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Here we report the structure of Opa60 in lipid bilayers using proton-detected magic-angle spinning nuclear
magnetic resonance (MAS NMR). Preparations including near-native oligosaccharide lipids reveal a consistent
picture of a stable transmembrane beta barrel with a minor increase in the structured region as compared with
the previously reported detergent structure. The large variable loops known to interact with host proteins could
not be detected, confirming their dynamic nature even in a lipid bilayer environment. The structure provides a

starting point for investigation of the functional role of Opa60 in gonococcal infection, which is understood to
involve interaction with host proteins. At the same time, it demonstrates the recent advances in proton-detected
methodology for membrane protein structure determination at atomic resolution by MAS NMR.

Introduction

Structural characterization of membrane proteins is of high interest
due to their importance in living organisms. Membrane proteins account
for about 60% of drug targets (Overington et al., 2006), as their func-
tions range from signal transduction, through transportation of metab-
olites and ions, to enzymatic activity (Cournia et al., 2015; Wimley,
2003; Galdiero et al., 2007). Conventional approaches to determine
membrane protein structure, such as crystallization(Kwan et al., 2020)
or solution nuclear magnetic resonance (NMR) spectroscopy (Tamm and
Liang, 2006) typically take place in the presence of detergents, which
may alter the protein’s native structure (Chipot et al., 2018; Schubeis
et al., 2020; Zhou and Cross, 2013), while cryo electron microscopy is
not suited for the study of small proteins (Cheng, 2018). In contrast,
magic angle spinning (MAS) NMR spectroscopy offers a unique oppor-
tunity to study small membrane proteins at atomic detail in a native-like
lipid bilayer environment (Schubeis et al., 2018; Xue et al., 2021;
Mandala et al., 2018). The lipid composition of native bacterial mem-
branes is highly diverse (Sohlenkamp and Geiger, 2016), and lipid
composition is known to impact membrane protein structure and func-
tion (Thakur et al., 2023). Moreover, bacterial outer membranes feature
a high amount of structurally and functionally important lipopolysac-
charides (LPS) or lipooligosaccharides (LOS) (Raetz and Whitfield,
2002; Wilkinson, 1996), which can be incorporated into lipid prepara-
tions for MAS NMR. In addition to structural characterization, NMR
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spectroscopy can also offer atomic resolution insight into the dynamic
behavior of proteins on different physiologically relevant timescales
(Schanda and Ernst, 2016). As particularly dynamic regions of the
protein are not detected in cross-polarization based NMR spectra, un-
detected regions of the protein can be easily identified as mobile (Mat-
lahov and van der Wel, 2018).

Opacity associated (Opa) proteins form a large group of beta barrel
outer membrane proteins found in bacterial pathogens of the Neisseria
genus (Hobbs et al., 1994; Malorny et al., 1998). They bind to human
epithelial host tissues via interaction with the carcinoembryonic
antigen-related cell adhesion molecule (CEACAM) or the heparan sulfate
proteoglycan (HSPG) family of proteins and mediate infection of human
hosts (Hauck and Meyer, 2003; Gray-Owen, 2003; Criss and Seifert,
2012). Structural elucidation of these interactions will likely be key to
understanding pathogenicity.

Structurally, all Opa proteins are eight stranded beta barrels with
four extracellular loops. The structure of Opa60 (~28 kDa) from
N. gonorrhoeae has been determined previously in dodecylphosphocho-
line (DPC) detergent micelles using solution NMR (Fox et al., 2014; Fox
and Columbus, 2013). The structure of the transmembrane beta barrel
was reported, and about 95% of the transmembrane region and 27% of
the loops were assigned. The extracellular loops feature three variable
regions, termed semivariable (SV) and hypervariable (HV) 1 and 2 re-
gions. Of these, both large HV regions confer receptor binding and
specificity, and it has been shown that only the precise combinations of
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HV1 and HV2 loops are able to mediate the specific binding to host
receptor proteins (de Jonge et al., 2003). The HV1 and HV2 loops
exhibited dynamics on the nanosecond timescale, and showed short-
lived interactions with each other and the adoption of helical second-
ary structures in a minority of MD simulation snapshots (Fox et al.,
2014).

