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Ail is an outer membrane protein and virulence factor of Yersinia pestis, an extremely pathogenic, category A
biothreat agent, responsible for precipitating massive human plague pandemics throughout history. Due to its
key role in bacterial adhesion to host cells and bacterial resistance to host defense, Ail is a key target for anti-
plague therapy. However, little information is available about the molecular aspects of its function and
interactions with the human host, and the structure of Ail is not known. Here we describe the recombinant
expression, purification, refolding, and sample preparation of Ail for solution and solid-state NMR structural
studies in lipid micelles and lipid bilayers. The initial NMR and CD spectra show that Ail adopts a well-defined
transmembrane β-sheet conformation in lipids.
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1. Introduction

The Yersinia species of Gram-negative bacteria include three
strains that are pathogenic for humans, each causing diseases ranging
from gastroenteritis (Yersinia pseudotuberculosis, Yersinia enterocoli-
tica) to plague (Yersinia pestis), one of the most deadly human
infectious diseases [1–4]. Of these, Y. pestis is extremely pathogenic,
causing disease with only a few cells, and is easily transmittable from
rats to humans through the bite of an infected flea or from human to
human through the air during widespread infection. Y. pestis has a
long history of precipitating devastating human pandemics on a scale
unmatched by any other infectious agent, including through its use in
bioterrorism (e.g., during Black Death), and plague is still responsible
for human outbreaks in endemic areas throughout the world,
including the US, where more than 90% of human plague occurs in
the Southwest, especially New Mexico, Arizona, California, and
Colorado. Because Y. pestis spreads very easily and kills very quickly,
it is classified as a “category A biothreat agent”, and plague is
recognized as a re-emerging disease by the World Health Organiza-
tion. The potential of bio-engineered antibiotic resistance and the lack
of a vaccine providing protection from aerosolized Y. pestis further
underscore the need to identify new drugs [5].
Based on epidemiological observations and historical records,
three Y. pestis biotypes have been associated with the three major
human pandemics: biotype Antiqua with the Justinian Plague during
the first millennium, biotype Medievalis with the Black Death from
the 12th up to the 19th century, and biotype Orientalis with the third
pandemic, which started during the 19th century and is still
widespread and associated with modern plague [6]. The recently
sequenced genomes of three Y. pestis strains, one from Orientalis
(CO92) obtained from a clinical isolate in the United States, one from
Medievalis (KIM), and one from Microtus (9100), which constitutes a
fourth biotype, have provided a wealth of information about
mechanisms of infection and pathogenesis [7–9].

The pathogenicity of Y. pestis stems from its striking ability to
overcome the defenses of themammalian host and overwhelm it with
its massive growth, as well as its ability to survive in a variety of
diverse environments (flea, mammalian host tissues, macrophages,
and blood), which is critical for transmission from host to host. All
three pathogenic Yersinia establish infection by adhering to the host
and injecting cytotoxic Yersinia outer proteins (Yops) into host cells
via a type III secretion system. Once in the host cell, Yops interfere
with the host signaling pathways required for bacterial phagocytosis,
actively blocking host-defense-mediated bacterial phagocytosis and
lysis (reviewed in Refs. [2,10,11]). Establishing contact with the host
cell is essential for engagement of secretion apparatus.

The outermembrane protein Ail (Attachment Invasion Locus; gene
y1324) is a key virulence factor of Y. pestis, important for colonization,
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and pathogenesis [12–16]. Ail mediates bacterial adhesion to host
epithelial cells through its association with the extracellular matrix
component fibronectin [12–14,16], facilitates Yop delivery to host
cells [14,15], and confers resistance to host serum [12,13]. Deletion of
the ail gene significantly attenuates the lethality of Y. pestis, increasing
the pathogen's median lethal dose by N3000-fold. Furthermore, the ail
deletion mutant is rapidly killed by exposure to animal sera, exhibits
reduced binding to human-derived cell lines, and colonizes host tissue
at much lower levels, compared to the wild-type strain [13,14]. The
expression and function of Ail are sensitive to temperature, reflecting
sensitivity to the bacterial host environment [13,17]. At 26 and 37 °C,
the ambient temperatures of the flea vector and its mammalian hosts,
Ail is expressed at high levels and is required for resistance to
complement-mediated killing. However, expression is minimal at
6 °C, i.e., outside the host. Furthermore, the serum-sensitive Escher-
ichia coli strain DH5α becomes serum-resistant when it is trans-
formed with an Ail expression vector, confirming that Ail confers
serum resistance independent of other Y. pestis virulence factors [13].

