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Abstract

The outer membrane protein Ail (Adhesion invasion locus) is one of the most abundant proteins 

on the cell surface of Yersinia pestis during human infection. Its functions are expressed through 

interactions with a variety of human host proteins, and are essential for microbial virulence. 

Structures of Ail have been determined by X-ray diffraction and solution NMR spectroscopy, but 

those samples contained detergents that interfere with functionality, thus, precluding analysis of 

the structural basis for Ail’s biological activity. Here, we demonstrate that high-resolution solid-

state NMR spectra can be obtained from samples of Ail in detergent-free phospholipid liposomes, 

prepared with a lipid to protein molar ratio of 100. The spectra, obtained with 13C or 1H detection, 

have very narrow line widths (0.40–0.60 ppm for 13C, 0.11–0.15 ppm for 1H, and 0.46–0.64 ppm 

for 15N) that are consistent with a high level of sample homogeneity. The spectra enable resonance 

assignments to be obtained for N, CO, CA and CB atomic sites from 75 out of 156 residues in the 

sequence of Ail, including 80% of the transmembrane region. The 1H-detected solid-state 

NMR 1H/15N correlation spectra obtained for Ail in liposomes compare very favorably with the 

solution NMR 1H/15N TROSY spectra obtained for Ail in nanodiscs prepared with a similar lipid 

to protein molar ratio. These results set the stage for studies of the molecular basis of the 

functional interactions of Ail with its protein partners from human host cells, as well as the 

development of drugs targeting Ail.
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The importance of the lipid bilayer membrane for supporting the structure and function of 

membrane proteins has motivated the development of samples for structural studies by X-ray 

diffraction, electron microscopy (EM) and NMR spectroscopy, that resemble native 

membranes as closely as possible (Cross et al. 2014; De Zorzi et al. 2016; Maslennikov and 

Choe 2013; Moraes et al. 2014). NMR has the unique advantage of being compatible with 
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samples that are similar to the physiological protein environments (Zhou and Cross 2013). 

NMR signals provide accurate structural restraints as well as information about global and 

local dynamics. Moreover, since they are highly sensitive to the local molecular environment 

NMR signals are useful for characterizing even weak ligand binding through chemical shift 

changes, enabling structure–activity correlations to be made for binding events.

The long correlation times of large protein-lipid assemblies pose a limitation on the types of 

membrane proteins that can be studied by solution NMR, although advances are being made 

in the development of experimental methods (Takeuchi et al. 2015) and the preparation of 

small, detergent-free lipid nanodiscs (Hagn et al. 2013). Protein-containing phospholipid 

bilayers are, however, well suited for solid-state NMR studies, where the correlation time is 

not a limiting factor. Advances in magic angle spinning (MAS) and oriented sample (OS) 

solid-state NMR methods have enabled structural studies of a number of membrane proteins 

in near-native lipid membranes (Baker et al. 2015; Brown and Ladizhansky 2015).

High quality solid-state NMR spectra have been reported for samples of membrane proteins 

in proteolipid 2D crystals, precipitates, and microcrystals (Andreas et al. 2015; Barbet-

Massin et al. 2014; Eddy et al. 2012; Li et al. 2007; Linser et al. 2011; Saurel et al. 2017; 

Shahid et al. 2012). These samples, prepared with lipid to protein molecular ratios in the 

range of 6:1 and 25:1, have the advantage that large quantities of protein can be packed in 

the NMR rotor for enhanced sensitivity. Such low lipid content, however, is well below that 

of most biological membranes (Gennis 1989; Lee 2003, 2011). Although some specialized 

membranes do have very low lipid to protein ratios, this is not generally the case, and even 

rod outer segment disc membranes, which are highly enriched in rhodopsin, have a lipid to 

protein molar ratio of ~40:1 (Devaux and Seigneuret 1985). Analysis of the crowded 

membranes of synaptic vesicles estimates that about 12 molecules of lipid and 9 molecules 

of cholesterol are present for every protein transmembrane helix (Takamori et al. 2006). For 

a protein with a single transmembrane helix, this translates to a lipid:protein molar ratio of 

12:1 and total protein mole fraction of ~4.5%, when cholesterol is also taken into account; 

for a protein with four transmembrane helices, the lipid:protein molar ratio is 48:1, and the 

total protein mole fraction in a lipid-cholesterol membrane is 1.2%.

Low lipid content can compromise protein stability and induce the formation of non-native 

contacts, including contacts between protein molecules with opposite transmembrane 

orientations (Andreas et al. 2015; Behlau et al. 2001; Dolder et al. 1999). These samples 

may need to be diluted into liposomes to reconstitute activity (Eddy et al. 2012), indicating 

that bulk lipid is important for function. Furthermore, 2D crystals can suffer from structural 

heterogeneity (Behlau et al. 2001). This is not necessarily problematic for cryo-EM, where 

individual crystals can be selected for analysis, but poses a challenge for NMR, where the 

signals reflect ensemble properties of the bulk sample, and heterogeneity manifests as 

broader line widths, which decrease spectral resolution.

