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The structure of the integral membrane protein OmpX from Escherichia coli
reconstituted in 60 kDa DHPC micelles (OmpX/DHPC) was calculated
from 526 NOE upper limit distance constraints. The structure determi-
nation was based on complete sequence-specific assignments for the
amide protons and the Val, Leu, and Ile(d1) methyl groups in OmpX,
which were selectively protonated on a perdeuterated background. The
solution structure of OmpX in the DHPC micelles consists of a well-
defined, eight-stranded antiparallel b-barrel, with successive pairs of
b-strands connected by mobile loops. Several long-range NOEs observed
outside of the transmembrane barrel characterize an extension of a four-
stranded b-sheet beyond the height of the barrel. This protruding b-sheet
is believed to be involved in intermolecular interactions responsible for
the biological functions of OmpX. The present approach for de novo
structure determination should be quite widely applicable to membrane
proteins reconstituted in mixed micelles with overall molecular masses
up to about 100 kDa, and may also provide a platform for additional
functional studies.
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Introduction

Membrane proteins constitute about one third of
all proteins in living organisms. However,
presently only about 50 entries in the Protein Data
Bank (PDB)1 represent three-dimensional (3D)
structures of integral membrane proteins. This
contrasts with more than 19,000 PDB entries of
soluble proteins. In the ongoing structural
genomics projects, membrane protein structure
determination thus remains a challenge. Encourag-
ingly, significant progress has recently been made
in the areas of high-yield expression, purification

and refolding of membrane proteins,2 – 4 and
important methodological advances have been
achieved in the field of membrane protein struc-
ture determination by X-ray crystallography and
NMR spectroscopy. As a result, about half of the
membrane protein structures in the PDB have
been deposited within the last two years. Knowl-
edge of 3D structures of this class of proteins is
fundamental to the understanding of a wide
spectrum of biological functions, and to the
development of new drugs that target membrane
proteins.

For studies with solution NMR, the size of the
mixed protein–detergent micelles needed to
solubilize membrane proteins in water is beyond
the limits of conventional NMR experiments,
which would yield spectra with poor resolution
and low signal-to-noise ratio. The use of the
principles of transverse relaxation-optimized
spectroscopy (TROSY)5 at high magnetic fields,
combined with refined isotope labeling strategies6

now extends NMR studies to structures with
molecular masses above 100 kDa.7 – 9 Recent results
include obtaining backbone resonance assignments
and the three-dimensional folds of the E. coli outer
membrane proteins OmpX,10,11 OmpA11 – 13 and
PagP,14 and physicochemical studies on other
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integral membrane proteins in micellar
environments.15– 17

The 148-residue outer membrane protein X
(OmpX) from E. coli, for which the crystal structure
in the presence of the detergent n-octyltetra-
oxyethylene is known,18 has been used in our
laboratory as a model system for the development
of NMR techniques for membrane protein
structure determination and for folding studies.
Here, the previous backbone resonance assign-
ments obtained using uniformly 2H,13C,15N-labeled
OmpX10,11 are supplemented by data collection
with a perdeuterated OmpX sample with selec-
tively protonated Val, Leu, and Ile(d1) methyl
groups, [u-2H,13C,15N/L,V,Id1-13CH3]-OmpX.19,20 The
additional nuclear Overhauser effects (NOEs)
from methyl groups to other methyl groups and to
amide protons resulted in a complete structure
determination of OmpX in DHPC micelles, which
is supplemented with data on the dynamics and
on conformational equilibria of OmpX/DHPC
based on measurements of heteronuclear 15N{1H}-
NOEs and backbone amide proton exchange rates.

