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We have determined the three-dimensional fold of the
19 kDa (177 residues) transmembrane domain of the outer
membrane protein A of Escherichia coli in dodecylphospho-
choline (DPC) micelles in solution using heteronuclear
NMR. The structure consists of an eight-stranded β-barrel
connected by tight turns on the periplasmic side and larger
mobile loops on the extracellular side. The solution struc-
ture of the barrel in DPC micelles is similar to that in 
n-octyltetraoxyethylene (C8E4) micelles determined by X-ray
diffraction. Moreover, data from NMR dynamic experiments
reveal a gradient of conformational flexibility in the struc-
ture that may contribute to the membrane channel function
of this protein.

Multidimensional heteronuclear NMR spectroscopy has
become a major technique for determining the structure and
dynamics of macromolecules in solution1,2. These techniques
were limited to soluble proteins and nucleic acids because of the
well-known size limitation of high resolution NMR. The struc-
tures of two transmembrane (TM) peptides have been solved
recently by solution NMR. In a breakthrough study, the structure
of the TM domain of glycophorin (a dimer of 40 residues) has
been determined in dodecylphosphocholine (DPC) micelles3.
The structure of the TM subunit c of the F1F0-ATP synthase (79
residues), which forms a helical hairpin has been solved in a mix-
ture of organic solvent and water at two different pHs4. However,
no larger membrane protein structures have so far been deter-
mined by NMR. Although solid state NMR has no theoretical size
limit, it has other experimental difficulties to overcome.
Currently, the structures of the gramicidin channel5 and a chan-
nel-lining segment from the acetylcholine receptor6 have been
determined using solid state NMR. Searches of genome-wide
databases revealed that ∼ 30–40% of all proteins in eukaryotic cells
are expected to be membrane proteins. Because it is difficult to
grow crystals of membrane proteins that are suitable for X-ray
diffraction, solution NMR may become a viable alternative for
solving membrane protein structures if the current size limit can
be increased.

Several recent developments create considerable hope for the
feasibility of solving the structures of integral membrane pro-
teins by NMR. TROSY-based methods7 provide a substantial
improvement in the relaxation behavior of the 15N nuclei, espe-
cially at the high field strengths that are now available
(900 MHz). The folds of large proteins and complexes can be
obtained from samples with deuterated side chains8. Partial
protonation of the side chains yields additional distance con-
straints9 and measurements of residual dipolar couplings pro-
vide orientational restraints10, both of which result in higher
resolution structures of such proteins. Long range distance

constraints can be obtained with strategically placed spin
labels11 to further extend the size limit of solution NMR.
Significant progress has also been made in the areas of high
yield expression, purification and refolding of membrane pro-
teins12–14. High yield expression and purification are essential
for introducing 13C, 15N and 2H in various patterns for NMR
measurements.

The outer membrane protein A (OmpA) of E. coli has been
used in our laboratory for several years as a model to study
mechanisms of membrane protein folding15,16. Although OmpA
most likely serves a physiological structural function in main-
taining the proper shape of Gram-negative bacteria, it also forms
ion channels in planar lipid bilayer membranes17,18. The channel
activity provides a convenient functional assay to monitor the
refolding of OmpA into its native state. OmpA is also one of the
major surface antigens of Gram-negative bacteria and, thus, is an
important target in the immune defense against many bacterial
pathogens19,20. The 35 kDa OmpA protein consists of a TM
domain (19 kDa) and a globular periplasmic domain (16 kDa).
The crystal structure of the TM domain of OmpA in C8E4 deter-
gent micelles has recently been solved by X-ray crystallogra-
phy21,22; it is a β-barrel. Since the crystal structure did not explain
the channel function of OmpA, we decided to solve the structure
in DPC micelles by solution NMR. The general fold of the β-bar-
rel is similar in both the crystal and solution structures; however,
NMR also detected dynamic gradients along the barrel axis that
may contribute to the structural features of OmpA function as a
surface antigen and membrane channel.

Fig. 1 TROSY-based 1H-15N HSQC spectrum of 1 mM OmpA(0–176) in
600 mM deuterated DPC micelles in 10 mM potassium phosphate buffer,
pH 6.3 (containing 50 mM NaCl, and 0.1 % NaN3). The spectrum was
recorded at 50 °C on a 750 MHz spectrometer. Several of the assigned
resonances are labeled.
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Expression, refolding, and conditions for NMR
spectroscopy
The TM domain of OmpA [OmpA(0–176)] was expressed in
BL21(DE3) cells under the control of the T7 promoter. Deletion
of the signal sequence and expression into inclusion bodies
increased protein yields ~10-fold and was necessary to obtain
sufficient amounts of isotope-labeled protein at a reasonable
cost. Both the protein purified from inclusion bodies and that
isolated from outer membranes17 displayed the same refolding
behavior in DPC micelles (data not shown). TROSY-based 
15N-1H HSQC spectra of 15N-labeled OmpA(0–176) were used to
optimize conditions of sample composition and temperature.
The best results were obtained at 1 mM OmpA(0–176), 600 mM
DPC and 50 °C. Consistent with earlier observations of high heat
resistance23,24, the protein showed no signs of degradation at this
temperature even after many weeks of measuring time.