An important advantage of NMR is that neither long- nor short-range molecular order is 

required to obtain high-resolution spectra, thus bypassing the burden of preparing either 2D 

or 3D crystalline samples. The only prerequisite for reducing inhomogeneous line 

broadening and obtaining single, narrow resonance lines, is that the protein adopts a 
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homogeneous conformational ensemble state on the time-scale determined by the frequency 

span of spin interactions. For solid-state NMR studies of membrane proteins, this can be 

achieved by using proteolipid samples with a total lipid mole fraction high enough to prevent 

the formation of non-native protein conformations and non-native contacts in the membrane. 

Here, we show that the outer membrane protein Ail (Adhesion invasion locus) yields very 

high resolution NMR spectra when incorporated in lipid bilayers with 100 lipid molecules 

for each protein.

Ail is one of the most highly expressed proteins on the cell surface of Yersinia pestis during 

human infection. Y. pestis, the causative agent of plague, is an invasive blood stream 

pathogen that poses very high risk to public health because it is highly pathogenic, can be 

easily disseminated, and causes high mortality. The interactions of Ail with human host 

proteins are critical for promoting the survival of Y. pestis bacteria in serum, and are targets 

for therapy development. Two structures of Ail have been determined: by X-ray diffraction 

(Yamashita et al. 2011) for the protein crystallized in tetra-ethylene glycol monooctyl ether 

(C8E4), and by solution NMR (Marassi et al. 2015) for the protein in decyl-phosphocholine 

(DePC) micelles. Ail adopts the same eight-stranded β-barrel fold in both cases, but the 

protein’s activity is compromised by detergent (Ding et al. 2015), which is present in both 

the crystal and micelle samples, underscoring the need to perform structure/function studies 

in detergent-free membranes. Well-resolved NMR spectra of Ail in lipid bilayers provide 

access to experimental approaches for determining its functional structure, understanding its 

functions, and NMR-based drug discovery.

Materials and methods

Protein preparation

Ail was cloned into the E. coli plasmid pET-30b, and then expressed and purified as 

described previously (Ding et al. 2015). For uniform 15N and 13C labeling (u-15N, u-13C), 

bacteria were grown in M9 medium containing 1 g/L of (99% 15N)-ammonium sulfate and 2 

g/L of (99% 13C)-glucose (Cambridge Isotope Laboratories). For additional 2H labeling, the 

growth medium was prepared with (99.99% 2H)-water to obtain fractional (~70%) 2H 

labeling (f-2H), or with both (99.99% 2H)-water and (98% 2H, 99% 13C)-glucose for 

uniform 2H labeling (u-2H) The 2H atoms at exchangeable sites were replaced with 1H 

during Ail purification under denaturing conditions.

Nanodisc preparation

The preparation of Ail nanodiscs (Ding et al. 2015) and expression and purification of the 

nanodisc membrane scaffold protein MSP1D1 Δh5 (Hagn et al. 2013) were performed as 

described previously. Briefly, Ail was assembled into nanodiscs by refolding in 170 mM n-

decyl-phosphocholine (DePC; Anatrace), mixing with phospholipids (Avanti), MSP1D1 Δh5 

and Na-cholate, and finally removing the detergent with Bio-Beads SM-2 (Bio-Rad) and 

dialysis. The nanodiscs were composed of a 75:25 molar mixture of the phospholipids 

(Avanti) dimyristoyl-phos-phatidylcholine (DMPC) and dimyristoylphosphatidyl-glycerol 

(DMPG), 2H labeled at all 54 protons of their acyl chains. The molar ratio 100:2:1 of 

lipid:MSP1D1 Δh5:Ail gave the highest level of nanodisc size homogeneity and the 

Yao et al. Page 3

J Biomol NMR. Author manuscript; available in PMC 2017 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



narrowest NMR linewidths (Ding et al. 2015). For solution NMR experiments, the nanodiscs 

were transferred into NMR buffer (25 mM Na-PO4, pH 6.5, 1 mM EDTA) supplemented 

with 5 mM NaCl and 10% D2O, and concentrated with a Vivaspin 500 centrifugal device to 

obtain a final concentration of 0.6 mM (u-15N, u-13C, u-2H) Ail in a 500 uL volume of the 5 

mm NMR tube.