Y. pestis, diverged from its closest ancestor Y. pseudotuberculosis
only 1500 to 20,000 years ago [18], and the Ail proteins from Y.
pseudotuberculosis (gene YPTB2867) and Y. enterocolitica (gene
YE1820) also mediate cell adhesion and invasion [16,19] and confer
serum resistance by binding to host complement regulatory proteins
[20–23]. However, the single amino acid difference between Y. pestis
Ail (Phe101) and Y. pseudotuberculosis Ail (Val101) is reported to
reduce the adhesion and invasion activities in the latter [16].

Ail belongs to a family of outer membrane proteins (Ail/Lom;
pfam: PF06316) that function, at least in part, to protect bacteria from
complement-mediated host defense [24–29]. The family members
share amino acid sequence homology and are predicted to have
similar membrane topologies, exemplified by the structure of E. coli
OmpX [30], also a family member, which consists of eight transmem-
brane amphipathic β-strands and four extracellular loops (Fig. 1). The
regions of greatest sequence homology are concentrated in the
predicted membrane-spanning segments, while the extracellular
loops of Ail are significantly longer than those of OmpX. The second
and third extracellular loops (EL2, EL3) of Ail are reported to play a
critical role in Y. enterocolitica cell adhesion [31] and are also predicted
to be important for the functions of Ail from Y. pestis and Y.
pseudotuberculosis. Interestingly, these loops exhibit significant
amino acid sequence similarity to those in the unstructured/β-strand
extracellular regions of bacterial fibronectin-binding proteins
(Fig. 1D), which mediate bacterial adhesion to host by binding to
the Fn type 1 (F1) domains in the N-terminus of mammalian
fibronectin [32]. The sequence similarity is somewhat stronger for
Ail from Y. pestis and Y. pseudotuberculosis than for Y. enterocolitica,
Fig. 1.Multiple sequence alignment of Ail, OmpX, and fibronectin-binding proteins. (A) Seco
of mature Ail from Y. pestis (gene y1324), Y. pseudotuberculosis (gene YPTB2867), and Y. ent
Y. pestis and Y. pseudotuberculosis are identical except for the F101V mutation before the p
(D) Sequences of fibronectin F1 binding domains in the C-terminal region of the fibronectin-
binding, sharing similarity with the extracellular loops of Ail, are in red. Alignments were p
suggesting a potential explanation for the somewhatweaker adhesion
activity of the latter. Given the predicted integral membrane β-barrel
structure of Ail, we anticipate that its mode of binding fibronectin will
be different from that observed for other bacterial fibronectin-binding
proteins [32].

Outermembrane proteins are often the first line of communication
with the extracellular environment, with prominent roles in molec-
ular transport, cellular homeostasis, and bacterial pathogenesis, and
therefore, represent important targets for structural and functional
characterization [33]. The structures of about twenty β-barrel
membrane proteins have been determined in crystals by X-ray
diffraction (reviewed in Refs. [33–36]), the structures of five proteins
(OmpX, OmpA, PagP, OmpG, VDAC) have been determined inmicelles
by solution NMR [37–41] and three proteins (OmpG, OmpA, OmpX)
have been structurally characterized by solid-state NMR in lipid
bilayers [42–45]. Lipid bilayers have the important advantage of
providing an environment that closely resembles the cellular
membrane, and structures determined in this environment are highly
representative of the native in vivo conformations. Although samples
of membrane proteins in lipid bilayers are too large for solution NMR
structural studies, they are suitable for solid-state NMR studies where
macroscopic alignment of the samples in the magnetic field provide
very high resolution, orientation-dependent restraints for the deter-
mination of both protein structure and protein orientation within the
membrane [46–48].