Opa proteins differ mostly in their HV regions (Malorny et al., 1998).
For meningococcal Opa variants, a conserved sequence on HV2 has been
found. It has also been shown that the binding depends on the combi-
nation of HV1 and HV2 sequences, such that chimeric sequences do not
necessarily bind (de Jonge et al., 2003; Bos et al., 2002). The binding of
Opa proteins to CEACAMs and HSPGs has been studied extensively by a
chimeric protein approach (Bos et al., 2002) and recently also by fluo-
rescence activated cell sorting (FACS) (Werner et al., 2020). The affinity
of Opa proteins to CEACAM receptors has been reported to be in the low
nanomolar range (Martin et al., 2016).

Here we report the structure of Opa60 in 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) lipid bilayers using proton-detected MAS
NMR. Using a semi-automated assignment strategy, we obtained
comprehensive assignments for the beta barrel of the protein and
determined that while the structured region of the beta barrel is some-
what larger in comparison to the detergent structure, the loops retain
their mobility in a lipid membrane environment.

Materials and methods
Opa60 sample preparation

The procedure for production, purification, and lipid reconstitution
of Opa60 was published before (Zhang et al., 2021) and is based on an
earlier report (Fox et al., 2014). A pET-28b(+) plasmid containing the
Opa60 sequence was transformed into Escherichia coli BL21 (DE3) cells.
Fully 2H, 13C, 1°N-labelled Opa60 was expressed in M9 medium con-
taining 100% D0, 4 g/1 13Cg-d;-D-glucose and 1 g/1 1N-NH,4CI. Cells
were grown to an ODggo of ~ 0.8 at 37 °C. Before induction, the tem-
perature was decreased to 25 °C. Expression was induced with 1 mM
isopropyl-p-D-1-thiogalactopyranoside (IPTG). After overnight expres-
sion, cells were harvested by centrifugation for 20 min at 5,000 g and
4 °C. The pellet was resuspended in ~ 35 ml lysis buffer (50 mM Tris,
150 mM NacCl, 1 mM MgCl,, pH 8.0, cOmpleteTM EDTA-free protease
inhibitor cocktail (Roche)). Bacteria were lysed by digestion with 25 pg
DNase/Lysozyme each for 30 min at room temperature, followed by
sonication (Sonopuls HD 2200 (Bandelin), 6x60% of maximal power for
20 s, 1 min pause, on ice). The suspension was centrifuged for 1 h at
22,000 g and 4 °C. The pellet, containing Opa60 inclusion bodies, was
resuspended in 30 ml lysis buffer with 1% w/v Triton X-100, and again
centrifuged for 1 h at 22,000 g and 4 °C. This step was repeated without
Triton X-100, and the pellet was resuspended in 50 ml solubilization
buffer (50 mM Tris, 150 mM NaCl, 6 M guanidinium hydrochloride
(Gmd-HCl), pH 8.0). Non-solubilized particles were removed by
centrifugation for 45 min at 25,000 g and 22 °C. 2 mM imidazole was
added to the supernatant, and this was loaded at room temperature onto
a 5 ml column volume (CV) TALON resin (Takara Bio) affinity column,
equilibrated in loading buffer (20 mM sodium phosphate, 150 mM NacCl,
6 M Gmd-HCl, 2 mM imidazole, pH 7.8). The resin was washed with 3
CV wash buffer (loading buffer supplemented with 10 mM imidazole),
and finally, Opa60 was eluted with 4 CV of elution buffer (loading buffer
supplemented with 250 mM imidazole). A sodium dodecyl sulfa-
te-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the af-
finity purification is shown in Figure S1. Solubilized Opa60 was refolded
for 2.5 days at room temperature by 40-fold dilution from ~2.5-5 mg/
ml protein concentration into refolding buffer (20 mM Tris, 500 mM
NaCl, 0.25 % w/v DPC, pH 8.0, cOmplete™ EDTA-free protease inhib-
itor cocktail (Roche)). Folding success was assessed with SDS-PAGE shift
(de Jonge et al., 2002). Refolded protein was concentrated and further
purified by size exclusion chromatography (SEC, Superdex™ 200
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Increase 10/300 GL (GE Healthcare), SEC buffer (20 mM sodium
phosphate, 150 mM NaCl, 0.15% w/v DPC, pH 6.2), room temperature,
flow rate 0.75 ml/min, each run loading ~ 0.8 ml of protein solution).
Opa60-containing fractions were pooled.