Proteoliposome preparation

Ail liposomes were prepared with a lipid:protein molar ratio of 100:1. A solution of refolded 

Ail and 170 mM DePC in NMR buffer was mixed with a solution containing phospholipids 

(DMPC:DMPG, 75:25 molar) and 100 mM Na-cholate in NMR buffer. Detergent was 

removed by dialysis against three 4 L volume changes of NMR buffer over the course of 24 

h, followed by incubation with Bio-Beads SM-2 (Biorad) overnight. Proteoliposomes were 

harvested by ultracentrifugation at 168,000xg, 4 °C, for 16 h, and then packed into MAS 

rotors (Bruker). We estimate that ~90% of the final sample volume could be transferred to 

the MAS rotor for NMR studies. Three NMR samples were prepared each containing ~3 mg 

of Ail packed in a 4 mm MAS rotor with a 50 uL insert, ~3 mg of Ail packed in a 3.2 mm 

thin-walled rotor, or ~0.3 mg of Ail packed in a 1.3 mm rotor. The solid-state NMR spectra 

acquired at the start and at the end of data collection show no difference, indicating that the 

samples are stable over a period of time longer than 1 month.

Analysis of lipid content in the MAS rotor

The total amount of lipid contained in the MAS rotor was estimated by measuring the 1H 

NMR signal intensity at 1.2 ppm from the lipid acyl CH2 groups, and comparing it to the 

intensity at 1.2 ppm measured for a standard sample prepared by adding a known quantity of 

hydrated lipid directly into the rotor. The 1D 1H NMR spectra were obtained with a MAS 

rate of 12.5 kHz, at 27 °C. By this estimate, the final NMR sample contains ~90% of the 

lipid added to the initial preparation. This is consistent with our estimate of the total sample 

volume that we can transfer to the MAS rotor after centrifugation, and indicates that the final 

sample maintains the lipid:protein ratio of the initial preparation, with no significant loss of 

lipid. It is likely that adding Biobeads after, and not before, allowing liposomes to form by 

extensive detergent dialysis, helps prevent the loss of lipid through adsorption.

Differential scanning calorimetry (DSC)

DSC experiments were performed using an N-DSC II instrument (Calorimetry Sciences 

Corporation). Pure phospholipid and proteoliposomes samples were suspended in NMR 

buffer at concentrations between 0.5 and 3.0 mg/mL, and scanned at a rate of 1 K/min, under 

a constant pressure of 3 atm. NMR buffer served as the reference. The DSC data were 

analyzed with NanoAnalyze software (TA Instruments).

Activity assays

Enzyme linked immunosorbent assays (ELISA) were performed as described (Ding et al. 

2015), using C-terminal His-tagged Ail, and human plasma fibronectin (Sigma; F2006) 

coated on 96-well plates (Nunc). Binding was detected with primary mouse anti-His 

monoclonal antibody (Qiagen), and secondary goat anti-mouse antibody, conjugated to 
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horseradish peroxidase (Sigma) to develop absorbance at 490 nm upon reaction with its 

substrate o-phenylenediamine (Pierce).

Solution NMR experiments

Solution NMR spectra were recorded on a Bruker AVANCE III 800 MHz spectrometer 

equipped with a triple-resonance cryoprobe. 2D and 3D 1H-15N TROSY, TROSY-HNCA 

and NOESY-HSQC experiments were performed with 2H decoupling. Chemical shift 

assignments in the spectra of Ail nanodiscs were obtained by analysis of 3D HNCA and 3D 

NOESY-HSQC data sets, aided by comparison with the assigned spectra of Ail in micelles 

(Marassi et al. 2015).

Solid-state NMR experiments

A suite of 13C detection experiments was recorded on 500 MHz Bruker AVANCE and 750 

MHz Bruker AVANCE III HD spectrometers, each equipped with a Bruker 4 mm E-free 

MAS probe, operating at a spinning rate of 12 kHz ± 5 Hz. Typical π/2 pulse lengths 

for 1H, 13C and 15N were 2.5, 2.5 and 5 μs (500 MHz), or 2.7, 3.2 and 5.6 μs (750 MHz). 

SPINAL64 (Fung et al. 2000), implemented with a 90 kHz RF field strength, was used 

for 1H decoupling during data acquisition.

1D 13C spectra were acquired using either dipolar-based cross polarization (CP) (Pines et al. 

1973) or J-coupling-based polarization transfer (INEPT) (Morris and Freeman 1979). The 

respective delays in the INEPT and refocused INEPT blocks were set to 1/4 × J (1.7 ms) and 

1/6 × J (1.1 ms), to obtain positive phase carbon signals. 2D homo-nuclear 13C–13C 

correlation spectra were acquired using the PDSD pulse sequence (Szeverenyi et al. 1982) 

with 50 ms mixing.

2D heteronuclear 13C–15N correlation spectra were acquired using SPECIFIC-CP (Baldus et 

al. 1998) for band selective polarization transfer, during which continuous wave (CW) 1H 

decoupling (100 kHz RF field strength) was applied, and a tangent ramp was applied on 

the 15N channel with contact times of 3 ms (500 MHz) or 4.5 ms (750 MHz) for N–CA 

transfers, and 3.5 ms (500 MHz) or 6 ms (750 MHz) for N–CO transfer. For NCACX and 

NCOCX experiments, a 50 ms PDSD mixing interval was added following the SPECIFIC-

CP transfer (Pauli et al. 2001).