Results

Collection of conformational constraints and
structure calculation

The collection of conformational constraints was
based on complete sequence-specific assignments
for the backbone resonances,10 and the Val, Leu,
and Ile(d1) methyl groups.20 Figure 1 shows
[v1(

1H), v3(
1H)]-strips taken from 3D 15N-resolved

[1H,1H]-NOESY and 3D 13C-resolved [1H,1H]-
NOESY spectra of [u-2H,13C,15N/L,V,Id1-13CH3]-
OmpX/DHPC recorded with a mixing time of
200 ms, where the labels identify cross-peaks corre-
sponding to long-range or medium-range NOEs. It
is readily apparent that these include a large
number of NOEs involving Val, Leu, and Ile(d1)
methyl groups. The resulting input for the
CYANA structure calculation21 contained 526
unambiguously assigned, meaningful NOE upper
limit distance constraints, of which 255 were long-
range NOEs. Using these experimental data, two
structures were calculated (Figure 2). The first one
was derived from “data set I”, containing the
NOE upper distance constraints, and dihedral
angle constraints obtained from the 13C chemical
shifts (Figure 2(A)). The second structure was
obtained from the same data supplemented with
68 upper limit and 68 lower limit distance con-
straints to account for 34 hydrogen bonds (data
set II, Figure 2(B)). These hydrogen bonds were
identified automatically by CYANA in the bundle
of conformers obtained from data set I (see
Materials and Methods for details). All the amide
protons involved in the thus identified hydrogen
bonds showed slowed exchange with the solvent
(Figures 3(D) and 4(B)).

There are only few, quite small residual con-

straint violations (Table 1), which shows that the
input data represent a self-consistent set, and that
the constraints are well satisfied in the calculated
conformers. This is true for both data sets I and II,
showing that the 34 automatically determined
hydrogen bonds are fully consistent with the NOE
data. For the data set I, the RMSD values relative
to the mean coordinates for the backbone atoms
are 1.13 Å in the best-defined region of the b-barrel
(see Table 1), and 1.42 Å for all residues located in
the regular secondary structure elements. The cor-
responding numbers for the structure calculated
with automatically determined hydrogen bond
constraints (data set II) were 0.93 Å and 1.17 Å,
respectively.

NMR solution structure of OmpX/DHPC

The solution structure of OmpX in DHPC
micelles consists of an eight-stranded antiparallel
b-barrel, with the individual strands containing
the residues 3–13 (b1), 21–31 (b2), 38–50 (b3),
58–71 (b4), 78–93 (b5), 99–117 (b6), 122–131 (b7)
and 136–146 (b8) (Figure 2(A)–(C)). Successive
pairs of b-strands are connected by extracellular
loops containing the residues 14–20 (L1), 51–57
(L2), 94–98 (L3) and 132–135 (L4), and by peri-
plasmic turns consisting of the residues 32–37
(T1), 72–77 (T2) and 118–121 (T3) (same nomen-
clature as Vogt & Schulz18). As a peculiar feature
of OmpX, the two extracellular loops L2 and L3
(Figure 2(C)) form a regular four-stranded sheet,
which contains part of the strands b3, b4, b5 and
b6 and extends beyond the confines of the barrel
as a “protruding flag”. The core of the barrel is
well defined, whereas the solvent-exposed, pro-
truding part of the b-structure is significantly less
well ordered. The same holds for the loops and
turns, with outstandingly large disorder for the
loops L2 and L3 at the end of the protruding
b-sheet (Figures 2(A) and (B), and 3(B)).

Conformational equilibria and dynamics of
OmpX in DHPC micelles

This section supplements the determination of
the molecular geometry (Figure 2(C)) with data on
the local precision of the structure determination,
amide proton exchange studies, and measurements
of spin relaxation parameters.