Opa60 was reconstituted into 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC, Avanti Polar Lipids) lipid bilayers by dialysis against
dialysis buffer (20 mM sodium phosphate, 100 mM NaCl, 20 mM MgCly,
pH 6.2). DPC-solubilized protein was added together with DMPC at a
lipid-to-protein (LPR) mass ratio of 0.25 or 0.33 (10 to 13.5 molar LPR)
into a dialysis cassette (cutoff 3,500 Da, volume 1-5 ml), and the buffer
(500 ml volume) was changed each day for 5 days. Methyl-p-cyclodex-
trin was added at 5-10 mg per mg Opa60 to the dialysis buffer to
accelerate the process on days 1-3, but was not in the final 2 dialysis
buffer changes. After successful reconstitution (white precipitate),
0.02% w/v NaN3 was added to the final sample. Opa60 in DMPC bi-
layers was packed into a 1.3 mm MAS NMR rotor (Bruker) via centri-
fugation (Bockmann et al., 2009). Note that a spectrum with LPR of 0.5
was also initially recorded (Figure S2) and overlays well with the
spectrum at LPR of 0.25, with small changes in chemical shift. We
therefore proceeded with the samples at 0.25 or 0.33 LPR for assign-
ments and structure determination.

Uniformly 3C, !N labelled Opa60 was prepared according to the
same protocol, but was reconstituted into deuterated DMPC (DMPC-ds4,
Avanti Polar Lipids) with an LPR of 0.25. The sample was packed into a
0.7 mm MAS NMR rotor (Bruker).

For samples of Opa60 in different lipids, perdeuterated protein was
reconstituted in Kdo2-Lipid A (KLA, Sigma-Aldrich) (Kucharska et al.,
2016), Rd2 lipopolysaccharide (LPS, Sigma-Aldrich) from E. coli F583
(Kucharska et al., 2016) and LPS from E. coli K235 (Sigma-Aldrich). The
LPR was adjusted such that the number of acyl chains remained the same
when compared to DMPC.

hCEACAM1-N sample preparation

The procedure for expression and purification of human CEACAM1
(hCEACAM1-N) is based on a previously published procedure (Fedar-
ovich et al., 2006). A pGEX-4 T-1 plasmid containing the sequence for
expression of the N-terminal domain (12 kDa) of hCEACAM1-N was
transformed into Escherichia coli BL21 (DE3) cells. The construct con-
tained an N-terminal GST-tag fused to hCEACAMI1-N via a thrombin
cleavage site. 1°N labelled hCEACAM1-N was expressed in M9 medium
1g/n 15N-NH4C1). Cells were grown at 37 °C until the ODgg reached
0.6-0.7. The temperature was then decreased to 25 °C before induction
of expression with 0.5 mM IPTG. Expression was conducted overnight,
and cells were harvested by centrifugation for 20 min at 5,000 g and
4°C.

The pellet was resuspended in 35 ml lysis buffer (40 mM Tris, 150
mM NaCl, 2 mM EDTA, 10% v/v glycerol, 2 mM DTT, 1 mM PMSF, pH
8.0). Cells were lysed by sonication (Sonopuls HD 2200 (Bandelin),
3x20% of maximum power for 20 s, 1-minute pause, on ice) and passage
through Emulsiflex-C3 (Avestin) at 1,000 psi. Lysate was centrifuged for
15 min at 7,000 g and 4 °C and subsequently the supernatant was
centrifuged for 30 min at 22,000 g and 4 °C. The supernatant of the
second centrifugation step was loaded onto a 5 ml GS-Trap™ HP column
(Sigma-Aldrich). After washing the column, GST-hCEACAM1-N was
eluted with elution buffer (40 mM Tris, 150 mM NaCl, 2 mM EDTA, 10%
v/v glycerol, 2 mM DTT, 20 mM reduced glutathione, pH 8.0) at 1 ml/
min. Fractions of 2 ml were collected and assessed for GST-hCEACAM1-
N with SDS-PAGE. Positive fractions were pooled and thrombin (Sig-
ma-Aldrich) was added at 10 U per mg GST-hCEACAM1-N. Cleavage
was conducted for 2.5 days at room temperature. The mixture was then
concentrated and hCEACAM1-N was purified via gel filtration on a
Superdex™ 75 10/300 GL column (GE Healthcare) with SEC buffer (20
mM sodium phosphate, 150 mM NaCl, pH 6.2) at a flow rate of 0.7 ml/
min. 1 ml fractions were collected and assessed for hCEACAM1-N con-
tent. Fractions containing the protein were pooled and concentrated for
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Fig. 1. The structure of Opa60 in lipid bilayers. (A) Cross-polarization-based 'H-'°N correlation spectrum with assignments annotated for the majority of the
resonances. * indicates an aliased peak from arginine side chain. (B) Projection of the 4D HN(H)(H)NH spectrum and the assigned proton-proton contacts, which are
primarily from one beta strand to another. (C) Structure of the beta barrel of Opa60. The 10 lowest energy structures from the CYANA structure calculation are
shown. Loop regions are not shown. The location of the loops (SV, HV1, and HV2) are indicated in yellow and red. Where there is a gap in the displayed residues,
dashed lines connect residues of the same model. (D) Topology map of Opa60. Residues in a beta strand conformation are indicated by squares, loop residues by
circles. Green and blue residues are assigned (at least amide N and HN, except proline), and for blue residues, contacts in the 4D HN(H)(H)NH spectrum were found
and included as hydrogen bond restraints in the structure calculation. HV and SV regions are indicated in red and yellow, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