2D homonuclear 13C–13C correlation spectra were recorded using DARR (Takegoshi et al. 

2001, 2003) with 200 ms mixing, on a 900 MHz Bruker AVANCE III HD spectrometer 

equipped with a Bruker 3.2 mm E-free MAS probe, at a spinning rate of 12 kHz ± 5 HzC.

Fast MAS 1H detection experiments were performed on a 900 MHz Bruker AVANCE III HD 

spectrometer, using a Bruker 1.3 mm MAS probe at a spinning rate of 60 kHz ± 15 Hz. 2D 

CP-HSQC (Barbet-Massin et al. 2014) spectra were obtained with 1.5 ms of 1H–15N CP 

mixing for the initial transfer of magnetization from 1H to 15N. During 15N evolution, a 13C 

π pulse was employed for one bond JN−CA and JN−CO decoupling, and a low power (20 kHz 

RF field strength) XiX (Ernst et al. 2003) scheme was used for 1H decoupling. After 15N 

evolution, magnetization was transferred from 15N back to 1H with 300 μs of CP mixing. 

Water suppression was performed using MISSISSIPPI (Zhou and Rienstra 2008), 
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implemented with a saturation pulse train of 300 ms, prior to 1H detection. WALTZ-16 

(Shaka et al. 1983) (10 kHz RF field strength) was used for 15N heteronuclear decoupling 

during data acquisition. The sample temperature at each spinning frequency was measured 

using the temperature-dependent 1H chemical shift of water.

Results and discussion

In solid-state NMR experiments, line broadening from heteronuclear dipolar and scalar 

couplings can be reduced by performing experiments at higher magnetic field, increasing the 

MAS rate, optimizing decoupling schemes and spectroscopic editing. Sample homogeneity, 

however, is also critical for obtaining high-resolution NMR spectra. Line broadening due to 

the presence of multiple conformational states reduces spectral resolution and sensitivity, 

and must be avoided as much as possible by sample optimization.

Membrane proteins require surrounding lipids to maintain native function, dynamics and 

structure; without sufficient lipid they can oligomerize, adopt non-native conformations, and 

exhibit altered global and local dynamics. For example, the structure of OmpX is 

destabilized in nanodiscs with lipid to protein ratios below 40:1 (Hagn et al. 2013). In earlier 

studies, we experimented with refolding both Ail and OmpX in liposomes, large bicelles (q 

= 3.2), and nanodiscs with a range of lipid and protein compositions (Ding et al. 2015, 2013; 

Mahalakshmi et al. 2007; Mahalakshmi and Marassi 2008; Plesniak et al. 2011; Yao et al. 

2013). We found that lipid to protein molar ratios greater than 100 yield the most 

homogeneous reconstitutions, with minimal protein aggregation and the narrowest NMR 

line widths. For example, we obtained high resolution OS solid-state NMR spectra of OmpX 

and Ail in magnetically aligned bicelles prepared with 190 lipids per protein molecule, and 

optimal solution NMR spectra of Ail nanodiscs with 100 lipids per protein. Based on this 

experience, we focused the present study on Ail liposomes containing 100 lipids 

(DMPC:DMPG, 75:25 molar) per molecule of Ail.

DSC analysis shows that these preparations form proper lipid bilayers with properties that 

are virtually indistinguishable from those of pure lipids. The DSC endotherms (Fig. 1a, 

black) measured for Ail-containing bilayers display a sharp, symmetric main transition (Tm) 

at 24.7 °C, only slightly higher than that observed at 24.2 °C for a binary, 75:25 molar 

mixture of DMPC and DMPG (Fig. 1a, red). This behavior is typical of the highly 

cooperative transformation of lipid bilayers from a lamellar gel phase (Lβ′), where the lipid 

acyl chains are tilted and in an all-trans conformation, to a lamellar liquid crystalline phase 

(Lα), where the lipid chains are disordered and fluid (Janiak et al. 1976; Rand et al. 1975; 

Tardieu et al. 1973). Binary mixtures of DMPC and DMPG exhibit nearly ideal mixing in 

both the gel and fluid phases, over the whole composition range (Findlay and Barton 1978). 

The observation of a single, sharp, symmetric transition for Ail-lipid bilayers indicates that 

they also exhibit nearly ideal mixing behavior, with no evidence of phase separation in either 

the gel or fluid phase.

