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The surrounding environment has significant consequences for the structural and functional properties of mem-
brane proteins. While native structure and function can be reconstituted in lipid bilayer membranes, the deter-
gents used for protein solubilization are not always compatible with biological activity and, hence, not always
appropriate for direct detection of ligand binding by NMR spectroscopy. Here we describe how the sample envi-
ronment affects the activity of the outer membrane protein Ail (attachment invasion locus) from Yersinia pestis.
Although Ail adopts the correct β-barrel fold in micelles, the high detergent concentrations required for NMR
structural studies are not compatible with the ligand binding functionality of the protein.We also describe prep-
arations of Ail embedded in phospholipid bilayer nanodiscs, optimized for NMR studies and ligand binding activ-
ity assays. Ail in nanodiscs is capable of binding its human ligand fibronectin and also yields high quality NMR
spectra that reflect the proper fold. Binding activity assays, developed to be performed directly with the NMR
samples, show that ligand binding involves the extracellular loops of Ail. The data show that even when deter-
gent micelles support the protein fold, detergents can interfere with activity in subtle ways.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The biological functions and molecular structures of proteins are
highly dependent on the physical and chemical properties of the sur-
rounding environment [1]. Just as water is essential for supporting the
native states of soluble proteins, the lipid bilayer is critical for preserving
the functional and structural integrity of membrane proteins. By con-
trast, the detergents used to solubilizemembrane proteins for structural
studies by NMR and crystallography can interfere with biological activ-
ity in multiple ways [2].

Among the methods for three-dimensional molecular structure de-
termination, the principal advantage of NMR spectroscopy is its ability
to examine proteins in samples that are very close to their native envi-
ronments. This enables structure and biological function to be charac-
terized in the same sample and useful structure–activity correlations
to be established by direct spectroscopic detection of ligand binding or
DePC,n-decyl-phosphocholine;
, 1,2-dimyristoyl-sn-glycero-3-
-3-phosphatidylglycerol; DPC,
osorbent assay; IPTG, isopropyl
imethylamine-N-oxide; LPPG,
protein; PAGE, polyacrylamide

Research Institute, 10901 North
5 5282; fax: +1 858 713 6268.
conformational changes [3]. Various NMR experimental approaches
and sample types have been developed for membrane protein structur-
al studies in detergent-free lipid samples. Solid-state NMRmethods can
be used for proteins in a variety of lipid bilayer assemblies, including
planar supported lipid bilayers, lipid bilayer macrodiscs and liposomes
[4–10]. More recently, lipid bilayer nanodiscs [11,12] have been used ef-
fectively for solution NMR studies of membrane proteins [13–24].

Here we describe the influence of the sample environment on the
activity of the outer membrane protein Ail (attachment invasion
locus) from Yersinia pestis, an extremely pathogenic organism with a
long history of precipitating massive human pandemics [25–27]. We
show that Ail in detergent micelles adopts an eight-stranded β-barrel
conformation,with three intracellular loops (IL1–3) and four extracellu-
lar loops (EL1–4), similar to that of its crystal structure [28]. However,
wefind that themicellar detergent concentrations required for high res-
olution NMR spectroscopy are not compatible with functional assays of
ligand binding. By contrast, optimized preparations of Ail in phospholip-
id bilayer nanodiscs support both function and structure, and can be
used for parallel activity and NMR studies on exactly the same samples.

The pathogenicity of Y. pestis is associated with its exceptional abili-
ties to proliferate in diverse environments and overcome the defenses
of the human host. Y. pestis Ail is an essential factor contributing to
these properties bymediating cell adhesion [29,30], promoting bacterial
cell auto-aggregation [29] and conferring serum resistance [29,31]. Ail-
mediated cell adhesion is essential for delivering the Yersinia outer pro-
tein (Yop) effectors that protect the bacterial cell from phagocytosis and
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interfere with the host's inflammatory response, enabling Y. pestis to
survive and multiply extracellularly [30,32]. The interactions of
Y. pestis Ail with the extracellular matrix proteins fibronectin and lami-
nin have been shown to be important for both cell adhesion and Yop de-
livery [28,33,34], and amino acid residues in Ail's extracellular loops
have been shown to play important roles in the adhesion of Y.
enterocolitica and Y. pestis [35,36] as well as in the invasion and serum
resistance of Y. enterocolitica [35]. The ability to perform parallel NMR
and functional activity assays on samples of Ail in lipid bilayers,
free of interference from detergent molecules, paves the way for
structure–activity NMR studies and the development of Ail-targeted
molecular intervention.

2. Materials and methods

2.1. Expression and purification of Ail

Wild-type Ail and C-terminal His-tagged Ail (Ail–His) were pre-
pared by cloning the gene corresponding to mature ail from Y. pestis
KIM 10 (gene y1324 without signal sequence) in the Escherichia coli
pET-30b plasmid vector (EMD). For wild-type Ail, the gene was cloned
between the NdeI and XhoI restriction sites of the plasmid. For His-
tagged Ail, the gene was cloned between NdeI and KpnI sites, to express
Ail plus the His tag encoded after the KpnI site of pET-30b. The
expressed amino acid sequences of Ail and Ail–His begin with an extra
N-terminal methionine before residue Glu1 of the native sequence
(Fig. S1). The sequence of Ail terminates with the native residue
Phe156, while Ail–His includes 33 additional C-terminal residues
from the His tag of the pET-30b vector. The longer linker sequence
preceding the His tag was essential for folding Ail–His. Protein
folding was abolished when short His tags were directly appended to
the C-terminus of Ail.