NMR spectroscopy. SDS-PAGE analysis of hCEACAM1-N production is
shown in figures S3-S5.

NMR spectroscopy

Assignment spectra (Barbet-Massin et al., 2013; Barbet-Massin et al.,
2014) of perdeuterated Opa60 were recorded on 600 MHz (Bruker 600
UltraShield, 14.1 T field strength with a Bruker MASDVT600W2 BL1.3

HXY probe) and 800 MHz (Bruker 800US2, 18.8 T field strength with a
Bruker MASDVT800S6 BL1.3 HCN probe) spectrometers. The MAS rate
was 55 kHz and the temperature was set to 240 K, resulting in a sample
temperature of about 298 K determined using the chemical shift of water
(Bockmann et al., 2009). Alpha proton assignments (Stanek et al., 2016)
were extended from these assignments at a Bruker 950 MHz spectrom-
eter using a 0.7 mm probe (Bruker 950US2, 22.3 T field strength with a
Bruker MASDVT950S6 BL0.7 N/D/C/H probe) using uniformly '3C, 1°N
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labelled Opa60. Recording conditions for all spectra are given in
Tables S1-2.

In all spectra, heteronuclear decoupling was applied on the proton
channel as swept frequency TPPM (Thakur et al., 2006; Bennett et al.,
1995) at about 12 kHz and on carbon or nitrogen channels as WALTZ-16
(Shaka et al., 1983) with 10 kHz. The water suppression scheme was
MISSISSIPPI (Zhou and Rienstra, 2008) applied for 100-200 ms with a
strength corresponding to a quarter of the MAS rate.

Structure calculation

The structure was determined using CYANA (Guntert and Buchner,
2015; Guntert et al., 1997) 68 hydrogen bond restraints (Pauling and
Corey, 1951) were derived from the 34 proton-proton contacts in the HN
(H)(H)NH spectrum and manually entered as upper and lower distance
restraints as given in Table S4. A single weak contact from S116 to H144
was entered as an HN-HN upper distance limit of 4 A. Backbone torsion
angles were predicted with TALOS-N (Shen and Bax, 2013) and entered
into the structure calculation with a range of 40 degrees or + 2 times the
estimated error from TALOS-N, whichever was larger. 2000 structures
were calculated with CYANA and the 10 lowest energy structures were
included in the final ensemble. CYANA target function ranged from 0.18
to 0.62. The calculation of a large number of structures was necessary to
avoid violations, which otherwise occurred in both the restrained and
the unrestrained part of the protein. The resulting structural ensemble
was analyzed with UCSF Chimera 1.14 (Pettersen et al., 2004) and the
backbone RMSD in the well-defined beta barrel (residues 9-16, 56-62,
67-73,113-125, 133-144, 190-201, 207-217, 225-237) was 0.6 A.The
coordinates were deposited at the Protein Data Bank under the code

8QWQ.
Data analysis and resonance assignment

Spectra were processed using Bruker TopSpin 3.5.7 and 4.0.8. Data
was corrected for linear field drift (Najbauer and Andreas, 2019).
Apodization was applied using the QSINE function with a sine bell shift
of 2 (cosine squared apodization). All chemical shifts were referenced
using the methyl resonance of sodium 2,2-dimethyl-2-silapentane-5-sul-
fonate (DSS) set to zero (in an external reference), and using frequency
ratios for referencing of 'C and °N on the DSS and liquid ammonia
scales, respectively (Harris et al., 2008). The assignment was performed
using NMRFAM-SPARKY (Lee et al., 2015). After an initial automated
assignment using FLYA (Schmidt and Guntert, 2012), the assignment
was manually confirmed and extended.