As expected, the pure DMPC:DMPG lipid bilayers also undergo a pretransition (Tpre) at 

14.2 °C, from the lamellar gel phase (Lβ′) to a rippled gel phase (Pβ′), where the lipid chain 

tilt is reduced. The enthalpy of the pretransition is known to be modulated by pH, salts and 
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phospholipid headgroup interactions, and is often reduced beyond detection in mixed 

membranes. This is, indeed, observed for the Ail-lipid bilayers. The DSC data also show that 

less heat is needed for melting Ail-containing bilayers, as the heat capacity of the main gel 

to fluid transition is ~5.5 times lower than that of pure lipids. This indicates that Ail 

destabilizes the gel phase, potentially by interfering with lipid–lipid headgroup or acyl chain 

interactions, even at this relatively low concentration.

Activity assays performed with ELISA and Ail liposomes (Fig. 1b) show that Ail binds its 

human ligand, Fibronectin, in a dose-dependent manner. Additional evidence for the activity 

of Ail in these samples was presented previously (Ding et al. 2015), using an assay that 

probes the interactions of Ail’s extracellular loop 2 (EL2) with a specific anti-Ail-EL2 

antibody. Thus, taken together, the DSC and ELISA data demonstrate that Ail liposomes 

prepared with 100 lipids per protein molecule, form homogeneous lipid bilayers, that are 

fluid above ~25 °C and support the ligand binding activity of the protein.

To further assess the extent of sample homogeneity and overall protein dynamics, we 

acquired a series of 1D and 2D MAS NMR spectra (Fig. 2). The 1D 15N and 13C NMR 

spectra obtained with CP (Fig. 2a, b) display high resolution for a 156-residue integral 

membrane protein in lipid bilayers. Several signals can be detected and resolved, including 

those from Arg and Lys side chain nitrogens, indicating that these basic side chains are 

sufficiently immobilized on the time scale for CP detection (10−6 s), and adopt a unique 

conformation, due to specific hydrogen bond and electrostatic interactions.

INEPT pulse sequences, based on the transfer of polarization via through-bond scalar 

couplings, have been used to detect fast motions of proteins and lipids (Andronesi et al. 

2005; Warschawski and Devaux 2005). The 13C spectrum (Fig. 2c), obtained with INEPT at 

10 °C, is dominated by signals from the natural abundance 13C in the phospholipids, with no 

detectable signals from the protein. The lipid signals in the INEPT spectrum come primarily 

from carbons in the lipid headgroup (GC1–GC3, Cα, Cβ, Cγ) and the hydrocarbon tail 

termini (C14), which remain relatively mobile at 10 °C, compared to the rest of hydrocarbon 

chain. This is consistent with the DSC data showing that the lipids are in the ordered gel 

phase at this temperature, with hydrocarbon chains fully extended, closely packed, and rigid. 

By contrast, the lack of protein signals show that the global and local motions of the protein 

are sufficiently slowed at 10 °C, to prevent detection with INEPT transfer. The principal 

motions that account for INEPT signals from the lipids are uniaxial rotation and segmental 

trans-gauche isomerization (Warschawski and Devaux 2005), which occur on a time scale 

between 10−8 and 10−12 s (Leftin and Brown 2011), thus, we conclude that any motions 

present in Ail, including motions in its extracellular loops, must be slower than this time 

range.

The 2D 13C–13C exchange spectrum (Fig. 2d) of Ail liposomes obtained with 50 ms PDSD 

mixing displays excellent resolution. The line widths measured in the direct dimension, for 

well-resolved 13C signals, such as those from the CA, CB and CG atoms of T74 (Fig. 2e), 

are in the range of 0.4–0.6 ppm (80–110 Hz at 750 MHz). Taking into account that the one 

bond, homonuclear C–C and heteronuclear C–N scalar J couplings are of the order of tens of 

Hz (JCC = 35 Hz; JCACO = 55 Hz; JNCA = 11 Hz; JNCO = 15 Hz), and were not removed in 
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these experiments, the observed line widths are quite narrow, consistent with a high level of 

sample homogeneity for Ail in lipid bilayers.

Narrow 13C line widths have been reported for other β-barrel membrane proteins in 2D 

crystals, including OmpG (0.8–1.2 ppm; 80–120 Hz at 400 MHz) and VDAC (0.3–0.6 ppm; 

60–90 Hz at 750 MHz) (Eddy et al. 2015; Hiller et al. 2005). Solid-state NMR line widths 

are independent of protein size and reflect the extent of inhomogeneous line broadening 

from the samples. The line widths in the spectra of Ail liposomes are similar to or narrower 

than those reported for similar proteins in 2D crystals. Lipid content is a major difference 

between these types of samples, with 2D crystals containing significantly less lipid. 

Solvation in a proper lipid bilayer with properties dominated by bulk lipid, may contribute to 

the conformational homogeneity of Ail liposomes.

2D 13C/15N NCA and NCO correlation spectra serve as the building blocks of 3D 

experiments that establish intra-residue (NiCAi) and inter-residue (NiCOi−1) connectivities. 