The structure of Ail is not known but is essential for understanding
the molecular mechanism underlying its interaction with fibronectin
and cell adhesion. Here we describe the expression, purification,
refolding, and sample preparation of Ail for solution and solid-state
NMR structural studies of the protein in micelles and lipid bilayers.

2. Materials and methods

2.1. Protein expression and purification

The gene encoding mature Ail from Y. pestis KIM 10 (gene y1324,
without the signal sequence) was cloned in the NdeI and BamHI
restriction sites of the E. coli plasmid vector pET-3b (Novagen).
Deletion of the signal sequence directs the expression of Ail into
inclusion bodies. The Ail-bearing plasmid was transformed in E. coli
C41(DE3) cells [49] (Lucigen), and positive clones were grown in M9
minimal medium, at 37 °C, to a cell density of OD600=0.6, before
induction with 1 mM IPTG (isopropyl 1-thio-β-D-galactopyranoside)
for 6 h. Cells were harvested by centrifugation (10,000×g, 4 °C,
30 min) and stored at −80 °C overnight. For 15N and 13C isotopic
labeling, the growth medium was prepared with (15NH4)2SO4 and
ndary structure of OmpX [30]. (B) Consensus sequence for Ail and OmpX. (C) Alignment
erocolitica (gene YE1820), and OmpX from E. coli (gene c0900). The Ail sequences from
redicted extracellular loop EL3. Amino acids identical in all four proteins are in blue.
binding protein SfbI from Streptococcus pyogenes. Amino acids important for fibronectin
roduced with ClustalW and rendered with Jalview.
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13C-glucose (Cambridge Isotope Laboratories) as the sole nitrogen and
carbon sources.

Cells from1 l of culturewere suspended in20 mlofbufferA (Table1)
and lysed with two passes through a French Press. The soluble fraction
was removed by centrifugation (48,000×g, 4 °C, 30 min) and the
resultingpellet, enriched in inclusionbodies,was thoroughly suspended
in 30 ml of buffer B. The soluble fraction was removed by a second
centrifugation step (48,000×g, 4 °C, 30 min) and the resulting pellet
was dissolved in 30 ml of buffer C, transferred to a centrifuge bottle, and
diluted 10-fold with water to precipitate Ail. The precipitate was
collected by centrifugation (28,000×g, 4 °C, 1 h).

Crude Ail protein from 5 l of cell culture was dissolved in 5–10 ml
of buffer D, filtered through a 0.45 μM polypropylene membrane, and
purified first by size exclusion chromatography (Sephacryl S-200 HR
HiPrep 16/60 Column, GE Healthcare), also in buffer D, and then by
cation exchange chromatography (HiTrap SP HP 5 ml column, GE
Healthcare) in the same buffer with a NaCl gradient. Typically, 15–
20 mg of purified AIL are obtained from a bacterial culture in 1 l of
isotopically labeled (15N, 13C) M9 minimal media.

Purified Ail was precipitated by dialysis (10 kDa cutoff) against water,
lyophilized, and stored at−20 °C. The proteinmass was characterized by
MALDI-TOFmass spectrometry. Protein expression and purificationwere
monitored by SDS–PAGE performed with the Tris–Tricine system [50]
and Coomassie Blue staining.

2.2. Screen for Ail refolding conditions

Refolding conditionswere tested ina96-well plate.Ail (20 μL, 5 mg/ml
in buffer E) was added to each well, containing 200 μl of detergent (DPC,
dodecylphosphocholine; DHPC, 1,2-dihexyl-sn-glycero-3-phosphocho-
line; 6-O-PC, 1,2-O-dihexyl-sn-glycero-3-phosphocholine; LMPG, 14:0-
lysophosphatidylglycerol; LPPG, 16:0-lysophosphatidylglycerol; C8POE,
n-octylpolyoxyethylene) in refolding buffer (Table 2). After incubating for
2 and 24 h at room temperature, protein aggregation was monitored by
reading the absorbance from each well at 595 nm in a plate reader, and
refolding was monitored by taking a 10 μl sample of the folding reaction
for SDS–PAGE.

