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Abstract Solid-state NMR studies of sedimented soluble

proteins has been developed recently as an attractive

approach for overcoming the size limitations of solution

NMR spectroscopy while bypassing the need for sample

crystallization or precipitation (Bertini et al. Proc Natl

Acad Sci USA 108(26):10396–10399, 2011). Inspired by

the potential benefits of this method, we have investigated

the ability to sediment lipid bilayer nanodiscs reconstituted

with a membrane protein. In this study, we show that

nanodiscs containing the outer membrane protein Ail from

Yersinia pestis can be sedimented for solid-state NMR

structural studies, without the need for precipitation or

lyophilization. Optimized preparations of Ail in phospho-

lipid nanodiscs support both the structure and the fibro-

nectin binding activity of the protein. The same sample can

be used for solution NMR, solid-state NMR and activity

assays, facilitating structure–activity correlation experi-

ments across a wide range of timescales.

Keywords Nanodisc � NMR � Sedimentation �Membrane

protein � Ail � Yersinia

Introduction

The preparation of natively folded and active membrane

proteins is a key requirement for structural studies aimed at

correlating molecular structure with biological function

(Zhou and Cross 2013). NMR spectroscopy is particularly

well-suited for examining protein structure and dynamics

in samples that are very close to their functional environ-

ments, and for establishing structure–activity correlations

by direct spectroscopic detection of ligand binding events

or conformational changes (Shuker et al. 1996). However,

while it is relatively straightforward to mimic the homo-

geneous physical and chemical properties of the isotropic

aqueous environment surrounding soluble proteins, recon-

stituting a heterogeneous environment that mimics the

anisotropic properties of the lipid bilayer membrane pre-

sents additional challenges. For example, even in cases

where detergent micelles support native fold, the interac-

tion of detergents with water-exposed regions of membrane

proteins can interfere with ligand-binding activity pre-

cluding parallel structure–activity studies aimed at under-

standing biological function.

Progress on NMR structure determination of membrane

proteins is documented in the protein data bank (PDB) and

highlighted in the database of membrane proteins struc-

tures determined by NMR (http://www.drorlist.com/nmr.

html). Solid-state NMR methods can be used for proteins in

a variety of lipid sample environments including: lipo-

somes, supported planar lipid bilayers, macrodiscs, lipid-

detergent bicelles or precipitated lipid preparations

(Drechsler and Separovic 2003; McDermott 2009; Sharma

et al. 2010; Maltsev and Lorigan 2011; Park et al. 2011,

2012; Durr et al. 2012; Franks et al. 2012; Hong et al.

2012; Orwick-Rydmark et al. 2012; Ding et al. 2013;

Gopinath et al. 2013; Loquet et al. 2013; Mors et al. 2013;

Murray et al. 2013; Ni et al. 2013; Tang et al. 2013; Ullrich

and Glaubitz 2013; Wang et al. 2013; Weingarth and

Baldus 2013; Sackett et al. 2014). Solution NMR studies

can be performed on membrane proteins in detergent

micelles (Arora and Tamm 2001; Fernandez and Wuthrich

2003; Sanders and Sonnichsen 2006; Chill et al. 2007;

Poget and Girvin 2007; Prosser et al. 2007; Teriete et al.
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2007; Hiller and Wagner 2009; Kim et al. 2009; Zhou et al.

2008; Berardi et al. 2011; Wang and Tjandra 2013; Fox

et al. 2014) and, more recently, lipid bilayer nanodiscs are

being used effectively for solution NMR studies of mem-

brane proteins (Gluck et al. 2009; Raschle et al. 2009;

Shenkarev et al. 2009, 2010; Etzkorn et al. 2013; Hagn

et al. 2013; Shenkarev et al. 2013; Tzitzilonis et al. 2013;

Bibow et al. 2014; Susac et al. 2014).

The ability to perform NMR studies on one sample in

both the solid-state and in solution could extend the range

of dynamics and functional properties that can be probed

for a given protein. The recent demonstration, by Bertini

and coworkers (Bertini et al. 2011, 2012a), that large sol-

uble proteins can be sedimented either in situ, by the G

forces active during magic angle spinning (MAS) solid-

state NMR experiments, or by ultracentrifugation, before

transfer to the MAS rotor, provide an avenue for this

approach. As noted by the authors (Bertini et al. 2011),

‘‘Ultracentrifuged proteins are usually well behaved. The

sediment resolubilizes as soon as the centrifugal force is

removed, and the protein generally maintains its native

state throughout’’. Evidence of protein functionality in the

sedimented state is provided by equilibrium sedimentation

in many studies. Conversely, precipitation and lyophiliza-

tion can compromise biological function.