The spectra (Fig. 3a, b) obtained with less than 10 h of signal averaging at 750 MHz display 

excellent signal-to-noise ratios and resolution. The efficiencies of the selective heteronuclear 

polarization transfer were 35% for NCA and >50% for NCO, consistent with high sample 

homogeneity and minimal local motions for Ail in lipid bilayers.

Inclusion of a 50 ms PDSD mixing scheme, following the SPECIFIC-CP transfer, allowed 

us to obtain 2D NCACX and NCOCX spectra (Fig. 3c, d), which are essential for correlating 

signals from side chain carbons to the backbone CA, CO and N atomic sites. Inspection of 

these 2D spectra shows that multiple signals can be resolved and assigned. For example, the 

complete spin systems of the four Thr residues in the Ail sequence can be assigned by 

combining 2D PDSD, NCACX and NCOCX data sets, and by taking advantage of the 

characteristic 13C chemical shifts of CA and CB resonances from Thr. Furthermore, the CA 

and CB signals of the 16 Ser, which are highly overlapped in the 2D PDSD spectrum, are 

better resolved in the 2D NCACX and NCOCX spectra.

Comparison with the HNCA spectrum obtained for a sample of Ail in nanodiscs, using 

solution NMR (Fig. 3a, red), reveals significant similarities, notwithstanding the different 

temperatures (10 °C for solid-state NMR and 45 °C for solution NMR). This indicates that 

liposomes and nanodiscs prepared with the same lipid composition (DMPC:DMPG, 75:25 

molar), and the same lipid to protein ratio (100:1 molar), provide similar environments for 

Ail. The solution NMR HNCA spectrum correlates the HN atom from residue i, to the CA 

atoms from both residues i and i−1, and therefore, has more signals. Nevertheless, the 

spectral similarities are evident among many of the Gly and Ala signals, which are well 

resolved in the NCA solid-state NMR spectrum.

The 2D PDSD and NCA spectra display good resolution, and several assignments could be 

readily transferred from the solution NMR data. Nevertheless, 3D NCACX and NCOCX 

spectra (Fig. 4a) were needed to obtain unambiguous sequential resonance assignments. The 

assignment strategy is similar to that used in solution NMR. Peak lists from NCA and NCO 

spectra were compiled and used to construct strip plots from 3D NCACX and NCOCX data 

sets, which serve as the key experiments used to link residue i to its preceding neighbor, 
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residue i−1. Amino acid types were identified on the basis of their characteristic side 

chain 13C chemical shifts, and then mapped to the protein primary sequence. The process 

was assisted by analysis of the 2D PDSD spectrum (Fig. 2d), which provides finger-print 

signal patterns for some amino acid types.

By combining data from 3D NCACX, 3D NCOCX, and 2D PDSD experiments, it was 

possible to assign 13C and 15N chemical shifts for 75 of the 156 residues in the sequence of 

Ail, including nearly 80% of the residues in the transmembrane β-strands (Fig. 4b). 

Assignments for extracellular loop sites are incomplete. The INEPT spectra (Fig. 2) show no 

evidence of protein signals and, hence, indicate that no regions of Ail, including the loops, 

exhibit motions faster than the lower limit of the range of lipid dynamics (~10−8 s). Missing 

assignments, therefore, may reflect line broadening due to conformational exchange 

dynamics in the extracellular loops on a slower time scale. Signal overlap is also a challenge 

for obtaining complete assignments, but should be alleviated through the use of alternative 

labeling schemes.

Using a proteoliposome sample containing (u-15N, u-13C, f-2H) Ail, we also acquired a 

2D 13C/13C DARR spectrum with 200 ms mixing at 900 MHz (Fig. 5a, b). In this sample, 

the amide 2H atoms were back exchanged with 1H during protein purification, while the 

backbone and side chain carbon sites remain deuterated. Deuteration dilutes the 1H 

concentration and suppresses the strong homonuclear 1H–1H dipolar couplings, resulting in 

longer lifetimes of the 13C and 15N coherences, leading to improvements in sensitivity and 

resolution.

The 2D DARR spectrum, which was obtained in 12 h, shows excellent resolution. Signals 

for the Thr, Ser, Ile and Ala spin systems can be readily identified based on their 

characteristic chemical shifts, which reflect the β-strand conformation. A number of cross-

peaks can be assigned, including several from intra-residue (Fig. 5b, blue) and inter-residue 

(Fig. 5b, green) connectivities, and several reflecting long-range (Fig. 5b, red) connectivities 

between neighboring β-strands (Fig. 5c) that provide essential input for β-barrel structure 

determination.

The resolution of 13C-detected spectra from deuterated proteins can be improved by 

suppressing 13C–2H scalar couplings with low power 2H decoupling during acquisition 

(Akbey et al. 2012), made possible by more advanced RF probes (Huber et al. 2012). 