The ail-encoded plasmids were transformed in E. coli BL21 (DE3)
cells and positive clones were grown at 37 °C, in minimal M9 medium
[37], supplemented with 1 mM thiamine, and 35 μg/mL kanamycin to
maintain plasmid selectivity. Cells were grown to a cell
density of OD600 = 0.6, before induction with 1 mM IPTG (isopropyl
1-thio-β-D-galactopyranoside) for 3 h, then harvested by centrifugation
(7200×g, 4 °C, 15min), and stored at−80 °Covernight. For 15N, 13C and
2H labeling of Ail, bacteria were grown in M9 medium prepared in 99%
D2O and containing 1 g/L of U-99%15NH4Cl plus 2 g/L of U-99%13C-
glucose as the sole sources of N andC. All isotopeswere fromCambridge
Isotope Laboratories. Bacteria were adapted to culture in 2H2O by
adding 1 mL of 2H2O M9 media to a 1 mL H2O M9 starter culture
every 2 h, until the volume reached 5 mL, and then growing overnight.
After transferring this overnight culture into 20 mL of fresh 2H2O
M9 media, growth was continued for 4 h at 37 °C to a cell density of
OD600 = 1.0, then the entire volume was placed into 475 mL of fresh
2H2O M9 and cell growth and induction were carried out as described
above.

Cells from 1 L of culture were suspended in 30 mL of buffer A
(20 mM Tris–Cl, pH 8.0) and lysed by two passes through a French
Press. After removing the soluble cell fraction by centrifugation
(48,000×g, 4 °C, 30min) the insoluble pellet, enriched in inclusion bod-
ies, was suspended in 30 mL of buffer A, supplemented with 2% Triton-
X, for 1 h, at 37 °C. The soluble fractionwas removed by a second centri-
fugation step (48,000 ×g, 4 °C, 30 min) and the remaining pellet was
first washed by suspension and centrifugation in 30 mL of water to re-
move residual detergent, and then dissolved in 30 mL of buffer B
(20 mM Na-acetate, pH 5.0, 8 M urea) for Ail, or buffer A for Ail–His.
Any insoluble material remaining after incubation at 37 °C for 1 h, was
removed by centrifugation (48,000 ×g, 4 °C, 30 min). Ail and Ail–His
were purified by cation exchange chromatography (HiTrap SP/HP
5 mL column, GE Healthcare) in buffer B with a NaCl gradient (Ail), or
Ni affinity chromatography (HisTrap FF 5 mL column, GE Healthcare)
in buffer A plus 8 M urea and 500 mM NaCl (Ail–His). Both Ail and
Ail–His were further purified by size exclusion chromatography
(Sephacryl S-200 HR HiPrep 16/60 column, GE Healthcare) in buffer B
supplemented with 150 mMNaCl. Purified Ail was precipitated by dial-
ysis (10 kDa molecular weight cutoff) against water, lyophilized, and
stored at−20 °C.
2.2. Expression and purification of membrane scaffold protein

Two variants of membrane scaffold protein (MSP) were expressed
and purified as described previously: MSP1D1 [12] and MSP1D1Δh5
[18] lacking the fifth helical segment of MSP1D1. The C-terminal
His tags were removed by proteolysis with tobacco etch virus and the
MSPs purified by Ni-affinity chromatography. The pET-28a-MSP1D1
plasmid developed by Sligar and coworkers [38] was obtained
from Addgene (Addgene plasmid 20061). A nucleotide encoding
MSP1D1Δh5 was obtained from GenScript and cloned into the NcoI
and HindIII restriction sites of pET-28a (EMD) by restriction and diges-
tion with Gibson Assembly Master Mix (New England Biolabs).
2.3. SDS PAGE and Western blot analysis

Proteins were analyzed by 4–12% Bis–Tris SDS (sodium dodecyl
sulfate) polyacrylamide gel electrophoresis (PAGE) and visualized by
staining with Coomassie brilliant blue, or transferred to nitrocellulose
for Western immuno-blotting and visualized using antibody-
conjugated alkaline phosphatase (Biorad) with 5-bromo-4-chloro-3′-
indolyphosphate p-toluidine salt substrate and nitro-blue tetrazolium
chloride developer.Western dot blots were performed on nitrocellulose
in a similarmanner, without prior separation on SDS-PAGE. Ail–His was
probed with mouse anti-His monoclonal antibody (Qiagen; 1/5000
dilution). MSP was probed with goat anti-ApoA1 polyclonal antibody
(Millipore; 1/1000 dilution). Ailwas probedwith rabbit anti-Ail-EL2 an-
tibody (1/1000 dilution) specific for the second extracellular loop (EL2)
of Ail. Anti-Ail-EL2 antibody was raised in rabbits against Keyhole
limpet hemocyanin (KLH)-peptide (NH2-CTRRGFEESVDGFKLIDGDF-
COOH) conjugates, and purified via peptide affinity chromatography
(Proteintech, Chicago, IL).
2.4. Protein refolding in detergent

Purified, lyophilized protein (1mg of Ail or Ail–His)was dissolved in
100 μL of 6 M urea and added dropwise to 600 μL of refolding buffer
(20 mM glycine, pH 10.2, 5 mM EDTA, 600 mM arginine, 300 mM KCl)
containing 47mMn-decyl-phosphocholine (DePC; Anatrace). The solu-
tion was gently stirred overnight at room temperature to achieve com-
plete refolding, and then concentrated to 50 μL using a Vivaspin 500
centrifugal concentrator with 10 kDa cutoff (VivaProducts). The buffer
was exchanged by consecutive addition of 150 μL of buffer C (5 mM
Na-PO4, pH 6.8, 5 mM NaCl, 19 mM DePC) and concentration to 50 μL,
repeated four times to obtain a solution containing 1 mM Ail and 130–
180 mM DePC.