The resulting assignments from the perdeuterated sample for back-
bone atoms HN, N, CA, CB, and CO are reported in BMRB entry 34872.
Proton alpha resonances, determined from the protonated sample, are
reported in Table S3. H*-H" contacts found were between D15 — G234,
Y72 - 1118, P134 - V199, 1136 — A197 and V140 - L193.

Results and discussion

We prepared [2H,'3C,'N]-Opa60 in DMPC bilayers and obtained
sufficient spectral quality for resonance assignment and structure
determination (Fig. 1). For resonance assignment, we recorded a set of
proton-detected 3-dimensional spectra connecting CA, CB, and CO fre-
quencies (Barbet-Massin et al., 2013; Barbet-Massin et al., 2014). An
additional spectrum was used to confirm HN_HN connectivity (Table S1)
(Andreas et al., 2015). All these spectra are based on linking the amide
resonances in the '°N-'H correlation spectrum (Fig. 1A), with reso-
nances of neighboring residues. Once assigned, the amide resonances
are key to determination of the beta strand arrangement via correlations
in the 4D HN(H)(H)NH spectrum, a projection of which is shown in
Fig. 1B. The MAS NMR structure of Opa60 is shown in Fig. 1C. We used
peak lists from the experiments listed in Table S1 as an input to the FLYA
module of the CYANA software package, which uses a genetic algorithm
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to obtain automated assignments (Schmidt and Guntert, 2012). These
were then manually confirmed and extended to a total of 84 residues
within the beta barrel region of Opa60 (Fig. 1D, Table S3). A strip plot
demonstrating the assignment process for CA linking is shown in
Figure S6. In comparison to assignments obtained in DPC detergent
micelles (Fox et al., 2014), we were able to extend assignments by 3
residues in beta strands 4 and 5, and 6 residues in strands 7 and 8 in the
direction of the large disordered loops. This likely highlights the dena-
turing effects of detergent for residues outside the membrane (Schubeis
et al., 2020), but may also reflect differing local dynamics for these
residues, considering also that solution NMR and MAS NMR are not
equally influenced by relaxation. Residues in the shorter loops on the
other side of the barrel remain unassigned in DMPC bilayers although
they could be assigned in detergent micelles. This can be explained by
differing sensitivity of the measurements towards structural dynamics:
dynamic residues can often be more easily detected in solution NMR, yet
are absent from CP-based MAS NMR spectra (Matlahov and van der Wel,
2018; Andreas et al., 2010; Andreas et al., 2015; Schnell and Chou,
2008). We were unable to assign residues belonging to the large extra-
cellular loops in either CP- or INEPT-based spectra, which again can be
explained by a high degree of flexibility on the nanosecond-millisecond
timescale. In a previous study, only some loop residues could be assigned
in detergent micelles, in particular a stretch of 17 residues in the HV2
loop, which were assigned with the help of a synthetic peptide (Fox
et al., 2014).

The MAS NMR structure of Opa60 was determined primarily from
hydrogen bonds inferred from proton proximities detected in the HN(H)
(H)NH spectrum (Fig. 1B), defining the beta barrel topology (Fig. 1D).
The 34 assigned amide correlations were used to define 68 beta sheet
hydrogen bond restraints (Pauling and Corey, 1951), and were entered
manually into the structure calculation. An additional weak correlation
between residues H144 and S116 was observed, and thus a 4 A upper
distance limit was introduced between the amide protons of these resi-
dues. We also included TALOS-N (Shen and Bax, 2013) angle restraints
(Tables S5 and 6) into the CYANA structure calculation (Guntert and
Buchner, 2015; Guntert et al., 1997). Additionally, we obtained as-
signments of H* protons from a fully protonated sample of Opa60
(Tables S2 and S4) and found 5 H*-H" contacts in the 3 dimensional (H)C
(H)(H)CH spectrum, (recorded as co-acquired with an (H)N(H)(H)NH
spectrum) (Linser et al., 2014). One selected example of an HN-HN and
an H*H" contact is shown in Figure S7, along with the molecular
structure showing the proton-proton distances that occur in the anti-
parallel beta sheet arrangement.