Furthermore, deuteration at a carbon site induces an isotope effect that manifests as a 

chemical shift difference relative to that of proton-attached carbon (Tang et al. 2010). In our 

case of fractional (~70%) deuteration, broadening of the 13C line widths is expected to arise 

from the mixed contributions of 1H and 2H attached to each carbon site. This broadening 

effect is ~0.4 ppm for CA and can be as large as 1 ppm for CH3, meaning that the resolution 

enhancement obtained through the use of higher magnetic field and sample deuteration is 

partially compromised by the presence of 13C–2H scalar couplings and by broadening 

induced by isotope effects. Thus, further improvements should be available through the use 

of 2H-decoupling and protein samples with higher levels of deuteration.
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Proton detection, facilitated by fast MAS (>50 kHz) and 2H labeling to suppress the large 

network of strong homonuclear 1H–1H dipolar couplings, has become an important 

technique for enhancing sensitivity in solid-state NMR spectra. The 1H-detected 1H/15N CP-

HSQC spectrum (Fig. 6) obtained for Ail (~0.3 mg) liposomes at 30 °C, is well resolved and 

displays the wide signal dispersion characteristic of folded β-barrel proteins. The DSC data 

show that at 30 °C the lipid bilayer has completed its transition from the gel to liquid 

crystalline phase, hence the spectrum represents Ail in fully fluid membranes. Individual 

resonances have line widths in the range of 0.11–0.15 ppm (107–138 Hz) for 1H, and 0.46–

0.64 ppm (42–58 Hz) for 15N. These are consistent with a high level of sample homogeneity 

and compare very favorably with recent reports of 1H-detected spectra of β-barrel and α-

helical membrane proteins in 2D crystals and other lower lipid content preparations (Barbet-

Massin et al. 2014; Eddy et al. 2015).

The solid-state NMR CP-HSQC spectrum of Ail in liposomes overlaps very well with the 

solution NMR TROSY spectrum (Fig. 6b, red) of Ail in nanodiscs (Ding et al. 2015), as 

clearly shown by the Gly signals in the region between 100 and 115 ppm. Some signals, 

present in the solution NMR spectrum, are not observed in the CP-HSQC spectrum; for 

example, signals from the two Trp (W41, W148) indole nitrogens are absent.

Conclusions

The overall backbone structures of β-barrel outer membrane proteins appear to be similar in 

different environments, including crystals, micelles, nanodiscs and liposomes. It is evident, 

however, that the environment has significant effects on both protein dynamics and function. 

There may be local environment-specific effects on side chain and backbone sites, and on 

the accessibility of protein sites to ligands, which may be occluded in one setting and 

unmasked in another. Here we demonstrate that MAS solid-state NMR experiments yield 

well resolved spectra for the Ail β-barrel embedded in liposomes, where the lipid content is 

sufficiently high to allow the formation of a proper bilayer.

Previous solid-state NMR studies (Ding et al. 2015, 2013; Mahalakshmi et al. 2007; 

Mahalakshmi and Marassi 2008; Plesniak et al. 2011; Yao et al. 2013) on Ail and OmpX in 

magnetically aligned bicelles, prepared with lipid to protein molar ratios of 190:1, showed 

that the proteins undergo rotational diffusion in the membrane, and thus, enable dipolar 

couplings and anisotropic chemical shifts to be measured for structural studies. Since the Ail 

liposomes described in this study form lamellar bilayers with phase characteristics that are 

very similar to those of pure lipids, we expect that the protein will be able to undergo 

rotational diffusion at temperatures above the gel to fluid transition (24.7 °C), and that these 

samples will also be suitable for experiments (Das et al. 2012) designed to measure 

orientation-dependent anisotropic signals under MAS.

The majority of spectra presented in this study were acquired at temperatures where the 

lipids are in the gel phase, to enhance spectroscopic sensitivity by dampening dynamics that 

interfere with magnetization transfer mediated by dipolar couplings. The 1H-

detected, 1H–15N CP-HSQC spectrum, however, was obtained at 30 °C, where the lipid 

bilayer is completely liquid crystalline. This indicates the feasibility of performing structural 
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studies under more physiological conditions. NMR studies with liposomes are an important 

first step in this direction, due to their relative ease of preparation with multiple components.

It is interesting that high resolution spectra were obtained in both the gel phase, where the 

hydrophobic core of the lipid bilayer is expanded, and in the liquid crystalline phase, where 

the hydrophobic core is thinner. It should be noted that physiological conditions for bacterial 

outer membrane proteins also include the presence of lipopolysaccharides, which are highly 

enriched in the outer leaflet of the outer membrane, and appear to have an ordering effect on 

the extracellular loops of β-barrels (Lee et al. 2017). Additional studies will be needed to 

examine the effects of membrane thickness and lipopolysaccharides on the structure and 

dynamics of Ail, including comparisons with spectra from protein present in native purified 

membranes, as described (Renault et al. 2012) for components of the E. coli outer 

membrane.