The protein concentration was determined by measuring the
UV absorbance at 280 nm, with a molar extinction coefficient of
28,880 M−1 cm−1, whose value was confirmed by an independent
Bradford assay. The DePC concentration was estimated by monitoring
the intensity of the 1H NMR peak from the trimethylamino protons at
3.15 ppm.

Protein folding was assessed by monitoring the shift in SDS-PAGE
apparent molecular weight that correlates with the transition from un-
folded to folded states of transmembrane β-barrels [39], and by solution
NMR spectroscopy, where folded Ail yields high quality 1H/15N correla-
tion spectra with 1H chemical shifts dispersed over more than 3 ppm,
and unfolded Ail yields spectra with all 1H resonances collapsed within
0.5 ppm [40], as expected for random coil.
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2.5. Protein reconstitution in phospholipid nanodiscs

Refolded Ail was assembled into nanodiscs following published pro-
tocols [12,38]. Briefly,MSP1D1Δh5 (MSP)was added to a 3/1Mmixture
of dimyristoyl-phosphatidyl-choline (DMPC, 5.8 mg) and dimyristoyl-
phosphatidyl-glycerol (DMPG, 2 mg), dissolved in 500 μL of nanodisc
buffer (20 mM Tris–Cl, pH 7.5, 100 mM NaCl, 1 mM EDTA) containing
Na-cholate at a lipid/cholate molar ratio of 1/2. The mixture was
incubated at room temperature for 30 min before adding refolded Ail
(1–2 mg of Ail or Ail–His in 50 μL of 130–180 mM DePC) and nanodisc
buffer to obtain 50–100 μMAil in a volume of 1.14 mL. After incubation
at room temperature for 1 h, 0.5 g of Biobeads SM-2 (Biorad; prewashed
in nanodisc buffer) per mL of nanodisc preparation was added, and
the mixture was further incubated at room temperature, with gentle
shaking, for 3 h. Biobeads were removed by centrifugation and the
resulting nanodiscs were washed twice with one sample volume
of nanodisc buffer. The nanodisc solution was concentrated using
a Vivaspin 500 concentrator with 30 kDa cutoff, to obtain 50 μL of
20 mg/mL (1.1 mM) Ail in nanodiscs. Detergent removal was assessed
by 1H NMR spectroscopy.

The optimal MSP/lipid ratio for Ail-containing nanodiscs was deter-
mined by screening with size exclusion chromatography (Superdex 75
10/300 GL column, GE Healthcare), performed in nanodisc buffer and
monitored by detecting the UV absorbance at 280 nm of Ail and MSP.
For solution NMR experiments, the nanodisc buffer was exchanged
with NMR buffer containing 1mMEDTA and 10% D2O. The final concen-
tration of Ail was 0.4 mM.
2.6. Protein reconstitution in phospholipid liposomes

Small unilamellar vesicles, were prepared by sonicating 20 mg of
DMPC in 5 mL of Tris buffer saline (TBS; 50 mM Tris–Cl, pH 7.5,
150 mM NaCl). Refolded Ail (2 mg of Ail or Ail–His in 100 μL of 130–
180 mM DePC) was added dropwise, at 37 °C, to the vesicles. The final
DePC concentration was maintained at 50 mM by supplementing the
mixture with DePC. After overnight incubation at 37 °C, the detergent
was removed by dialysis (10 kDa cutoff) against four 1 L changes of
TBS containing 1 g of Biobeads SM-2. Complete removal of detergent
was assessed by 1H NMR spectroscopy.
2.7. NMR experiments

For solution NMR, 216 μL of refolded Ail solution was diluted to
450 μLwith NMRbuffer (20mMNa-PO4, pH6.8, 5mMNaCl) containing
170 mM DePC and 10% 2H2O. The final concentrations of Ail and DePC
were 0.4–0.5 mM and 170 mM.

NMR experiments were performed at 45 °C on a Bruker AVANCE
600 MHz spectrometer equipped with a 1H/15N/13C triple-resonance
cryoprobe. 1H/15N TROSY-HSQC NMR spectra were obtained with
16 transients for 2H/15N labeled Ail in nanodiscs, or 8 transients
for 2H/15N labeled Ail in DePC, for each of 256 t1 points. Three-
dimensional TROSY-based experiments [41,42] were used for
2H/13C/15N labeled Ail in micelles or nanodiscs. Backbone resonance as-
signments for Ail in 170 mM DePC were obtained using HNCA [43],
HNCACB [44] and 15N-edited NOESY-HSQC (150 ms mixing time) ex-
periments [45]. Heteronuclear 1H/15N NOE measurements [46] were
made by performing difference experiments with and without 5 s satu-
ration of the 1H resonances between scans. 1H/2H exchange measure-
ments for Ail in DePC micelles were made by calculating the ratios of
intensities of the peaks from 1H/15N correlation NMR spectra in H2O
and 2H2O. The NMR data were processed using NMRPipe [47] and ana-
lyzed using NMRView [48]. Chemical shifts were referenced to the H2O
resonance set to its expected position at 45 °C [49] and analyzed with
TALOS+ [50].
2.8. Pull-down assays of protein activity

Pull-down assays were performed with Ni-NTA beads using non-
His-tagged Ail and human plasma fibronectin (Sigma; F2006). Since
we found that fibronectin spontaneously binds Ni-NTA, we used
fibronectin-coated Ni-NTA beads as bait to pull-down Ail.