Sequential resonance assignments
Sequential resonance assignments were obtained from TROSY-
based HNCA, HN(CA)CB, HNCO, and HN(CA)CO25,26 experi-

ments at 600 and 750 MHz. Specifically 15N-labeled Ala, Arg, Asn,
Gln, Ile, Leu, Lys, Phe, Thr, Trp, Tyr and Val samples helped with
the assignment process. These spectra showed signs of exchange
broadening for several residues, most notably in the vicinity of
the Trp residues. Exchange broadening in the vicinity of Trp has
been documented before for other proteins27. This problem was
alleviated in a single Trp mutant OmpA(0–176) in which four of
the five Trp residues were replaced by Phe. A TROSY-based 
15N-1H HSQC spectrum of refolded Trp 7 OmpA(0–176) is
shown in Fig. 1. Strips of HNCA and HN(CA)CB spectra demon-
strating the sequential assignments of residues 6–12 are shown in
Fig. 2a,b. 

Complete backbone resonance assignments (HN, N, CA, CB
and CO) were obtained for a total of 138 of the 177 residues (18
more residues were partially assigned) resulting in the identifica-
tion of eight β-strands based on 13C chemical shifts and NOEs.
Some Hα assignments were obtained from NOESY spectra of a
50% deuterated sample. Characteristic HN–HN inter-strand
NOEs in the 15N-edited NOESY-TROSY28 and HSQC-NOESY-
HSQC29 data identified the antiparallel orientation of the strands
and established the closed barrel topology of the protein (see
below). The tight turns of 3–4 residues connecting the strands on
the periplasmic end of the barrel were well-defined. However,
significant difficulty was encountered in assigning the reso-
nances of the longer loops at the extracellular end. Proceeding
from the middle of each of the strands to either end, the line
width increased and the performance of the triple-resonance
spectra decreased due to dynamic broadening (see below). The
extracellular loops were particularly affected, resulting in very
weak or missing peaks for a number of residues in these regions.

Additional challenges were presented by the presence of a sec-
ond set of peaks with ∼ 20% of the intensity of the major species.
The chemical shifts were virtually identical for these peaks, but
they were displaced slightly in the 15N and HN dimensions.
Virtually all peaks displayed a second peak of weaker intensity.
The percentage of this second species was insensitive to deter-
gent-to-protein ratio, protein concentration or temperature. The
samples with specifically 15N-labeled residues greatly facilitated
unambiguous assignments of these complex spectra. Although
the source of this doubling has not yet been identified, it is possi-
ble that the second set of peaks represents a minor conformation
of the protein.

Collection of data for structure calculations
The φand ψ angles predicted from the chemical shifts of Cα, Cβ
and CO confirmed the presence of eight β-strands that were
interrupted by alternating long and short irregular sequences.
The predicted β-strands were further scrutinized for short and
long range NOEs measured from 15N-edited NOESY-TROSY
and 15N-edited HSQC-NOESY-HSQC spectra. In addition to
HN–HN NOEs between neighboring β-strands, several strong
HN–HN NOEs were found between strands β1 and β8, indicat-
ing the existence of a closed eight-stranded β-barrel (Fig. 2c).
Standard hydrogen bond restraints were added to those residues

Fig. 2 Sequential assignment of OmpA(0–176). Selected strips from a, a
TROSY-based 3D HNCA. b, a TROSY-based 3D HN(CA)CB spectrum of
refolded OmpA (0–176) (1 mM) in 600 mM DPC micelles showing the
sequential assignments (arrows) of residues 6–12 in the first β-strand. 
c, Strips from a 15N-edited HSQC-NOESY-HSQC spectrum of OmpA(0–176)
in DPC micelles showing HN–HN NOE connectivities between strands β8
and β1 or β7. The spectra in (a) and (b) were recorded at 750 MHz and
the spectrum in (c) was recorded at 600 MHz.
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that were identified by the above procedure to be part of
the β-barrel.