The plots of the global backbone displacements22

versus the sequence (Figure 3(B)) show that all
b-strands within the barrel are well defined.
Increased conformational disorder is observed for
the polypeptide segments 15–22 (including L1),
32–37 (including T1), 50–60 (including L2), 73–78
(including T2), 90–103 (including L3), 117–120
(including T3) and 133–135 (including L4), i.e. all
loop regions and adjacent residues. The segments
with the lowest displacements (Figure 3(B))
coincide well with the regions with high density
of NOE distance constraints (Figure 3(A)). Nearly
all NOEs to the selectively methyl-protonated Val,
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Leu, and Ile residues, which include both methyl–
HN and methyl–methyl NOEs, are located in the
well-defined b-barrel region, which also has the
majority of the long-range interstrand HN–HN

NOEs (Figure 3(D)).
To further characterize the nature of the

increased disorder in the loops and turns, we
measured heteronuclear 15N{1H}-NOEs, which are
sensitive to the mobility of individual N–H bonds
on the picosecond to nanosecond time scale. The
15N{1H}-NOEs have significantly lower values for
the residues located in and at the boundaries of
the loops L1, T1, L2 and L3 (colored red in

Figure 3(C)), indicating increased mobility of these
polypeptide regions. Particularly low 15N{1H}-
NOE values were observed for the loops L2 and
L3, which also have the largest displacements
(Figure 3(B)). These mobile regions include the
residues located in the protruding parts of the
strands b5 and b6, and the two residues closest to
L2 in the strands b3 and b4. The 15N{1H}-NOE
data thus indicate for these four polypeptide
regions that dynamic processes are responsible for
the comparatively poor definition of the structure.
For the remaining loops T2, T3 and L4, the hetero-
nuclear NOE data provide no evidence for fast

Figure 1. (A) 3D 15N-resolved [1H,1H]-NOESY spectrum of OmpX/DHPC. (B) 3D 13C-resolved [1H,1H]-NOESY spec-
trum. [v1(

1H),v3(
1H)]-strips were taken at the 15N or 13C chemical shifts specified at the top and centered about the

amide proton chemical shifts or the methyl proton chemical shifts, respectively, of the amino acid residues indicated.
Cross-peaks indicating long-range and medium-range NOE connectivities are labeled with the one-letter amino acid
symbol and the sequence number of the partner residue. The unlabeled peaks are either diagonal peaks, cross-peaks
arising from intraresidual or sequential NOEs, or intermolecular NOEs to DHPC molecules.25 The spectra were
recorded with a 2 mM solution of [u-2H,13C,15N/L,V,Id1-13CH3]-OmpX/DHPC at 30 8C.
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Figure 2 (legend opposite)
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motional processes (Figure 3(C)). The reduced
precision of the structure determination of these
polypeptide segments thus seems to arise from
scarcity of long-range NOE distance constraints
(Figure 3(D)), which may in turn be related to
slower dynamic processes on the millisecond to
microsecond time scale.

Backbone amide proton exchange rates were
determined from a series of 2D [15N,1H]-TROSY
spectra recorded at variable time intervals after
lyophilized HN-protonated OmpX/DHPC had
been dissolved in 2H2O. Slowed exchange was
observed for all amide groups involved in the
hydrogen bonds identified in the regular second-
ary structures (Figures 3(D) and 4(B)) of the
energy-minimized OmpX/DHPC structures. An
exception is the amide protons in the protruding
b-sheet, which show only weak protection from
exchange and thus indicate local fraying of this
part of the molecular structure. The 15N{1H}-NOE
data (Figures 3(C) and 4(A)) then further indicate
that fraying of the protruding b-sheet is a high-
frequency process.

Discussion

Impact of selective Val, Leu, and Ile(d1) methyl
group protonation

In OmpX/DHPC, specific 1H-labeling, sequence-
specific and stereospecific assignment of the Val,
Leu, and Ile(d1) methyl groups20,23 yielded a four-
fold increase in the number of NOE distance con-
straints. The impact is such that we now have a
good quality structure, whereas the previous
studies, which were based exclusively on amide
group protonation on a perdeuterated background,
could only yield a low-precision, but nonetheless
correct backbone fold.10 The NOE data including
only backbone HN–HN distance constraints yielded
an RMSD value to the mean coordinates of 2.13 Å
for the backbone atoms of the residues located in
the regular secondary structure elements, whereas
the corresponding number for the presently
described structure is 1.42 Å (Table 1). The
approach applied here can thus lead to a signifi-
cant improvement of the NMR structures of
proteins in large structures, where extensive
deuteration is required for obtaining high-

resolution NMR spectra. For a-helical membrane
proteins it can be expected that NOEs involving
methyl groups will be essential already for
defining the global fold of the protein, i.e. the
relative spatial locations of multiple helical second-
ary structures, and thus to open an avenue for de
novo structure determination of this class of
membrane proteins by NMR in solution.