Non-His-tagged Ail (3 μL of 1 μg/μL solution in DePC or nanodiscs),
fibronectin (10 μL of 1 μg/μL solution, Sigma F2006), or Ail plusfibronec-
tin, were mixed in a total volume of 15 μL TBS and incubated overnight
at 37 °C. For assays with Ail in detergents, the buffer was supplemented
with the appropriate concentration of detergent. Ni-NTA agarose beads
(30 μL,Millipore) were transferred to aMicro-Spin column (Pierce) and
washed with two 100 μL volumes of TBS by suspension and centrifuga-
tion in a microfuge (2400 ×g, 1 min). The protein mixture was added to
the washed Ni-NTA beads and the supernatant obtained by centrifuga-
tion was again loaded onto the Ni-NTA. This step was repeated three
times to ensure complete binding of proteins with Ni-NTA affinity.
After a third centrifugation step the supernatant was removed and the
beads were washed by consecutive suspension in TBS and centrifuga-
tion. Three wash steps were performed, each with 15, 100 and 15 μL
of TBS. The beads were finally eluted by three steps of suspension in
15 μL of SDS PAGE sample buffer (Life Technologies) followed by centri-
fugation. The supernatant fractions resulting from the loading, wash
and elution steps were treated with 1 μL of 1 M dithiothreitol and ana-
lyzed by SDS PAGE.

Ail binding to heparin was assayed bymixing Ail (3 μL of 1 μg/μL so-
lution in 4mMDePC)with heparin-coated resin (Sigma) equilibrated in
TBS in a Micro-Spin column. The beads were washed with two column
volumes of TBS supplemented with 4 mM DePC and eluted with SDS
sample buffer as described above.

2.9. Enzyme linked immunosorbent assays

Enzyme linked immunosorbent assays (ELISAs) were performed
with antibody-conjugated horseradish peroxidase and its substrate
o-Phenylenediamine (OPD; Pierce) added at a concentration of
0.5 mg/mL in stable peroxide substrate buffer (Thermo Scientific) to
develop absorbance at 490 nm. Human plasma fibronectin (Sigma;
F2006) was coated on 96-well plates (Nunc) at a concentration
of 5 μg/mL in phosphate buffer saline (PBS). After coating overnight
at 4 °C, the wells were washed three times with PBS, then blocked
with TBS-milk (TBS with 3% milk) for 2 h at room temperature, and fi-
nally washed with TBST (TBS with 0.05% Tween-20 included to prevent
non-specific binding). Incremental concentrations of Ail–His in TBST
were added to the coated wells and the plates were incubated at
37 °C for 3 h and then at 4 °C overnight. Bound Ail–His was probed by
adding mouse anti-His monoclonal antibody (Qiagen; 1:100 dilution
in TBST-milk) to the wells and incubating for 2 h at room temperature.
Unbound primary antibody and Ail were removed by washing three
times with TBST-milk. Then, secondary goat anti-mouse antibody con-
jugated to horseradish peroxidase (Sigma; 1:10,000 dilution) was
added, theplateswere incubated for 1 h at room temperature, andfinal-
ly washed three times with PBS and once with TBS, before adding fresh
OPD to develop absorbance at 490 nm. Control experiments were per-
formed by incubating the fibronectin-coated wells with the unrelated
His-tagged protein ArfA-c fromMycobacterium tuberculosis and probing
with the same anti-His primary antibody, or adding empty nanodiscs
lacking Ail and probing for nanodisc MSP with rabbit anti-ApoA1 poly-
clonal antibody (Millipore; 1/800 dilution).

To assay the accessibility of Ail's EL2, Ail-containing nanodiscs were
coated on 96-well plates (Nunc) at concentrations ranging from 2 to
0.03 μg/mL in PBS. After washing and blocking the wells as described
above, Ail nanodiscs were probed using primary rabbit anti-Ail-EL2 an-
tibody (1/1000 dilution in TBST-milk), followed by secondary goat anti-
rabbit antibody conjugated to horseradish peroxidase (Sigma; 1:10,000
dilution), and substrate development, as described above.
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3. Results and discussion

3.1. Ail is homogeneously refolded in detergent, liposomes and nanodiscs

Homogenous preparations of fully refolded Y. pestis Ail are obtained
in DMPC liposomes, DMPC/DMPG nanodiscs as well as DePC and vari-
ous other detergents (Fig. 1A, Fig. S2A [40]). A previous report showed
that nanodiscs prepared with the shorter scaffold protein, MSP1D1Δh5,
yield higher quality NMR spectra of the outer membrane protein OmpX
than those preparedwithMSP1D1 [18]. Our initial experiments indicat-
ed that the same is true for Ail (Fig. S3), therefore, we usedMSP1D1Δh5
(henceforth referred to asMSP) for all subsequent sample optimizations
and studies. The presence of DMPG helps prevent sample aggregation
and provides a membrane environment that more closely mimics the
negatively charged bacterial outer membrane.