2.3. Reconstitution of Ail in lipid micelles

Pure, lyophilized Ail was dissolved in buffer E at 5 mg/ml. Refolding in
DHPCwas obtained at room temperature by dropwise addition of 5 mg of
Ail to 10 ml of buffer F, supplemented with 70 mM DHPC and 600 mM
urea, while stirring, followed by overnight incubation with stirring. The
refolded protein solution was dialyzed (10 kDa cutoff, 10 °C) for 45 min
against buffer G supplemented with 500 mM urea, then for another
45 min against buffer G, and finally its volume was reduced in a spin
concentrator (10 kDa cutoff) to achieve a protein concentration of 300–
500 μM (~500 μl). Small amounts of protein precipitate observed during
this process were removed by centrifugation.

The supernatant was dialyzed overnight, at 10 °C, against 5 ml of
buffer G supplementedwith 100 mMDHPC, before transferring it to the
NMR tube. The final sample, used for solution NMR studies, contained
0.3 mMAil in 500 μl of 100 mMDHPC, 20 mMNa-phosphate, pH 6, and
5% D2O. The final concentration of DHPC was estimated by monitoring
Table 1
List of buffers used for protein purification and sample preparation.

Buffer A (20 mM Tris, pH 8, 15% glycerol, 1 mM NaN3)
Buffer B (20 mM Tris, pH 8, 1% deoxycholic acid, 1% igepal, 1 mM NaN3)
Buffer C (20 mM Tris, pH 8, 500 mM NaCl, 6 M guanidinium hydrochloride)
Buffer D (20 mM Na acetate, pH 5, 8 M urea)
Buffer E (20 mM Tris, pH 8, 8 mM urea)
Buffer F (20 mM glycine, pH 10.2, 200 mM KCl)
Buffer G (20 mM Na phosphate, pH 6)
the intensity of the 1H NMR peak from the β-methylene protons of the
choline headgroup at 3.15 ppm. The concentration of Ail was estimated
by monitoring absorbance at 280 nm with an extinction coefficient of
1.641 ml mg−1 cm−1). For mixed micelles, LPPG was further added to
the Ail/DHPC sample from a stock solution of the lipid in water. All
lipids were from Avanti Polar Lipids (www.avantilipids.com).

2.4. Reconstitution of Ail in lipid bicelles

Bicelles are lipid bilayers formed by mixtures of long- and short-
chain phospholipids, where the parameter q corresponds to the molar
ratio of long- to short-chain components. Small bicelles (q≤1.0)
tumble rapidly and isotropically in solution and, therefore, are
suitable for solution NMR experiments. In contrast, large (q=3.2)
bicelles tumble slowly and have a net anisotropic diamagnetic
susceptibility, which induces them to align spontaneously and
homogeneously in the field of the NMR magnet, therefore, they are
suitable for solid-state NMR experiments.

To prepare q=0.1 and q=3.2 bicelle samples, the appropriate
amounts of DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) in
chloroform solution were transferred to pear-shaped glass flasks, and
the solvent was evaporated under a stream of N2 gas, followed by high
vacuum, to generate a thin film of lipid on the flask interior. Refolded
Ail, in 200 μl of DHPC-containing buffer G, was added to the dry DMPC
film, and bicelles were formed by repeated freeze–thawing and
vortexing as described previously [51,52], then transferred to the
NMR tube. The q=0.1 sample, used for solution NMR studies,
contained 0.3 mM Ail in 500 μl of buffer G with 10 mM DMPC and
100 mMDHPC, andwas transferred to a standard 5 mmODNMR tube.
The q=3.2 sample, used for solid-state NMR studies, contained
0.3 mM Ail in 300 μl of buffer G with 320 mM DMPC and 100 mM
DHPC and was transferred to a flat-bottomed, 5 mm OD, NMR tube
(New Era Enterprises).