Comparison of the NMR solution structure of
OmpX with the X-ray crystal structure

The solution structure of OmpX/DHPC closely
resembles the X-ray structure obtained in the
presence of the detergent n-octyltetraoxyethylene.18

The RMSD values relative to the X-ray crystal
structure calculated for the backbone atoms located
in the regular secondary structure elements are
2.29 Å for the mean NMR structure obtained from
data set I (Figure 2(D)), and 1.92 Å for the NMR
structures obtained from data set II (Figure 2(E)).
The crystal and solution structures have the same
overall dimensions and the same ellipsoidal cross-
section measures, with a ratio of 1.6 between the
longest and the shortest axis. In the NMR struc-
ture, the b-strands of OmpX are on average two
residues shorter than in the crystal structure,
which may in part be a consequence of the poorer
definition of the loops due to the scarcity of long-
range experimental constraints in these regions
(Figure 3(D)). Both structures contain the protrud-
ing b-sheet at the extracellular end, which is clearly
defined in solution by numerous interstrand NOEs
(Figure 5). Overall, in the crystals as well as in
solution, OmpX thus fits the folding rules24

proposed for all b-barrels from bacterial outer
membranes, with an even number of b-strands,
the N and C termini at the periplasmic barrel end,
and a central b-barrel surface of hydrophobic
side-chains forming a non-polar ribbon lined by
two girdles of aromatic side-chains.

The close similarity of the X-ray crystal and
NMR solution structures of OmpX, which is quite
remarkable taking into account the differences in
the environments used to obtain the two struc-
tures, provides an opportunity for investigating
complementary features of the data obtained by
the two methods. These bear primarily on confor-
mational equilibria and intramolecular rate pro-
cesses in the OmpX structure in the detergent

Figure 2. Solution NMR structures of OmpX in DHPC micelles. (A) Stereoview of the 20 energy-refined CYANA con-
formers representing the solution structure of OmpX/DHPC calculated using NOE-derived distance constraints and
chemical shift-derived torsion angle constraints (data set I). (B) Same as (A) calculated with the data used in (A) plus
hydrogen bond constraints that were automatically determined in the structures shown in (A) (data set II; see the
text for details). (C) Ribbon representation of the solution structure of OmpX/DHPC. Regular b-strands are blue and
the remaining regions gray. The b-strands b1–b8, the extracellular loops L1–L4, the periplasmic turns T1–T3, and
the N and C termini are labeled. (D) Comparison of the NMR solution structure of OmpX in DHPC micelles (blue)
obtained from the data set I (mean atom coordinates from (A)) with the X-ray crystal structure obtained in the deter-
gent n-octyltetraoxyethylene (yellow). (E) Same as (D) using the NMR structure of OmpX in DHPC micelles (blue)
obtained from the data set II (mean atom coordinates from (B)). The Figures have been prepared with the program
MOLMOL.36
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Figure 3. (A) Plot versus the amino acid sequence of the number of NOE constraints per residue, n, used in the calcu-
lation of the solution structure of OmpX/DHPC (white, intra-residual; light gray, short-range (difference in sequence
position ¼ 1); dark gray, medium-range (difference from 2 to 5); black, long-range (difference larger or equal 6)). (B)
Plot versus the amino acid sequence of the global displacements22 for the backbone atoms obtained with superposition
of the backbone heavy atoms of the regular secondary structures (see Table 1) for minimal RMSD. The average over the
20 energy-refined CYANA conformers representing the NMR solution structure of OmpX/DHPC is shown. Magenta,
structure calculated with the data set I; green, structure calculated with the data set II. The locations of the regular
strands (b1–b8), the extracellular loops (L1–L4) and the periplasmic turns (T1–T3) are indicated at the top of (B).
(C) Heteronuclear 15N{1H}-NOEs of OmpX/DHPC measured at 500 MHz plotted versus the amino acid sequence. The
positive half of the standard deviations is indicated by black vertical lines. Residues with heteronuclear 15N{1H}-NOE
values smaller than 0.5 are highlighted in red. (D) Amide proton exchange and [1H,1H]-NOE data. In the row k(HN),
the residues with slowly exchanging amide protons (kex , 0.2 min21) are marked with black rectangles. Gray rectangles
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environments, and on the extent to which the
solvation of the protein by the detergent and the
solvent water can be characterized.25 Since these
data bear quite directly on the functional interpret-
ation of the OmpX structures, they are discussed in
the following section.