In all samples, folded Ail migrates as a single homogenous band on
SDS-PAGE and exhibits the typical shift in apparent molecular weight,
relative to unfolded protein, that is associated with the heat modifiabil-
ity property of transmembrane β-barrels [39]. Unfolded Ail migrates
just above 21 kDa, while Ail preparations in DMPC or DePC migrate
near 14 kDa, and preparations in DMPC/DMPG nanodiscs migrate be-
tween 14 and 21 kDa. This difference may be due to the residual associ-
ation of Ail with the negatively charged phospholipid DMPG or with the
MSP required for nanodisc formation. Although Ail and MSP have simi-
lar molecular weights and migrate as a single band on SDS-PAGE, the
corresponding Western blots probed with either anti-Ail-EL2 or anti-
ApoA1 antibodies show that Ail nanodiscs do indeed contain both Ail
and MSP, while empty nanodiscs lacking Ail yield only MSP signal
(Fig. 1B).

Lipid nanodiscs, and their larger analogs macrodiscs, have the im-
portant advantages of being detergent-free as well as open systems [5,
12]. Since both lipid bilayer leaflets are exposed to the same aqueous so-
lution, they are better suited for functional and ligand binding assays
than sealed liposomes [51]. Indeed, Western dot blots probed with
anti-Ail-EL2 or anti-His antibody (Fig. 1C) show that when Ail is incor-
porated in nanodiscs its second extracellular loop (EL2) and its intracel-
lular C-terminus are equally accessible to the aqueous environment,
since equally strong signals are obtained with either anti-Ail-EL2 or
anti-His antibody. By contrast, the signals observed for Ail in liposomes
have equal but significantly attenuated intensities, suggesting the pres-
ence of two equal populations of Ail in these samples: one with the
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terior. The observation of equal attenuated signals fromboth ends of the
protein is consistent with the formation of sealed and/or multilamellar
liposomes.

Two molecules of scaffold protein are needed to form one phospho-
lipid nanodisc [12,38]. However, the precise ratio of MSP to lipid mole-
cules depends on the specific nature of both theMSP and themembrane
protein that is embedded in the lipid bilayer. Size exclusion chromatog-
raphy analysis (Fig. 1D) of Ail nanodiscs shows that preparations with
an Ail/MSP/phospholipid ratio of 0.5/2/100 yield the narrowest elution
profiles and, hence, have the greatest size homogeneity (Fig. 1D, red).
This ratio yields Ail nanodiscs with similar homogeneity to empty
nanodiscs (Fig. 1D, 0/2/100) and also supports a higher membrane pro-
tein concentration corresponding to one molecule of Ail per nanodisc
(Fig. 1D, 1/2/100), which is useful for enhancing the signals in both
the NMR spectra and the functional assays.

Attempts to use Ni-affinity chromatography to isolate Ail–His-con-
taining nanodiscs from empty nanodiscs resulted in extensive aggrega-
tion (Fig. S4). This appears to be due to the interaction of residual Ni2+

ions with the negatively charged phosphate groups of the phospho-
lipids, as the effect could be reversed, albeit not completely by the
addition of EDTA. Therefore, since nanodiscs prepared with Ail/MSP/
phospholipid ratios of 1/2/100 have a homogeneous size exclusion pro-
file they were used directly for binding assays and NMR studies.

3.2. Ail adopts an eight-stranded β-barrel conformation in detergent
micelles

The crystal structure of Ail has been determined in tetraethylene gly-
col monooctyl ether (C8E4) at a high resolution [28]. In this structure,
several residues in the functionally important extracellular loops EL2
and EL3were disordered and incompletely resolved, reflecting the pres-
ence of backbone flexibility and precluding crystallographic structure–
activity studies of Ail–ligand interactions. To characterize the conforma-
tion and dynamics of Ail we performed NMR studies designed to obtain
backbone resonance assignments, distance restraints and dynamics
parameters.

Extensive screening for detergents suitable for high resolution NMR
spectroscopy of Ail identified DePC as the top candidate (Fig. 2A, S5 [40]),
as previously reported for two other outer membrane proteins, OmpX
and OmpW [52,53]. Ail in 170 mM DePC, at 45 °C, yields a well-resolved
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1H/15N correlation spectrum with narrow, homogenous resonance
linewidths and large chemical shift dispersions, consistent with an overall
ordered fold and relatively uniform backbone dynamics across the entire
protein sequence. Assignments of the backbone (CA, CB, N, and HN) reso-
nances were obtained for all Ail amino acids, with the exception of three
residues in IL1 (Ile36, Phe37, Asn38) and two residues in IL2 (Glu83, Tyr84).

The experimental NMR data, including the values of the assigned
chemical shifts, amide 1H NOE connectivities and amide 1H exchange
profile, reflect the formation of eight anti-parallel β-strands that fold
as a β-barrel (Fig. 3). The locations of the β-strands and connecting
loops determined byNMRmatch those observed in the crystal structure
of Ail and coincide with the transmembrane core of the barrel being de-
fined by the presence of two bands of aromatic residues, each delimiting
the intra- and extracellular membrane–water interfaces (Fig. 3A, B).

The 1H/2H exchange data, obtained by acquiring 1H/15NNMR spectra
after equilibrating the sample in 2H2O for at least 4 h, show that the
Fig. 3. Secondary structure and backbone dynamics of Ail in 170mMDePC versus residue num
three intracellular loops (IL1-4; green) and four extracellular loops (EL1-4; blue) of Ail. The eight
data (DePC) are shown. (B) TALOS analysis of the assigned CA, CB, N, and HN chemical shifts. Th
phi/psi distribution prediction. (C) Experimental amide 1H/2H exchange data (HN ex) showing
mental amide 1HN-1HNNOE data (dN−N(i−j)), showing long-range NOE connectivities at least f
values below 0.8 (dashed horizontal line).
protein fold is stabilized by a strong network of backbone amide hydro-
gen bonds that resist exchange with water (Fig. 3C). Stronger hydrogen
bonds are observed for residues that form a hydrophobic band around
the β-barrel, consistent with their likely location in the detergent mi-
celle interior. By contrast, weak and readily exchangeable hydrogen
bonds are observed for residues located in regions outside of the hydro-
phobic band that are in contact with the surrounding water.