Inspired by this work we have examined the ability to

sediment nanodiscs, containing the outer membrane protein

Ail, for solid-state NMR. Previous solid-state NMR studies

of proteins in nanodiscs used precipitation with polyeth-

ylene glycol (PEG) or lyophilization to pack nanodisc

samples in the limited volume of a MAS rotor (Li et al.

2006; Kijac et al. 2007, 2010; Mors et al. 2013; Boettcher

et al. 2011). However, PEG precipitation has been reported

to disrupt nanodiscs prepared with certain lipids (Kijac

et al. 2010). Furthermore, precipitation and lyophilization

are not always compatible with protein activity.

Ail is a virulence factor from Yersinia pestis, that medi-

ates bacterial cell adhesion to human cells and endows the

bacterium with resistance to human innate immunity. The

interactions of Y. pestis Ail with the extracellular matrix

proteins fibronectin and laminin have been shown to be

important for mediating bacterial cell adhesion (Tsang et al.

2010, 2012; Yamashita et al. 2011). Amino acid residues in

the protein’s four extracellular loops (EL1–EL4) have been

shown to play important roles in the adhesion of Y. pestis and

the related Yersinia species Y. enterocolitica (Miller et al.

2001; Tsang et al. 2013) as well as in the invasion and serum

resistance of Y. enterocolitica (Miller et al. 2001).

The crystal structure of Ail has been determined in

tetraethylene glycol monooctyl ether (C8E4) at high reso-

lution (Yamashita et al. 2011). Ail adopts an eight-stranded

b-barrel conformation similar to that of its homolog

OmpX. However, several residues in the functionally

important loops EL2 and EL3 are disordered and incom-

pletely resolved in the crystal structure, and little is known

about the loop-mediated interactions of Ail with its human

host partners.

Recently, we assigned the solution NMR spectrum of

Ail in n-decyl-phosphocholine (DePC) micelles and

showed that the protein adopts the correct b-barrel fold in

this detergent (Ding et al. 2015). However, we found that

the high detergent concentration required for high-resolu-

tion NMR spectroscopy is not compatible with ligand

binding, precluding NMR mapping experiments aimed at

correlating structure with activity. By contrast, the protein

embedded in lipid bilayer nanodiscs is fully functional and

also yields well-resolved solution NMR spectra. However,

these spectra have broader lines and may not be amenable

to chemical shift mapping studies with large protein

ligands of Ail, such as fibronectin, a large disulfide-linked

homodimer of 500 kD subunits.

Here we show that it is possible to sediment phospho-

lipid nanodiscs reconstituted with Ail for solid-state NMR

experiments. Optimized preparations of Ail in nanodiscs

support both activity and structure, and can be used for

parallel activity and NMR studies on exactly the same

samples. Sedimentation in an ultracentrifuge yields dense

transparent preparations, highly enriched in Ail nanodiscs,

that can be used for solid-state NMR experiments and

correlating structural and activity information.

Materials and methods

Expression and purification of membrane scaffold

proteins

Two variants of the membrane scaffold protein (MSP),

needed for nanodisc assembly, were expressed and purified

as described previously: MSP1E3D1, which contains three

additional helices (repeats of helices 4, 5 and 6) compared

to the MSP1D1 sequence (Denisov et al. 2007), and

MSP1D1-Dh5, which lacks helix 5 of MSP1D1 (Hagn et al.

2013). The pET-28a MSP1E3D1 plasmid was obtained

from Addgene (Addgene plasmid 20066). The nucleotide

encoding MSP1D1Dh5 was obtained from GenScript and

cloned into plasmid pET-28a (EMD) as described (Ding

et al. 2015). The MSPs were purified by Ni-affinity chro-

matography and the C-terminal His tags were removed by

proteolysis with tobacco etch virus.

Expression and purification of Ail

Wild-type Ail and C-terminal His-tagged Ail (Ail-His)

were cloned in the E. coli plasmid pET-30b, expressed and
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purified as described previously (Ding et al. 2015). The

expressed amino acid sequences of Ail and Ail-His begin

with an extra N-terminal methionine before residue Glu1 of

the native sequence. 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

plasmid vector. For 15N and 13C labeling of Ail, bacteria

were grown in M9 medium containing 1 g/L of U-99 %
15NH4Cl and 2 g/L of U-99 % 13C-glucose (Cambridge

Isotope Laboratories) as the sole sources of N and C atoms.

Preparation and assays of Ail in micelles, vesicles

and nanodiscs and functional assays

Ail was refolded in DePC (Anatrace) and samples were

prepared for solution NMR in DePC micelles, phospholipid

liposomes and phospholipid nanodiscs, as described (Ding

et al. 2015). Protein folding was assessed by monitoring the

shift in SDS-PAGE apparent molecular weight that corre-

lates with the transition from unfolded to folded states of

transmembrane b-barrels (Tamm et al. 2004) and by NMR

spectroscopy as illustrated in the text. The DePC concen-

tration was estimated by monitoring the intensity of the 1H

NMR peak from the trimethylamino protons at 3.15 ppm.