Implications for the mode of action of OmpX in
its physiological function

The E. coli outer membrane protein OmpX
belongs to a family of highly conserved bacterial
proteins that have been assigned key functions in
promoting bacterial adhesion and entry into mam-
malian cells.18 Based on the crystal structure of
OmpX in the presence of the detergent n-octyl-
tetraoxyethylene, it was postulated that the
protruding b-sheet might present an epitope for
binding of external proteins. Thereby, the edge of
the b-sheet could act as a hydrogen bonding
partner, and the resulting specific binding affinity
has been suggested to play an important role in
cell adhesion and invasion, and to cause virulence

by interfering with the human complement
defense system.18 This interpretation of the OmpX
crystal structure was hypothetical in the sense that
the Asn residue in the sequence position 100 at
the protruding extracellular end of the strand b6
(Figure 5) is involved in crystal contacts with a
neighboring OmpX molecule. The OmpX solution
structure now confirms the conclusion that the
protruding b-sheet is a structural feature of native
OmpX and not a crystal artifact. The protruding
b-sheet seems to be a unique feature of OmpX,18,24

identify Pro residues or residues for which the amide proton exchange rates could not be measured due to spectral
overlap or assignment ambiguity in the 2D [15N,1H]-TROSY spectra. The rows dNN(i,i þ 2) and dNN(i,j) with li 2 jl $ 4
indicate medium-range and long-range HN–HN NOE connectivities that were used as input for the structure calcu-
lation of OmpX/DHPC. Residues involved in such NOEs are indicated with black rectangles.

Figure 4. (A) Graphical representation of high
frequency dynamic processes in OmpX/DHPC.
Residues with backbone heteronuclear 15N{1H}-NOE
values smaller than 0.5 are colored red, those with values
larger than 0.5 are blue. (B) Amide proton exchange
rates. Residues colored in red did not show any detect-
able signal in a 2D [15N,1H]-TROSY spectrum recorded
ten minutes after a lyophilized, protonated OmpX/
DHPC sample was redissolved in 2H2O. Signals from
the residues colored in blue were still detected after this
time (kex , 0.2 min21). For residues colored gray, the
amide proton exchange rates could not be determined.
The chain ends, the strands b3–b6, the extracellular
loops and the periplasmic turns are identified.

Table 1. Experimental NMR data and structural statistics
for OmpX

Quantity

No H-bond
constraints
(data set I)

H-bond
constraints
(data set II)

NOE upper distance limits
Total 526 526
Long-range, spanning five or

more residues
255 255

Constrained hydrogen bonds – 34
Torsion angle constraints 172 172
Residual CYANA target function

value, (Å2)a

0.13 ^ 0.06 0.25 ^ 0.06

Distance constraint violationa

Number .0.1 Å 5 ^ 2 6 ^ 2
Maximum (Å) 0.12 ^ 0.01 0.12 ^ 0.01

Torsion angle constraint violationa

Number .2.58 1 ^ 1 1 ^ 1
Maximum (deg.) 3.0 ^ 0.5 3.1 ^ 0.7

PROCHECK Ramachandran plot analysisa

Residues in favored regions (%) 74 ^ 3 74 ^ 3
Residues in additional allowed

regions (%)
21 ^ 3 21 ^ 3

Residues in generously allowed
regions (%)