Based on 49 HN–HN and 42 HN–Hα experimental NOE-
derived distance constraints, 71 φ and 71 ψ dihedral angle
constraints and constraints for 58 hydrogen bonds, the fold
of OmpA(0–176) was calculated and energy minimized
(Table 1). Backbone traces of the 10 lowest energy structures
are shown in Fig. 3a; a minimum of 82 residues are in 
β-strands in all average structures. The backbone root mean
square (r.m.s.) deviation over these 82 residues is 1.19 ±
0.29 Å, and the r.m.s. deviation over all heavy atoms is 2.24 ±
0.45 Å. The definition of the short turns is good, but that of
the long loop regions is significantly poorer due to the lack of
assignments and constraints for these regions.

NMR solution structure in detergent micelles 
The lowest energy NMR solution structure of
OmpA(0–176) in DPC micelles is a well-defined eight-
stranded antiparallel β-barrel (Fig. 3b). The residues form-
ing the eight strands (numbered β1–β8) are: β1, 6–16; β2,
34–45; β3, 49–57; β4, 75–86; β5, 91–103; β6, 117–130; β7,
135–142; and β8, 161–169. The six N-terminal and the six C-ter-
minal residues are unstructured and are at the periplasmic side
of the barrel. Three well-defined turns at the periplasmic end
(bottom of Fig. 3) and four long unstructured loops at the extra-
cellular end (top of Fig. 3) connect the strands. The loops extend
from residues 17–33 (L1), 58–74 (L2), 104–116 (L3) and
143–160 (L4). Most of the amide protons of assigned loop
residues showed no HN–Hα NOEs, but had crosspeaks with
water, consistent with a water-exposed mobile protein domain.

The eight-stranded β-barrel conformation found by NMR
closely resembles the structure obtained by X-ray diffraction22.
For comparison, the crystal structure and the lowest energy
micelle structure are aligned in Fig. 3c. The r.m.s. deviation
between the NMR and X-ray structure coordinates is 1.28 Å for
the 108 best-fitting barrel and turn residues (4–17, 34–57,
71–106, 118–141 and 161–170). The two structures have the
same barrel dimensions, similar tilt angles for the β-strands, the
same shear number30 of 10 and an elliptical cross section of the
barrel. However, some β-strands extend further into the loops in
the crystal structure than in the NMR structure. Compared to
the crystal structure, strands β7 and β8 are one residue shorter
and strands β3, β4, β5 and β6 are three residues shorter in the
NMR structure. Irregular backbone conformations were found
for Leu 58, Gly 59 and Arg 60 (β3); Tyr 72, Lys 73 and Ala 74
(β4); Ala 104, Asp 105 and Thr 106 (β5); Asn 114, His 115 and
Asp 116 (β6); Phe 143 (β7) and Phe 170 (β8).

Although the loops appear to be better defined in the crystal
structure, the B-factors of the residues in the loop regions were
quite high (Fig. 4b) and portions of the loops could not be iden-
tified in the electron density map22. It should also be noted that

in order to grow crystals, three nonconservative mutations were
engineered into loops L1, L2 and L3, respectively. The wild type
protein apparently did not yield diffraction quality crystals.
Whether these surface mutations locked the otherwise mobile
loops into a more fixed conformation is not known.

Dynamics of OmpA TM domain in detergent micelles
To examine the conformational dynamics of the main chain, we
measured heteronuclear NOEs in a 3D [1H]-15N NOE-HNCO-
TROSY31 experiment. Heteronuclear NOEs are very sensitive to
the mobility of individual amide N-H bond vectors on a ps–ns
time scale. The heteronuclear NOEs of 114 residues are plotted
in Fig. 4a. The average values are 0.73 in the β-barrel, 0.67 in the
turns and 0.46 in the loop regions. With a static limit of 1.0 for
completely immobile residues, the values indicate a fairly rigid
barrel with slightly flexible turns. The loop residues are clearly
more mobile. For comparison, the local backbone r.m.s. devia-
tions and global residue displacements calculated over the 10
minimum energy structures are plotted in Fig. 4b along with the
B-factors obtained from X-ray diffraction22. The residues in the
loops have high r.m.s. deviations resulting from a lack of distance
constraints in this region. The high r.m.s. deviations correlate
well with the low heteronuclear NOEs and high B-factors.
Therefore, the loops of OmpA constitute a highly mobile domain
that lacks a well-defined structure. The highly dynamic structure
of these surface loops may explain the high immunogenicity of
OmpA as a surface antigen.