The structure of the beta barrel of Opa60 is shown in Fig. 1C after
truncation of the large SV and HV loops, which could not be assigned.
The backbone RMSD of the 10 lowest energy structures aligned in the
beta barrel region (residues 9-16, 56-62, 67-73, 113-125, 133-144,
190-201, 207-217, 225-237) is below 1 A. The strand arrangement in
the transmembrane structure agrees with the detergent micelle structure
reported previously (Fox et al., 2014), with only minor additional
structuring observed towards the end of beta strands connecting to the
extracellular loops. This is in contrast to our work on the protein AIKL, in
which the structure of loop residues was disrupted by detergent, but
formed in DMPC lipids (Schubeis et al., 2020). Similar to Opa60, lipid
bilayer preparations of outer membrane protein A from Klebsiella pneu-
moniae (KpOmpA) resulted in MAS spectra with strong signals arising
from the relatively rigid beta barrel domain, but loop residues that were
not assigned due to intermediate timescale motions (Saurel et al., 2017).
The loops of KpOmpA have been proposed to play a role in cell adhesion.

The lipid bilayer preparations are a starting point to investigate in-
teractions with CEACAM proteins. Our initial attempts to reproduce the
nanomolar binding of the N-terminal domain of hCEACAM1 (described
recently for recombinant protein in a lipid mixture that included poly-
ethylene glycol functionalized lipid (Martin et al., 2016)) were not
successful, suggesting that a careful optimization of conditions, or
expression to cellular membranes or extramembrane vesicles (Meuskens
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Fig. 2. CA-N projections from 3D (H)CANH spectra of Opa60 in different lipid environments, DMPC (dark red), E. Coli Rd2 LPS (A, dark blue), KLA (B, blue) and
E. Coli K235 LPS (C, turquois). The inset in (B) shows the signal-to-noise ratio for a slice taken at L118, which is one of the weaker peaks. Spectra were recorded at an
800 MHz spectrometer, with 55 kHz MAS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 2017; Shahid et al., 2015; Thoma et al., 2018), may be necessary.
Future studies are expected to elucidate the binding interaction between
Opa60 and the CEACAM proteins. This will then be assessed in the
context of other proteins of pathogenic bacteria which have evolved to
exploit the CEACAM proteins as an entry into human hosts (Bonsor et al.,
2018; Conners et al., 2008; Korotkova et al., 2008; Tchoupa et al., 2015).
The spectrum of the N-terminal domain of human CEACAM1 is shown in
Figure S8.

The lipid bilayer environment has been shown to have an impact on
membrane protein structure and function (Chipot et al., 2018; Schubeis
et al., 2020; Zhou and Cross, 2013). Since Opa60 exhibits flexible loops
even in DMPC membranes, we wondered whether the native outer
membrane lipids of N. gonorrhoeae might stabilize the loops. While the
lipooligosaccharides (LOS) forming most of the outer membrane are not
commercially available, Kdo2-Lipid A (KLA) is an excellent substitute, as
it closely resembles the core region of the LOS. We also prepared sam-
ples in two varieties of lipopolysaccharides (LPS) found in the Escher-
ichia coli strains K235 and F583 (Rd2). Interactions between the
extracellular loops of OprH and LPS were detected before in a detergent
environment based on solution NMR chemical shift perturbations
(Kucharska et al., 2016). Reconstituted samples of LPS do not assemble
as the asymmetric native lipid bilayer, but might allow important in-
teractions to form between the loops and LOS moieties. However, we
find no striking difference in either the chemical shifts (Fig. 2) or the
peak intensities in the four lipid bilayers, indicating that Opa60's
conformation and mobility are largely unchanged, and revealing that
the loops remain mobile upon the addition of such lipids. Note that
minor differences in peak intensity observed in the spectrum of Fig. 2
result in the apparent loss of several resonances in the projection. These
peaks are typically still found in the 3D spectrum, as shown for the case
of L118 in the inset to panel B: the change in intensity between the
DMPC spectrum and the KLA spectrum is within the range expected
given the noise level, but this results in the KLA peak falling below the
threshold used for contouring of the N-C projection.

Conclusions

In conclusion, we determined the membrane-bound structure of
Opa60 using only data from lipid bilayers. We determined that Opa60
has the same strand alignment in lipid bilayers as it does in detergent
micelles, and we found additional structuring in several loop residues
that extends the transmembrane structure. Consistent with the detergent
conditions, the large loops known to interact with host factors were

found to be unstructured. This reported structure of Opa60 joins a
handful of beta barrel protein structures determined to date by MAS
NMR.
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