A network of long-range NOEs, detected between backbone amide
HN atomsmore than 4 residues apart in the protein sequence, provides
diagnostic evidence of β-barrel formation (Fig. 3C). NOE contacts are
observed between all eight β-strands (β1–β2, β2–β3, β3–β4, β4–β5,
β5–β6, β6–β7, β7–β8), including key contacts between β1–β8 that de-
fine the barrel closure (Fig. S6). Furthermore, NOEs are observed both in
the transmembrane core of the barrel and in the extracellular region.

The measured heteronuclear 1H/15N NOEs reflect the presence of
relatively uniform backbone dynamics throughout the β-barrel core of
ber. (A) Topology of Ail; colors designate the eight transmembrane regions (TM1-8; gold),
β-strands observed in the crystal structure (3QRA) or derived from the experimentalNMR
e height of the bars reflects β-strand probability extracted from the TALOS neural network
residues with amide 1H/15N NMR signals that persist for at least 4 h in 2H2O, and experi-

our residues apart. (D) Experimental heteronuclear 1H/15N NOE data. Residues in EL2 have
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Ail (Fig. 3D). Most residues, including those in the N- and C-termini, ex-
hibit very similar, positive 1H/15N NOE values (≥0.8), indicative of a
rigid backbone conformation. However, lower values are observed for
residues in the extracellular loops, indicating the presence of additional
restrictedmotions, withmodest decreases observed in EL1, EL3 and EL4
and significantly lower values (between 0.8 and 0.5) observed for EL2.
This loop flexibility is consistent with the lack of electron density ob-
served in the crystal structure for residues in EL2 and EL3.

The combined NMR data show that Ail is folded correctly in DePC
with a conformation that is very similar to the crystal structure and
backbone dynamics that are consistentwithflexibility in the functional-
ly important extracellular loops.
3.3. Micellar detergent concentrations disrupt the ligand binding activity of
Ail

We next tested the ability of Ail to bind its ligands heparin and fibro-
nectin. To test thefibronectin binding activityweperformedpull-downas-
says on Ni-NTA resin. We found that plasma fibronectin spontaneously
binds Ni-NTA (Fig. 4A). Incubation of fibronectin with Ni-NTA agarose,
followed by separation of the supernatant from the resin and elution
with SDS-PAGE sample buffer, shows that fibronectin is absent from the
unbound and wash fractions (Fig. 4A, lanes U, W), but present in the
bound fraction that elutes with SDS (Fig. 4A, lane E). By contrast, the
same experiment performed with refolded, non His-tagged Ail in DePC
shows that Ail does not bind Ni-NTA (Fig. 4B). In this case, Ail was found
completely in the unbound fraction and absent from the bound elution.

In 4 mM DePC, below the 11 mM critical micelle concentration
(CMC), Ail displays the higher SDS-PAGEmobility (near 14 kDa) charac-
teristic of the folded state (Fig. 4B). Furthermore,whenAil andfibronec-
tin were first mixed together and then added to Ni-NTA in 4 mMDePC,
both proteins co-eluted in SDS and neither could be detected in the un-
bound fraction (Fig. 4C), indicating that this low concentration of deter-
gent supports the interaction of Ail with fibronectin. Similarly, Ail in
4 mM DePC is also capable of binding heparin-coated resin (Fig. 4D)
consistent with previous results [28]. However, when the assay was
performed at either the NMR sample conditions (170 mM DePC) or
lower detergent concentrations (70 and 35 mM DePC) no interaction
was detected between Ail and fibronectin (Fig. 4C): while fibronectin
still bound the Ni-NTA resin, Ail did not, and was found completely in
the unbound flow through.
Fn
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A CB
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70 mM
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Fn + Ail
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66
55
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Fig. 4. Fibronectin (Fn) and heparin binding activity of Ail detected by pull-down assays. Ail alo
proteins contain His tags. After overnight incubation at 37 °C, the unbound fraction (lane U) w
separated. After a secondwash and centrifugation step any bound protein was eluted with 100
blue. (A) Fn binds Ni-NTA. (B) Ail does not bindNi-NTA. (C) Fn binds Ail in 4mMDePC; the prot
70 or 170 mM DePC; the proteins elute separately (Ail in lane U; Fn in lane E). (D) Ail in 4 mM
nanodiscs does not bind Ni-NTA. (F) Fn binds Ail in nanodiscs; the proteins elute together in th
We next examined whether 4 mM DePC could yield useful NMR
spectra of Ail for parallel NMR and activity studies. However, despite
the visually clear appearance of the sample, the 1H/15N NMR spectrum
of Ail in 4 mM DePC is invisible (Fig. 5A, bottom), indicating that the
protein is motionally restricted with correlation times slower than the
solution NMR time scale. This result is consistent with the vast majority
ofmembrane proteinNMR studieswhere detergent concentrationswell
above the CMC are needed to ensure the presence of a single protein
molecule per micelle [52,54,55].