The optimal Ail/MSP/lipid ratio for Ail-containing nano-

discs was determined as described (Ding et al. 2015), by

screening with size exclusion chromatography (Superdex

75 10/300 GL column, GE Healthcare), performed in

nanodisc buffer (20 mM Tris–Cl, pH 7.5, 100 mM NaCl,

1 mM EDTA) and monitored by detecting the UV absor-

bance at 280 nm of Ail and MSP. Enzyme-linked immu-

nosorbent assays (ELISA) were performed as described

(Ding et al. 2015), using Ail-His incorporated in

MSP1D1Dh5 nanodiscs, MSP1E3D1 nanodiscs or DePC

micelles.

Nanodisc sedimentation

Nanodisc sedimentation experiments were performed using

a Beckman Airfuge equipped with an A/100-30 rotor, at

room temperature and 90,000 rpm (160,0009g). The

extent of sedimentation was assessed by measuring the UV

absorbance at 280 nm (A280) of the supernatant 170 lL

fraction and bottom 50 lL fraction, obtained in the 240 lL

centrifuge tube.

Samples for NMR spectroscopy

The samples of Ail in micelles contained 0.5 mM Ail

(4 mg), 170 mM DePC and NMR buffer (20 mM Na-PO4,

pH 6.8, 5 mM NaCl, 1 mM EDTA, 10 % D2O), in a vol-

ume of 450 lL. The samples of Ail in MSP1D1Dh5

nanodiscs contained 0.5 mM Ail (4 mg), 37.5 mM DMPC

(11.5 mg), 12.5 mM DMPG (3.9 mg) and NMR buffer, in

a volume of 450 lL. The samples of Ail in sedimented

nanodiscs, for solid-state NMR studies, contained 5.5 mM

Ail (3.5 mg), 825 mM DMPC (20 mg), 275 mM DMPG

(6.8 mg) and NMR buffer, in a volume of 36 lL inside the

MAS rotor. The samples of Ail in proteoliposomes for

solid-state NMR studies contained 2.4 mM Ail (1.5 mg),

740 mM DMPC (18 mg) and NMR buffer, in a volume of

36 lL inside the MAS rotor.

NMR experiments

Solution NMR experiments were performed on a Bruker

AVANCE 600 MHz spectrometer equipped with a
1H/15N/13C triple-resonance cryoprobe. TROSY-based

(Pervushin et al. 1997; Salzmann et al. 1998) 1H–15N

correlation 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.

Backbone CA and CB chemical shifts were taken from the

deposited (BMRB accession: 25281) resonance assign-

ments for Ail in 170 mM DePC (Ding et al. 2015).

Solid-state NMR studies were performed on a Bruker

AVANCE 500 MHz spectrometer equipped with a Bruker
1H/15N/13C, 4 mm, Efree MAS probe and a home-built
1H/15N, 5 mm Efree, static probe, or on a Bruker

AVANCE 700 MHz spectrometer equipped with a home-

built 1H/15N/13C, 3.2 mm, Efree MAS probe.

One-dimensional 31P spectra were acquired using a

Hahn echo pulse sequence with continuous wave 1H

decoupling. One-dimensional 13C and 15N spectra were

acquired on the 500 and 700 MHz spectrometers, using

cross polarization (CP; Pines et al. 1973) or insensitive

nuclei enhancement by polarization transfer (INEPT;

Morris and Freeman 1979) pulse sequences. CP spectra

were obtained with 1H–13C or 1H–15N contact times of

400 ls or 2 ms and TPPM or SWf-TPPM sequences for 1H

decoupling. INEPT 15N spectra were obtained with a

magnetization transfer time of 2.5 ms. INEPT 13C spectra

were obtained with a transfer time of 1.67 ms and a

1.11 ms refocusing delay.

Two-dimensional solid-state NMR 13C–13C correlation

spectra were acquired on the 700 MHz spectrometer, using

proton driven spin diffusion (PDSD; Szeverenyi et al.

1982), with a 1H–13C contact time of 400 ls, a mixing time

of 50 ms and SWf-TPPM 1H decoupling. A total of 32

transients (sedimented nanodiscs) or 512 transients (pro-

teoliposomes) were acquired for each of 1,024 t1 points.

The NMR data were processed using NMRPipe (Dela-

glio et al. 1995) and analyzed using NMRView (Johnson

and Blevins 1994).