A close examination of the shapes and intensities of the HSQC
and HNCA resonances arising from residues in the β-barrel also
suggests a dynamic profile on the µs–ms time scale. The intensi-

Fig. 3 Solution structure of OmpA TM domain in detergent
micelles. a, Stereoview of the 10 lowest energy conformers repre-
senting the NMR solution structure of OmpA(0–176) in D38-DPC
micelles. The β-strand regions are shown in red, the loop regions in
blue and the turns and N- and C-termini in purple. b, Ribbon repre-
sentation of OmpA(0–176) in DPC micelles produced with the pro-
gram MOLMOL40. The color scheme is as described in (a). The eight
β-strands (β1–β8), four extracellular loops (L1–L4), and three
periplasmic turns (T1–T3) are labeled. c, Comparison of the NMR
detergent micelle (red) and X-ray crystal (blue) structures of the
OmpA TM domain. The positions of the α-carbons of four residues
are labeled for reference.
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ties of the peaks decrease and the lines broaden towards both
ends of the barrel. These effects are more pronounced toward the
loops than toward the turns of the barrel. The same behavior is
observed for the HN–HN NOE crosspeaks (see Fig. 2c for exam-
ple). Therefore, a dynamic gradient exists along the axis of the
barrel, with the most rigid backbone structure in the center. The
center of the barrel exposes hydrophobic side chains to the out-
side and corresponds to the region that fits into the mid plane of
the lipid bilayer. The more flexible barrel ends consist of aromat-
ic and polar residues and are expected to be in contact with the
polar head groups of the surrounding detergent or lipid mole-
cules. A similar dynamic gradient has been observed by time-
resolved fluorescence spectroscopy in a helical TM model
peptide32.

The ordered packing of the lipid bilayer may impose slightly
different motional constraints on the protein dynamics than the
environment of a detergent micelle. The motions in phospho-
lipids in a lipid bilayer are more restricted than in detergents in a
micelle. The differences are probably largest in the regions of the
polar headgroups. Regardless of these secondary effects, the
observed dynamic gradient in membrane proteins appears to
counter a dynamic gradient in the lipids, which are most
dynamic in the center of the bilayer33. Although the dynamic
gradient that we have observed in OmpA could contribute to its
ability to conduct ions across membranes, any mechanism
would also have to take into account the extraordinary thermo-
dynamic stability of the β-barrel portion of OmpA in mem-
brane environments.

Conclusions
The success of our effort to determine the fold of the OmpA TM
domain demonstrates that solution NMR methods can be used to
obtain the 3D folds of membrane proteins on the order of 20 kDa
in detergent micelles. In addition to structure determination,

dynamic information on various time scales can be obtained by
these methods. Thus, further applications of this approach to
other membrane proteins would broaden our knowledge of the
structures and functions of this class of proteins.

Methods
Mutagenesis, expression and labeling. The codon for Pro 177 in
plasmids harboring wild type OmpA or the single tryptophan
mutant, Trp 7 (ref. 15), was converted to a stop codon to yield the
TM domain fragments of the protein17. The signal sequences of
proOmpA were replaced by a methionine. The modified OmpA
genes were subcloned into pET14b (Novagen) using the NcoI and
NdeI sites, yielding pET112 and pET111, which express OmpA(0–176)
and the Trp 7 mutant of OmpA(0–176), respectively, in BL21(DE3)
cells under the control of the T7 promoter.

Uniformly 2H-, 13C-, and 15N-labeled OmpA(0–176) was prepared
by growing cells in 99.92% D2O minimal media containing 2 g l–1

98% 2H-, 13C-labeled D-glucose (MartekBio), 1 g l–1 15N-ammonium
sulphate, and 1% CDN100-Bioexpress (Cambridge Isotopes). To pro-
duce 50% 2H-, 98% 13C-, 15N-labeled proteins, 50% 2H- and 98% 
13C-labeled D-glucose was used and the cells were grown in 50%
D2O-H2O with 1% CDN50-Bioexpress. Specifically 15N-labeled pro-
teins were prepared in auxotrophic strains34 in rich media including
appropriate amounts of specific 15N-labeled amino acids35.

Purification. IPTG-induced cells were osmotically shocked and
French-pressed to harvest inclusion bodies. The pellets were dis-
solved in 20 ml 20 mM Tris buffer, pH 8.0, containing 8 M urea. An
equal volume of isopropanol was added, the suspension was
brought to 55 °C for 30 min and centrifuged in a Beckman 45Ti rotor
at 38,000 rpm for 90 min at 4 °C. The protein was purified using a
0–100 mM NaCl gradient in 15 mM Tris, pH 8.5, 0.1% β-mercap-
toethanol, 8 M urea on a Q-Sepharose Fast Flow column. The purest
fractions were pooled and concentrated to 30 g l–1 using Amicon
PM-10 membranes.