2.5. Reconstitution of Ail in lipid bilayer vesicles

Pure lyophilized Ail (4 mg) was dissolved in 1 ml of 20 mM SDS in
water, and added dropwise, at 45 °C, to small unilamellar vesicles,
prepared by sonicating 46.5 mg of 14-O-PC (1,2-O-ditetradecyl-sn-
glycero-3-phosphocholine) in 10 ml of buffer F, as described [45]. The
protein/detergent/lipid solution was incubated for ~3 h at 40 °C, and
SDS was removed by dialysis (10 kDa cutoff) against four 4 l changes
of buffer F, followed by two 4 l changes of water. Protein folding was
monitored by SDS–PAGE, where the appearance of a band with lower
apparent molecular weight corresponds to folded Ail.

2.6. Circular dichroism experiments

CD (circular dichroism) spectra were recorded on a Jasco J-810
spectropolarimeter at room temperature in a 1-mm path length
rectangular cuvette. For these experiments, Ail was refolded in DPC, as
described above for DHPC, and diluted to obtain a final sample of
30 μM Ail, in, 10 mM KCl, 2 mM Tris, pH 9.6. buffer. The pH was
adjusted by addition of HCl. The lower critical micelle concentration of
DPC (1 mM), relative to DHPC (15 mM), permitted the use of samples
with lower lipid concentration, which is beneficial for CD.

2.7. NMR experiments

Solution NMR experiments were performed on a Bruker AVANCE
600 spectrometer equipped with a cryoprobe, at 45 °C, as described
previously [45]. Resonance assignments were obtained using 1H/13C/
15N triple resonance experiments with a 13C/15N-labeled Ail sample.
Solid-state NMR experiments were performed on a Bruker AVANCE
500 spectrometer equipped with a 500/89 AS Magnex magnet, using
double-resonance (1H/15N or 1H/31P) probes with a 5 mm inner

http://www.avantilipids.com


Table 2
List of buffers used for protein refolding screen.

pH 3–5 (20 mM Na acetate, ±100 mM KCl, ±600 mM arginine)
pH 6–8 (20 mM Na phosphate, ±100 mM KCl, ±600 mM arginine)
pH 6–8 (20 mM Tris, ±100 mM KCl, ±600 mM arginine)
pH 9–10 (20 mM glycine Cl, ±100 mM KCl, ±600 mM arginine)
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diameter cylindrical coil for the bicelle samples. The probes were built
at the UC San Diego NIH Resource for Molecular Imaging of Proteins
(nmrresource.ucsd.edu). Bicelle samples were allowed to equilibrate
in the magnetic field for at least 2 h at 43 °C before experiments. One-
dimensional 15N and 31P chemical shift spectra were obtained as
described previously [45]. The NMR data were processed using
NMRPipe [53], and the spectra were analyzed with SPARKY [54].
3. Results and discussion

3.1. Expression and purification of mature Ail

The production of proteins in bacteria is particularly useful for NMR
studies because it allows milligram quantities of isotopically labeled
proteins to be obtained relatively economically and a variety of isotopic
labeling schemes to be incorporated into the NMR experimental
strategy. For Ail, expressionwas driven into inclusion bodies bydeleting
the ~20-residue leader sequence from the full-length gene. The
formation of inclusion bodies often leads to increased yields by keeping
the protein away from thebacterialmembranes and limitingproteolytic
degradation. It also facilitates purification since inclusion bodies are
highly enriched in the target protein, virtually eliminating the need for
engineered affinity tags (e.g., His tag) as in this case.