TheNMR spectra of Ail in different concentrations of DePC show that
the spectral quality is also rather degraded at both 70 mM and 35 mM
DePC (Fig. 5A, B). Overall, reducing the DePC concentration from 170
to 70mMcauses a 30% decrease of theNMR signal intensity, and further
reduction to 35 mM decreases the signal by an additional 30%. The ob-
served signal decrease is not uniform across all peaks. For example,
the signal from Phe68, in extracellular loop EL2, is completely obliterat-
ed at 35 mM DePC, while the signal from Asn128, in intracellular loop
IL3, has much lower intensity but is still visible at 35 mM DePC.

Increasing the concentration of DePC from 35 to 170 mM also in-
duces visible changes in the 1H and 15N chemical shifts of the spectrum
(Fig. 5C). This effect appears to bemost significant for peaks arising from
sites in the extracellular loops of the protein, such as Gly60 andGly66 in
EL2, and Ile103 and Gly105 in EL3. Since the loops are not expected to
interact with themicelle, this effect could reflect either progressive pro-
tein dilution in increasing amounts of detergent or the association of
monomeric detergent with thewater-exposed loops. Thus we conclude
that while Ail is folded and active in 4 mMDePC, the higher concentra-
tions of DePC required for NMR spectroscopy, are not compatible with
protein activity, precluding structure and activity studies in DePC
micelles.

Previously, we reported that DHPC (1,2-dihexyl-sn-glycero-3-
phosphocholine) also yields goodNMR spectra of Ail [40], and therefore,
we tested this detergent for its ability to support protein binding activ-
ity. Disruption of the fibronectin binding activity was observed with
20 mM DHPC (Fig. S2C), well below the 240 mM concentration that
yields useful spectra of Ail (Fig. S5) [40] and the 300 mM concentration
that was used for structure determination of OmpX [56]. In addition,
since 1mMDDM (n-dodecyl-β-D-maltopyranoside)was used for previ-
ous refolding and activity studies of Ail [28], we tested this detergent for
its ability to yield high-resolution NMR spectra. However, we found that
a 20 mM concentration of DDM both disrupts fibronectin binding
(Fig. S2D) and yields very low quality NMR spectra (Fig. S7E).
nanodiscs170 mM
DePC nanodiscs

D
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3.4. Micellar detergent concentrations are needed for high resolution NMR
spectroscopy of Ail

Detergent concentration has long been known to influence the qual-
ity of NMR spectra. High detergent concentrations well above the CMC
are needed to ensure the presence of no more than one protein or pro-
tein complex per micelle, which is essential for maintaining sufficiently
rapid correlation times for solution NMR [52,54]. This effect may be un-
derstood in terms of the probability distribution of protein molecules in
micelles, with the probability P(i) of finding i proteins permicelle given
by:

P ið Þ ¼ ni e−n

i!

� �
ð1Þ

where n, the total number of proteins per micelle, depends on the pro-
tein concentration (Cprotein) and the micelle concentration (Cmicelle) as:

n ¼ Cprotein

Cmicelle
ð2Þ

and Cmicelle depends on the detergent's concentration (Cdetergent), aggre-
gation number (Na) and CMC as:

Cmicelle ¼
Cdetergent−CMC

Na
: ð3Þ

The probability P(i N 1) of findingmore than one protein permicelle
is derived from Eqs. 1–3 and given by:

P iN1ð Þ ¼ 1−P i ¼ 0ð Þ−P i ¼ 1ð Þ
¼ 1−e−n−ne−n : ð4Þ

For solution NMR studies, P(i N 1) should be minimized as much as
possible. The plot in Fig. 5D shows that, for the sample conditions
used in this study (0.4 mM protein in DePC), P(i N 1) increases sharply
above 10% at DePC concentrations lower than 80 mM. By contrast,
above 80 mM DePC, P(i N 1) decreases slowly down to near 0% at
200mM. Above such high levels of detergents, the NMR spectral quality
has been shown to decrease [52] as the deleterious effects of sample vis-
cosity begin to counter the benefits of protein dispersion.

Probability curves calculated for detergents with a lower CMC, such
asDPC (n-dodecyl-phosphocholine), display the same effect, albeitwith
lower detergent concentration limits (Fig. 5D, black). Such probability
analysis is consistent with our observation of a sharp NMR signal
intensity reduction below 70 mM DePC and with previous results for
the effects of detergent concentration on theNMR spectra of membrane
proteins [52,54].

3.5. Phospholipid nanodiscs yield high resolution NMR spectra of Ail and
support ligand binding activity

Y. pestis Ail incorporated in MSP1D1Δh5 nanodiscs yields excellent
1H/15N correlation NMR spectra with many well-resolved, well-
dispersed peaks of homogeneous intensity (Fig. 2B). Although the 1H
and 15N resonance lines are broader compared to the spectra of Ail in
DePC, there are many peaks with similar chemical shifts (Fig. 2C, S3C),
indicating that the protein adopts a similar conformation in micelles
and nanodiscs. Many peaks, including several fromGly, Trp and Phe res-
idues, appear at nearly identical positions and can be tentatively
assigned to specific sites by comparison with the assigned spectrum of
Ail in DePC. At first inspection, the similarities appear more significant
for peaks from sites in the transmembrane β-barrel (e.g. G42, G45,
G76, G89, G120, G151, G153), while peaks fromwater-exposed residues
display larger differences (e.g. T50, G66, F68, N128, L140, R155).
Independent resonance assignments of the Ail nanodisc spectrum (in
progress) will be needed to confirm this observation. However, it is
notable that for OmpX and OmpA, the largest effects of detergent
were observed in the structure and dynamics of the water-exposed
loops [18,23].

