
definitive determination of the barrel transmembrane tilt is
premature at this stage, the data presented in this report indicate
that it will be possible to determine the structure, tilt, and rotation
of OmpX in the membrane, using the solid-state NMR methods
that are currently being applied to α-helical membrane proteins.
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