As shown in Fig. 2A, very high levels of Ail expression were
obtained upon induction with IPTG, and the protein purity, obtained
after isolation of inclusion bodies from the soluble cellular fraction,
Fig. 2. Expression and purification of Ail. (A) SDS–PAGE showing Ail expression and isolation
media and collected before (−) or after (+) induction with IPTG. Expressed Ail is visible bet
(S) was separated from the pellet (P) by centrifugation, and inclusion bodies (IB) enriched i
(B) Purification by size exclusion chromatography in 8 M urea yields two major peaks. (C) S
peak 2. (D) Cation exchange chromatography with a NaCl gradient yields purified Ail.
was excellent. This facilitated the subsequent purification steps by size
exclusion chromatography (Fig. 2 B, C) and ion exchange chromatog-
raphy (Fig. 2D).

The purified protein yielded a MALDI-TOF mass spectrum
characterized by a single species, with a major peak with the exact
molecular mass of mature 15N-labeled Ail (17,810.55m/z) and a
smaller peak at half mass from doubly charged species (Fig. 3A). The
absence of signal at twice the mass reflects the absence of dimeric
species. Importantly, the mass spectrum shows no evidence of
degradation, chemical modifications, or impurities. SDS–PAGE further
shows that purified Ail runs as a single band (Fig. 3B, lane 2), at an
apparent molecular weight that is slightly higher than that expected
from the amino acid sequence of the protein, as observed for many
other β-barrel membrane proteins.
3.2. Reconstitution of Ail in lipids is assisted by high pH

Quantitative refolding of Ail was obtained in four types of lipid
environments: micelles, isotropic bicelles, large bicelles, and bilayer
vesicles (Fig. 3B). These samples are key for all subsequent
biochemical and NMR studies. The refolding efforts were guided by
our previous studies with OmpX [44,45] and by the extensive
literature on β-barrel membrane proteins (reviewed in Ref. [36]).

The folded and unfolded states of β-barrel membrane proteins
often migrate at different apparent molecular weights on SDS–PAGE,
and this can be used to monitor the folding process [30,36]. Indeed,
while Ail in 8 M urea has an apparent molecular weight near 20 kDa
(Fig. 3B, lane 2), Ail refolded in 14-O-PC vesicles (Fig. 3B, lane 1) or in
DHPC micelles (Fig. 3B, lane 3) migrates closer to its calculated
molecular weight of 17.6 kDa. The near absence of a higher molecular
weight band indicates that ~100% refolding is obtained. Notably, the
fold of Ail in DHPC is maintained after addition of the long chain
phospholipid DMPC to generate bicelles (Fig. 3B, lane 4).

To screen for optimal refolding conditions, we used SDS–PAGE and
visible light absorbance at 595 nm to monitor both the extent of
. E. coli C41 cells transformed with Ail-bearing plasmid were grown on 15N-labeled M9
ween the 14- and 21-kDa molecular weight markers (MW). The cell lysate supernatant
n Ail were obtained after a second wash and separation from the resulting supernatant.
DS–PAGE of the two peaks from size exclusion chromatography shows that Ail elutes in

image of Fig.�2


Fig. 3. Refolding of purified Ail. (A) MALDI mass spectrum of purified Ail. The observed major peak at 17,810.55 m/z corresponds to the calculated molecular weight of 15N-labeled
Ail. (B) SDS–PAGE showing Ail folded in 14-O-PC (lane 1); Ail dissolved in 8 M urea (lane 2); Ail folded in 100 mMDHPC (lane 3); Ail folded in 100 mMDHPC/10 mMDMPC (lane 4).
Unfolded (U) and folded (F) protein migrate at apparent molecular weights near 20 and 18 kDa, respectively. Samples were loaded without boiling. (MW) Molecular weight
markers.
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refolding and the extent of protein aggregation over a wide range of
pH (from pH 3 to pH 10), for several detergents, detergent
concentrations, and buffer salts. High pH assists refolding of Ail in
all of the detergents that we tested, as illustrated in Fig. 4A and B for
DHPC. This effect of pH had been noted previously for other outer
membrane proteins with low isoelectric point (pI=5–6) and has
been attributed to electrostatic repulsions from negatively charged
protein in preventing aggregation during refolding [55]. However, the
theoretical pI of Ail is close to 8, indicating that, at high pH, individual
charges rather than net charge help keep the protein in solution.
Indeed, we saw significantly less folding in DHPC below pH 6, and
protein aggregation was substantial at pH 5–8 but highly reduced at
pH 9–10. Refolding in negatively charged LMPG further decreased
aggregation. CD spectroscopy shows that once refolded, the structure
of Ail resists denaturation over a wide range of pH (Fig. 4C). Addition
of 6 M urea and sample heating up to 75 °C also do not denature
refolded Ail. In the CD spectra of folded Ail, the prominent minimum
near 200 nm reflects a predominantly β-sheer conformation for the
protein, as predicted based on its sequence homology to E. coli OmpX.