Importantly, when the Ni-NTA fibronectin binding assay is per-
formed with Ail in nanodiscs instead of detergent micelles, fibronectin
binding activity is observed. Ail-containing nanodiscs do not bind Ni-
NTA resin in the absence of fibronectin and are recovered in the un-
bound supernatant fraction (Fig. 4E). However, when Ail nanodiscs
are first mixed with fibronectin and then added to the resin, both pro-
teins co-elute in SDS with negligible amount of nanodiscs detected in
the unbound fraction (Fig. 4F). Thus, we conclude that the fibronectin
binding activity of Ail, which was disrupted in detergent micelles, is re-
storedwhen the protein is incorporated in a detergent-free phospholip-
id bilayer.

To characterize the fibronectin-binding activity of Ail in assays ame-
nable to quantitative, high-throughput analysis, we tested its ability to
bind fibronectin-coated surfaces in ELISAs. Consistent with the pull-
down assays, Ail in 4mMDePC exhibits concentration-dependent bind-
ing to fibronectin-coated plates (Fig. 6A, black), while the 170mM con-
centration of detergent that is optimal for NMR induces complete
disruption of the protein–protein interaction (Fig. 6A, blue). Once
again, incorporation of Ail in nanodiscs and removal of detergent restore
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the fibronectin binding activity of the protein (Fig. 6A, red). Assays per-
formed with empty nanodiscs, or with an unrelated protein (ArfA-c)
from M. tuberculosis, yield no ELISA signal (Fig. 6B), and thus confirm
that any fibronectin binding signal is due to Ail in these experiments.

We further examined the usefulness of Ail nanodiscs as an ELISA
coating substrate. The data show that increasing concentrations of Ail
nanodiscs can be effectively immobilized on 96-well plates for detection
by anti-Ail-EL2 antibody (Fig. 6C), thereby providing an approach to
screen for compounds that interfere with ligand binding.

Finally, to examine the role of Ail's extracellular loops in mediating
the interaction of the protein with fibronectin, we performed competi-
tion ELISAs in the presence of anti-Ail-EL2 antibody. Incubation of Ail
with anti-Ail-EL2 before addition to fibronectin-coated plates substan-
tially diminishes the Ail-fibronectin interaction and yields a significant
decrease in ELISA signal (Fig. 6D), demonstrating that the extracellular
loops of Ail are involved in mediating its interaction with fibronectin.
The antibody was raised specifically to bind EL2 and, therefore, is ex-
pected to block ligand binding to this region of Ail. However, its molec-
ular size may be sufficiently large to interfere with the interactions
mediated by any or all of four extracellular loops. Therefore, the fibro-
nectin binding activity cannot be exclusively ascribed to EL2 based on
this assay. Indeed, residues in EL1 and EL3 have also been identified
for the adhesion activity of Y. pestis Ail [36]. Additional experiments de-
signed to probe specific areas of Ail will be needed to describe the Ail–
fibronectin interaction more precisely.

4. Conclusions

Our results show that the structure and ligand binding activities of
Y. pestis Ail can be reconstituted in phospholipid bilayer nanodiscs en-
abling NMR and activity studies to be performed in identical samples.
The NMR data show that Ail adopts its correct eight-stranded β-barrel
conformation in DePC micelles and that its overall structure appears to
be similar in nanodiscs. However, while Ail in nanodiscs is capable of
binding its human ligand fibronectin, the high detergent concentrations
required for NMR studies inmicelles disrupt the fibronectin-binding ac-
tivity. Since the ELISA data further show that the extracellular loops of
Ail are involved in mediating its interaction with fibronectin, we con-
clude that the disruption of fibronectin binding in detergent micelles
is likely caused by the interaction of monomeric detergent molecules
with key water-exposed sites on Ail and/or fibronectin.

Detergents can have deleterious effects onmembrane protein struc-
ture and function [2].Monomeric detergent is always present in equilib-
riumwith themicellar phase and is often observed bound to crystallized
membrane proteins, including Ail [28]. Experimental and computation-
al studies indicate that the extracellular loops of outer membrane β-
barrels are more susceptible to the surrounding environment than
their transmembrane segments. Compared to lipid bilayer nanodiscs,
the largest effects of detergent micelles on the structure and dynamics
of E. coli OmpX and OmpA are observed for the extramembrane loops
[18,23]. Furthermore, micelles and bilayers differ significantly with re-
spect to their lateral pressure profiles, water accessibility and order, all
factors that could contribute to altered protein binding properties. For
example, molecular dynamics simulations of Neisseria Opa60, another
eight-stranded β-barrel whose NMR structure was recently determined
in DPC micelles, indicate that the lipid bilayer environment influences
the compactness and dynamics of the protein's extracellular loops
[24]. The presence of detergent could also induce the exposure of
adventitious binding sites on the Ail β-barrel and yield apparently
higher ligand binding affinities.

Nanodiscs are detergent-free and provide a phospholipid bilayer en-
vironment that recapitulates the key anisotropic physical and chemical
properties of biological membranes [11,12]. The use of such open lipid
bilayer samples facilitates structure–activity studies where the addition
of small molecule or protein ligands is detected by direct spectroscopic
and structural comparisons.While the increased size of such complexes
may be prohibitive for solution NMR spectroscopy, solid-state NMR has
no size limitations and can be used with proteins in larger sized
macrodiscs [5] or surface-supported planar bilayers [57] for analogous
structure–activity studies of membrane proteins in detergent-free
native-like samples.
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