Refolding and sample preparation for NMR experiments.
Approximately 10 mg OmpA(0–176) in 0.3 ml 8 M urea was diluted
into 20 ml 15 mM D38-DPC (Cambridge Isotopes) micelles in 20 mM
sodium borate buffer, pH 10.0 (containing 150 mM NaCl, 1 mM
EDTA). Refolding was monitored by CD spectroscopy and SDS-PAGE.
The yields of refolding were 100%. The proteins were concentrated
40-fold with Amicon YM-1 membranes. The buffer was changed to
10 mM potassium phosphate, pH 6.3, 50 mM NaCl, 0.01 NaN3 by two
rounds of dilution and concentration. 25 µl D2O was added to the
final NMR samples.

NMR spectroscopy. NMR spectra were recorded on Varian Inova
500 and 600 MHz and Bruker DMX 750 MHz spectrometers
equipped with 5 mm triple-resonance probes and z-only or triple-
axis field gradients, respectively. 15N-edited 1H-1H NOESY-TROSY28

spectra of a 50 % 2H-, 98 % 13C-, 15N-labeled sample were recorded
at 750 MHz using a mixing time of 90 ms. 15N-edited HSQC-NOESY-
HSQC29 spectra of a 98 % 2H-, 13C-, 15N-labeled sample were recorded
at 600 MHz using a mixing time of 200 ms. The 3D [1H]-15N NOE-
HNCO-TROSY31 experiment was recorded with a 5.4 s saturation
delay (3× HN-T1).

Structure calculations. Backbone dihedral angle restraints for φ

Fig. 4 Dynamics of OmpA TM domain in detergent micelles.
a,Heteronuclear {1H}-15N NOEs of OmpA TM domain plotted as a func-
tion of residue number. The positive standard deviations (calculated
according to ref. 41) are shown in pink. b, Global displacement (red) and
local r.m.s. deviations (green) values for the backbone residues averaged
over the 10 individual conformers representing the detergent micelle
structure of OmpA(0–176). The B-factors (blue) of the Cα atoms of the
1.65 Å resolution crystal structure of OmpA(0–171) (ref. 22) are shown
for comparison.
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micelles.

Coordinates. The structure has been deposited in the Protein Data
Bank (accession number 1G90).
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and ψ were created by using a ± 30° window on the predicted values
of these angles36. Cα and Cβ chemical shifts were corrected for
deuteration37. Distance restraints were obtained by converting inte-
grated NOE peak intensities into distance upper limits using the
macro CALIBA in DYANA v1.5 (ref. 38). The HN–HN and HN–Hα dis-
tance upper limits were calibrated individually by using dmin = 2.4 Å,
dave = 3.6 Å and dmax = 5.5 Å and iteratively changing the scaling fac-
tor. Each hydrogen bond was represented by two distance upper
limit restraints (N–O, HN–O) to preserve linear bond geometry. A
total of 160 random structures were calculated38 and subjected to
one cycle of 4,000 steps of heating and 16,000 steps of annealing
followed by 1,000 steps of conjugate gradient minimization. The 20
structures with the lowest target functions were selected. The
resulting structures were subjected to 6,000 steps of conjugate gra-
dient energy minimization in vacuo39. The 10 lowest energy struc-
tures were selected to represent the 3D fold of OmpA(0–176) in DPC

Table 1 Structural statistics for OmpA(0–176)

NOE distance constraints 91
HN–HN NOEs 49
HN–Hα NOEs 42

Hydrogen bond constraints 116
Angle Constraints 142

φ 71
ψ 71

NMR constraints violations
NOE 

Sum (Å)1 0.93 ± 0.20 (0.6–1.24)
Maximum (Å) 0.09

Dihedral angle 
Sum (°)1 32.95 ± 4.6 (25.41– 38.63) 
Maximum (°)1 1.8 ± 0.17 (1.56–2.13)

AMBER energy (kcal mol–1)1 −3100.96 ± 83.80 (−3293.00–3029.24)
R.m.s. deviation from the mean structure (Å)

All residues
Backbone atoms 4.73 ± 0.97
All heavy atoms 5.51 ± 1.05

Residues in β-strands2

Backbone atoms 1.19 ± 0.25
All heavy atoms 2.24 ± 0.41

Ramachandran statistics3

Residues in allowed region 95.7%
Residues in disallowed region 4.3%

1The values in parentheses are the observed ranges.
2Residues for calculating the r.m.s. deviations are 6–16, 34–44, 49–55,
75–85, 92–103, 118–129, 135–143, 161–169.
3Analyzed using PROCHECK-NMR42
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