3.3. Ail adopts a transmembrane β-barrel in lipids

To further examine the conformation of Ail in lipids, we obtained
solution and solid-state NMR spectra of the protein reconstituted in
micelles and bicelles. The solution NMR 1H/15N HSQC (heteronuclear
Fig. 4. Ail adopts a β-sheet structure and refolding is assisted by high pH. (A) Protein aggre
SDS–PAGE showing Ail refolding in DHPC for each light absorbance measurement over the p
600 mMArginine, plus 20 mM of the appropriate buffer (Table 2). Folded (F) and unfolded (U
Ail refolded in DPC at pH 9.6 and then adjusted to pH 7–3 by the addition of HCl.
single quantum correlation) spectra of Ail in DHPC, DHPC/DMPC, and
DHPC/LPPG all exhibit well-resolved peaks over a wide range of 1H
and 15N chemical shift frequencies (Fig. 5). This is typical of proteins
with β-sheet structure and is in dramatic contrast to the narrow
(b0.5 ppm) dispersion seen for unfolded Ail in urea (Fig. 5A). The
spectra in lipids all have similar features with several overlapping
peaks (Fig. S1), and the presence of a single peak for each residue
indicates that Ail adopts a single well-defined conformation.

Protein-containing bicelles can be used for both solution and solid-
state NMR studies of membrane proteins by varying the parameter q
corresponding to the molar ratio of the long- to short-chain lipids
[51,52,56,57]. Solution NMR spectra of proteins in small isotropic
bicelles (qb1) and solid-state NMR spectra of proteins in large bicelles
(q=3.2) contain complementary populations of resonances reflecting
backbone dynamics, and comparisons of signal intensities observed in
the HSQC spectra frommicelles and isotropic bicelles over a range of q
values provide insights about protein backbone dynamics [58]. The
1H/15N HSQC spectrum of Ail obtained after addition of the long-chain
lipid DMPC (Fig. 5C) demonstrates the feasibility of performing NMR
spectroscopy on isotropic bicelles, which provide an environment that
more closely resembles a membrane. This also sets the stage for
bicelle titration experiments designed to examine details of protein
dynamics.

Comparisonof the spectra obtained forAil/DHPCmicelles inH2Owith
those obtained in D2O (Fig. 6) indicates that several residues have amide
gation at pH 3–10 monitored by visible light absorbance at 595 nm. (B) Corresponding
H range from 3 to 10. The refolding reactions contained 70 mM DHPC, 100 mM KCl, and
) Ail migrate as different bands. Samples were loaded without boiling. (C) CD spectra of

image of Fig.�3
image of Fig.�4
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protons, which resist exchange with the surrounding aqueous solvent
and, therefore, have HSQC peaks that persist for days in D2O. In contrast,
several amide sites are highly susceptible to exchange and their peaks
Fig. 5. Solution NMR 1H/15N HSQC spectra of uniformly 15N-labeled Ail in (A) 8 M urea,
(B) 100 mM DHPC, (C) 100 mM DHPC plus 10 mM DMPC, and (D) 100 mM DHPC plus
50 mM LPPG. The spectra are overlaid in Fig. S1.
disappear after exchanging 1H for 2H. Preliminary resonance assignments
indicate that the exchangeable amides are from residues in the predicted
loops of the protein that are exposed to the bulk aqueous solvent, while
resistant amides are from residues in the predicted transmembrane
domain, which would be expected to participate in a tight β-sheet
hydrogen bondnetwork and to be buriedwithin the hydrophobic interior
of the micelle.