3 ^ 2 3 ^ 1

Residues in disallowed regions
(%)

2 ^ 1 2 ^ 1

RMS distance to the averaged coordinatesa

N, Ca, C0 (best defined regions)
(Å)b

1.13 ^ 0.15 0.93 ^ 0.13

N, Ca, C0 (regular b-structures)
(Å)c

1.42 ^ 0.16 1.17 ^ 0.15

N, Ca, C0 (2–148) (Å) 1.90 ^ 0.23 1.62 ^ 0.24
All heavy atoms (2–148) 2.87 ^ 0.21 2.52 ^ 0.17

a The values given are the average and the standard devi-
ation over the 20 energy-minimized conformers with the lowest
residual CYANA target function values that represent the NMR
solution structure.

b Includes the following 57 residues located in the center of
the b-barrel: 6–10, 24–28, 41–47, 61–68, 81–90, 102–114, 125–
128 and 139–143.

c Includes the following 105 residues located in the b-strands:
3–13, 21–31, 38–50, 58–71, 78–93, 99–117, 122–131 and 136–
146.
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since in all other known outer membrane protein
structures this region contains long, structurally
disordered loops with non-regular secondary
structure. In particular, no evidence for the
formation of a protruding b-sheet was seen in
the NMR structures of the closely related
protein OmpA either in DHPC11 or in
dodecylphosphocholine12 micelles.

In view of its potential functional role, the
protruding b-sheet in solution was further charac-
terized with additional experimental data. In the
solution structure of OmpX/DHPC, several long-
range NOEs could be unambiguously identified
between neighboring strands within the pro-
truding b-sheet, particularly between residues R50
and N58, A52 and D56, Y57 and T93, K59 and Q91,
Q61 and K89, G88 and D104, and T92 and H100
(Figure 5). Additional interstrand NOEs that one
would expect from the thus clearly defined mol-
ecular structure may not have been detected due
to exchange broadening, as suggested by the weak
intensities of the cross-peaks for some residues of
this molecular region in all measured spectra.
Plasticity of the protruding b-sheet is implicated
by the rapid exchange of the backbone amide
protons (kex . 0.2 min21) for the majority of the
residues (Figure 4(B)). The observation of low
heteronuclear NOE values (15N{1H}-NOE , 0.5)
further shows that for the peripheral regions of
the protruding b-sheet the transitions between
hydrogen-bonded folded structure and solvent-
exposed unfolded structure are mediated by high
frequency processes (Figure 4(A)). It is of
course tempting to speculate that the plasticity
and the dynamics of this b-sheet are important

features for optimal adaptation to the molecular
targets, and help in finding the optimal orientation
of this “waving flag” in recognizing its reaction
partners.

There is pronounced complementarity of the
X-ray and NMR data on the interactions with the
detergents used for reconstituting the protein. In
the crystal structure, only a single molecule of
n-octyltetraoxyethylene could be located on the
protein surface.18 In contrast, in the mixed OmpX/
DHPC micelles used to determine the OmpX
solution structure, a large number of direct con-
tacts between the hydrophobic tails of DHPC and
the hydrophobic surface of the OmpX barrel were
observed by NMR.25 This study showed that the
DHPC molecules are packed as a monolayer on
the hydrophobic surface of the barrel, forming a
cylinder jacket of about 28 Å in height located
about the center of the barrel. Within the mono-
layer, the DHPC molecules undergo rapid lateral
diffusion on the chemical shift time scale, i.e. in
the millisecond to microsecond range. The micelle
thus seems to mimic quite faithfully the
embedding of the b-barrel in a double-layer lipid
membrane. The best-defined regions of the
solution structure of OmpX coincide with the
cylinder jacket formed by the hydrophobic contact
area of OmpX and DHPC,25 suggesting that the
lipid–protein interactions in OmpX/DHPC con-
tribute to the stability of the b-barrel in the
micelles. Since both ends of the barrel are freely
accessible to the aqueous solvent, the OmpX/
DHPC micelles should also be suitable for further
studies of functional intermolecular interactions
with OmpX.