Importantly, the protein is functional in detergent-free lipid bilayers. As amide chemical 

shifts are very sensitive to the local chemical environment, 1H–15N correlation spectra are 

widely used to probe ligand binding in solution NMR studies of proteins. In solid-state 

NMR, the ability to obtain high quality CP-HSQC spectra of Ail in lipid bilayers opens an 

avenue to study the molecular basis for the functional interactions of Ail with its human host 

partners and develop therapeutic agents.
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Fig. 1. 
Phase and activity properties of Ail proteoliposomes. a DSC endotherms measured for a 

binary 75:25 molar mixture of DMPC:DMPG (red), and the ternary 75:25:1 molar mixture 

of DMPC:DMPG:Ail (black) used for NMR studies. Note different vertical scales for heat 

capacity (Cp) for either pure lipids (left, red) or Ail-lipids (right, black). The main transition 

(Tm) to Lα and the pre-transition (Tpre) from Lβ′ to Pβ′, are marked. b ELISA detection of 

the Fibronectin binding activity of Ail in liposomes. His-tagged Ail in liposomes was added 

at increasing concentrations to Fibronectin-coated plates and incubated overnight. Binding 

was detected with a mouse anti-His antibody. Each data point represents the average of three 

experiments
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Fig. 2. 
15N and 13C NMR spectra of (u-15N, u-13C) Ail in liposomes. Spectra were obtained at a 1H 

resonance frequency of 750 MHz at 10 °C. a, b 1D CP spectra acquired with 256 scans. c 
1D INEPT 13 C spectrum acquired with 8192 scans. The delay of the refocused INEPT 

block was chosen so that all 13C signals are positive. d 2D PDSD 13C-13C spectrum 

acquired with 50 ms mixing time and 64 scans. e 1D slice taken from the 2D PDSD 

spectrum at a 13C chemical shift of 72.3 ppm, as indicated by the red arrows and red lines
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Fig. 3. 
Solid-state NMR (black) and solution NMR (red) spectra of (u-15N, u-13C) Ail in lipid 

bilayers. a, b 2D NCA and NCO solid-state NMR spectra (black) obtained at 750 MHz, at 

10 °C, with 128 scans per increment. The 2D NCA plane projection (red) from the 3D 

solution NMR HNCA spectrum of Ail in nanodiscs was obtained at 800 MHz, at 45 °C; 

additional signals in the HNCA spectrum arise from inter-residue HN and CA connectivities. 

c, d NCACX and NCOCX spectra obtained at 500 MHz, at 10 °C, with 400 scans per 

increment. Examples of resolved and assigned signals are marked
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Fig. 4. 
Examples and summary of resonance assignments. a 2D 13C–13C strips taken from 3D 

NCACX (black) and NCOCX (blue) spectra of (u-15N, u-13C) Ail in liposomes. Spectra 

were recorded at 750 MHz, 10 °C, with 256 scans per increment. Alternating sequential 

strips show assignments for signals from backbone atomic sites in strand β3. b Resonance 

assignments mapped on the amino acid sequence of Ail. The protein topology (top), with 

eight β strands (β1–β8), four extracellular loops (EL1–EL4) and three intracellular turns 

(T1–T3), is taken from the solution NMR structure in micelles
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Fig. 5. 
2D 13C–13C DARR spectrum of (u-15N, u-13C, f-2H) Ail in liposomes. a Fingerprint region 

of the spectrum showing examples of resolved signals from A, I, S, T, V residues (yellow 
boxes). b Expanded spectral region showing examples of short-range intra-residue 

connectivities (blue), short-range inter-residue connectivities (green), and long-range inter-

residue connectivities (red). c Structure of Ail determined in micelles (PDB: 2N2L) showing 

inter-strand connectivities (red) assigned in the DARR spectrum. The spectrum was obtained 

at 900 MHz, at 10 °C, with 200 ms DARR mixing time, and 144 scans per increment
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Fig. 6. 
2D 1H–15N correlation spectra of Ail in phospholipid bilayers. a Solid-state NMR 1H-

detected CP-HSQC spectrum of (u-15N, u-13C, f-2H) Ail in liposomes, recorded at 900 

MHz, 30 °C, with 160 scans and a MAS rate of 60 kHz. b Solution NMR 1H-detected 

TROSY-HSQC spectrum (red) of (u-15N, u-13C, u-2H) Ail in nanodiscs prepared with 2H 

labeled lipids, recorded at 800 MHz, 45 °C, with 128 scans. The solid-state NMR CP-HSQC 

spectrum (black) is superimposed
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