Ail could also be refolded directly in DMPC by mixing a solution of
Ail in SDS with preformed DMPC vesicles (Fig. 3B), as we described
previously for OmpX [45]. Alternatively, refolded Ail could be
reconstituted in large lipid bicelles by adding the protein refolded in
short-chain lipid (DHPC) directly to long-chain lipid (14-O-PC, the
ether-linked analog of DMPC). Bicelles formed in this way aligned
spontaneously when placed in the field of the spectrometer magnet
and yielded high-quality solid-state NMR 15N and 31P chemical shift
spectra that manifest orientation dependent frequencies (Fig. 7 A, C).
These spectra are comparable to those obtained previously for OmpX
(Fig. 7 B, D) [44,45] and demonstrate that Ail can be incorporated in
lipid bicelles oriented with the bilayer plane parallel to the field of the
NMR magnet (unflipped bicelles) for structural studies.

The 15N spectrum of Ail in unflipped bicelles shows some discrete
peaks from amide sites over a range from about 70 to 160 ppm (Fig. 7A),
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 for
helicalmembrane proteins [51,52,59], for the transmembrane domain of
OmpA [43], and for OmpX [44,45]. The chemical shift frequencies in
these types of spectra reflect the orientations of individual peptide bonds
rather than the local chemical environment and, thus, can be used as
orientation restraints for structure determination [46–48]. High uniaxial
alignment is also demonstrated by the 31P chemical shift spectra of the
phospholipids (Fig. 7C), which display single lines at the expected
frequencies corresponding to signals from 14-O-PC (−11 ppm) and
Fig. 6. Expanded region of the solution NMR 1H/15N HSQC spectra of uniformly 15N-labeled
Ail refolded in 100 mMDHPC, obtained inH2O (black) or in D2O (red). Assigned peaks from
the second extracellular loop (EL2) are labeled.
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Fig. 7. Solid-state NMR 15N and 31P chemical shift spectra of uniformly 15N labeled (A, C) Ail
and (B, D) OmpX, in q=3.2 magnetically aligned phospholipid bicelles (320 mM DMPC/
100 mMDHPC). The lipid bilayer plane (gray) is oriented parallel to themagnetic field (Bo).
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DHPC (−4 ppm). Two additional peaks of low intensity are present in
the 31P spectrum of Ail in bicelles (Fig. 7C). They may be due to an
impurity that cannot be detected by SDS–PAGE (e.g., endogenous lipid
which co-purifies with the protein) and/or an impurity that interferes
with complete homogeneous alignment of the bicelles in the magnetic
field. We are in the process of examining this issue.
4. Conclusions

In conclusion, we have described the expression and purification
of Y. pestis Ail, as well as its reconstitution in both lipid micelles and
lipid bilayers for solution and solid-state NMR structural studies. The
CD and NMR spectra obtained in micelles indicate that the protein
adopts a transmembrane β-barrel fold similar to E. coli OmpX. The
observation of a strongly hydrogen bonded domain that resists
exchange with aqueous 2H for days indicates that the Ail β-barrel is
folded in micelles, while peaks from residues in the predicted loops
disappear upon exchange with 2H, indicating that these sites are more
disordered andmore accessible to the aqueous phase. The observation
of discrete peaks in the spectra from magnetically aligned phospho-
lipid bilayers demonstrates the presence of rapid rotational diffusion
of the sample around the membrane normal, enabling solid-state
NMR methods to be applied for Ail structure determination. Multi-
dimensional spectroscopy and selectively labeled samples will be
required to resolve and assign the spectrum of Ail in oriented lipid
bilayers. However, the data presented in this report indicate that it
will be possible to determine the structure, tilt, and rotation of Ail in
the membrane, using the solid-state NMR methods that are currently
being applied to α-helical membrane proteins.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2010.09.017.
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