Figure 5. (A) Fragment of the OmpX/DHPC NMR structure comprising the extended, protruding b-sheet at the
extracellular end of the strands b3, b4, b5 and b6. The NOE distance constraints used as input for the structure
calculation are represented with red dotted lines. For improved clarity, the structure has been rotated by 1808 about
the long axis of the barrel with respect to the orientation shown in the previous illustrations. The loops L3 and L4,
and the sequence positions of the extracellular ends of the strands b3–b6 are indicated. (B) [v1(

1H),v3(
1H)]-strips

from a 3D 15N-resolved [1H,1H]-NOESY spectrum of OmpX/DHPC. The strips were taken at the amide 15N chemical
shifts specified at the top, v2(

15N), and centered about the amide proton chemical shifts, v3(
1H), of the amino acid resi-

dues indicated, which are all located in the molecular region shown in (A). Four of the interstrand NOEs represented
in (A) are identified with red broken lines on the NMR spectrum.
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Materials and Methods

Production of OmpX and NMR sample preparation

2H,13C,15N-labeled OmpX was produced as
described.10 The preparation of selectively methyl-proto-
nated and otherwise uniformly 2H,13C,15N-labeled
OmpX, [u-2H,13C,15N/L,V,Id1-13CH3]-OmpX, was per-
formed as reported.20 A standard protocol for protein
isolation, purification, refolding and reconstitution into
detergent micelles was used.10 The NMR sample
conditions were: solvent H2O; protein concentra-
tion, , 2 mM; buffer, 20 mM phosphate, 100 mM
NaCl, 0.05% NaN3, 200 mM DHPC, 5% 2H2O, pH 6.5.

NMR experiments with OmpX/DHPC

All NMR experiments were measured at 30 8C. The
TROSY triple resonance NMR experiments used for
sequence-specific resonance assignment, as well as the
15N-edited [1H,1H]-NOESY recorded with 2H,13C,15N-
labeled OmpX have been described.10 The sequence-
specific and stereospecific assignment of the isopropyl
methyl groups of Val, Leu, and Ile(d1) in [u-2H,13C,15N/
L,V,Id1-13CH3]-OmpX/DHPC have also been
described.20,23

The 3D 13C- and 15N-edited [1H,1H]-NOESY spectra
used in this study were measured with a [u-2H,13C,15N/
L,V,Id1-13CH3]-OmpX/DHPC sample on a Bruker DRX-
800 spectrometer equipped with four radio-frequency
channels for generating the 1H, 2H, 13C and 15N pulses,
and a 1H-{13C,15N}-triple resonance probe with an
actively shielded z-gradient coil. The following par-
ameters were used: 3D 15N-resolved [1H,1H]-NOESY
spectrum: time domain data size 150(t1)·40(t2)·1024(t3)
complex points, t1max(

1H) ¼ 14.4 ms, t2max(
15N) ¼ 16.4 ms,

t3max(
1HN) ¼ 98.3 ms, tm ¼ 200 ms; 3D 13C-resolved

[1H,1H]-NOESY spectrum: time domain data size
175(t1)·40(t2)·1024(t3) complex points, t1max(

1H) ¼ 18.2 ms,
t2max(

13C) ¼ 9.9 ms, t3max(
1H) ¼ 106.5 ms, tm ¼ 200 ms.

All spin relaxation measurements were recorded on a
Bruker DRX-500 spectrometer equipped with four
radio-frequency channels for generating the 1H, 2H, 13C
and 15N pulses, and a 1H-{13C,15N}-triple resonance
cryoprobe with an actively shielded z-gradient coil.
TROSY-based pulse sequences were used to obtain
heteronuclear 15N{1H}-NOEs.26 The heteronuclear NOEs
were calculated from two independently measured and
integrated spectra as the ratio of peak volumes with and
without 1H-saturation. The errors were calculated from
the standard deviations of the averaged values from the
two data sets.

Amide proton exchange kinetics were measured from
a series of 2D [15N,1H]-TROSY spectra at a proton fre-
quency of 750 MHz, data size 170(t1)·2048(t2) complex
points, t1max(

15N) ¼ 90 ms, t2max(
1H) ¼ 195 ms. After dis-

solving lyophilized, protonated OmpX/DHPC in 2H2O,
such spectra were recorded in intervals of one hour
over a period of 80 hours.

All spectra were Fourier transformed with the
program PROSA27 and analyzed with XEASY.28 Chemical
shifts were referenced to internal 2,2-dimethyl-2-sila-
pentane-5-sulfonate sodium salt (DSS).29

Calculation of the three-dimensional structure

NOE cross-peaks were assigned in the aforementioned
NOESY spectra by a combination of interactive

procedures and the automated CANDID method,30

resulting in a total number of 526 unambiguously
assigned upper distance limits: 220 between amide pro-
tons, 36 between methyl groups, 259 between amide
and methyl groups, and 11 between amide and aromatic
protons.10 In addition, 172 backbone torsion angle con-
straints (86 for f and 86 for c) were derived from chemi-
cal shift values using the program TALOS.31

Stereospecific assignments for nine out of the 13 Val and
Leu isopropyl groups were determined by biosynthetic
fractional 13C-labeling.23,32 On the basis of this input, two
structure calculations were performed with the program
CYANA.21 The first one used only these input data (data
set I). For the second calculation the input data were
supplemented by distance constraints for 34 backbone–
backbone hydrogen bonds that were identified auto-
matically by the program CYANA (data set II; see
below). CYANA calculations started from 400 confor-
mers with random torsion angle values. For each of
these conformers, 10,000 torsion angle dynamics steps
were performed during the standard simulated anneal-
ing schedule,21 and the 20 conformers with lowest final
target function values were subjected to restrained
energy minimization with respect to the AMBER force
field33 in a water shell of 8 Å minimal thickness, using
the program OPALp.34,35

The identification of hydrogen bonds was based on
the structure obtained with the data set I and was per-
formed with an automatic algorithm implemented in
CYANA, which does not make any assumptions about
the secondary structure or the protein topology. This
routine identifies all potential backbone acceptor–donor
pairs that are less than 3.5 Å apart in ten or more of the
20 best conformers and are separated by three or more
residues along the sequence. Hydrogen bond distance
constraints are then generated for those hydrogen atoms
that are involved in exactly one potential acceptor–
donor pair. Two upper and two lower distance limits
are imposed for each hydrogen bond in order to restrict
the HN–O distance to the range 1.8–2.0 Å and the N–O
distance to 2.7–3.0 Å.

Protein Data Bank accession numbers

Coordinates have been deposited in the Protein Data
Bank under accession code 1Q9F (with H-bond
constraints; data set II) and 1Q9G (without H-bond
constraints; data set I).
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Transverse relaxation-optimized NMR spectroscopy
with the outer membrane protein OmpX in
dihexanoyl phosphatidylcholine micelles. Proc. Natl
Acad. Sci. USA, 98, 2358–2363.

11. Fernández, C., Hilty, C., Bonjour, S., Adeishvili, K.,
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Wüthrich, K. (1989). Comparison of the high-
resolution structures of the alpha-amylase inhibitor
tendamistat determined by nuclear magnetic-
resonance in solution and by X-ray-diffraction in
single-crystals. J. Mol. Biol. 206, 677–687.

23. Hilty, C., Wider, G., Fernández, C. & Wüthrich, K.
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