J Biomol NMR (2015) 61:275–286 277

123



Results and discussion

Preparation and solution NMR of Ail nanodiscs

Yersinia pestis Ail can be refolded in a variety of detergent

and lipid samples suitable for solution and solid-state NMR

(Plesniak et al. 2011; Ding et al. 2013, 2015). To examine the

usefulness of Ail nanodiscs for structural and ligand-binding

activity studies, we prepared two types of samples with

different nanodisc sizes. The shorter scaffold protein,

MSP1D1Dh5, has been developed specifically for the prep-

aration of smaller nanodiscs to facilitate solution NMR

studies of membrane proteins (Hagn et al. 2013). The longer

the longer scaffold protein, MSP1E3D1, has been developed

for biochemical studies of larger membrane protein and their

complexes (Denisov et al. 2007).

Optimal preparations of Ail in MSP1D1Dh5 nanodiscs were

obtained with a molar ratio of 1/2/100 (Ail/MSP/phospholipid;

Ding et al. 2015). Analysis by size exclusion chromatography

(Fig. 1a) shows that they have a narrow elution profile and

homogeneity similar to empty nanodiscs. Indeed, 15N labeled

Ail incorporated in MSP1D1Dh5 nanodiscs yields a well-dis-

persed 1H/15N correlation NMR spectrum with many well-

resolved peaks of homogeneous intensity (Fig. 1b). Although

the 1H and 15N resonance lines are broader than those observed

in the spectra of Ail in DePC micelles (Fig. 2b), the nanodisc

and micelle spectra also share many similarities, indicating that

the protein adopts a similar fold in the two environments. Many

peaks, including several from Gly, Trp and Phe residues,

appear at nearly identical positions and can be tentatively

assigned to specific sites by comparison with the assigned

spectrum of Ail in DePC (BMRB accession: 25281).

Homogenous preparations were also obtained for Ail in

MSP1E3D1 nanodiscs, at a molar ratio of 1/2/200 (Ail/MSP/

phospholipid). Consistent with the larger size of these

nanodiscs, size exclusion chromatography shows that they

elute significantly faster than their smaller MSP1D1Dh5

counterparts, at an elution volume that is similar to that of

empty MSP1E3D1 nanodiscs (Fig. 1a).

The larger size of these nanodiscs prevents protein signals

to be detected in the solution NMR spectra of 13C labeled Ail.

The 13C INEPT spectrum (Fig. 1c) is dominated by signals

from the natural abundance 13C in the phospholipids, while

only weak signals from protein aromatic side chain sites are

visible. Hydrodynamic diameters in the range of 14 nm have

been reported for nanodiscs prepared with MSP1E3D1

(Denisov et al. 2007). The solid-state NMR 31P spectrum of

the nanodisc lipids displays a single sharp peak at the isotropic

frequency of the lipid and buffer phosphate groups (Fig. 1d).

The spectrum shows no sign of the characteristic, motionally

averaged powder pattern, that is observed for liquid crystalline

phospholipid bilayer assemblies larger than * 150 nm

(Burnell et al. 1980). These results are consistent with the

known effects of phospholipid dynamics on their NMR

spectra, as described in an extensive body of seminal papers in

this area (Oldfield and Chapman 1971; Birdsall et al. 1972;

Levine et al. 1972; Bloom et al. 1977, 1978; Seelig 1977,

1978; Haberkorn et al. 1978; Forbes et al. 1988; Oldfield et al.

1987; Auger 2000; Macdonald et al. 2013).

Molecular dynamics simulations indicate that OmpX is

surrounded by well over a full ring of phospholipids, when it’s

embedded in a nanodisc formed with MSP1D1Dh5 and 40

molecules of DMPC per bilayer leaflet, consistent with ther-

mal unfolding experiments showing that these smaller nano-

discs provide a stable environment for the protein (Hagn et al.

2013). In the case of Ail, we found that MSP1D1Dh5 nano-

discs with 50 phospholipids per bilayer leaflet have the highest

homogeneity and best solution NMR characteristics (Ding
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Fig. 1 Characterization of Ail nanodiscs. A Size exclusion chroma-

tography of Ail nanodiscs (solid line) or empty nanodiscs (dashed

lines) with optimized molar ratios of Ail to MSP to phospholipid (Ail/

MSP/PL). B TROSY 1H–15N correlation NMR spectrum of 15N

labeled Ail in MSP1D1Dh5 nanodiscs in solution (0.5 mM Ail).

C INEPT 13C NMR spectrum of 13C labeled Ail in MSP1E3D1

nanodiscs in solution (0.5 mM Ail). Assigned lipid signals were

derived from published data (Oldfield and Chapman 1971; Birdsall

et al. 1972; Levine et al. 1972; Haberkorn et al. 1978); asterisks

indicate signals from protein aromatic sites. D Hahn echo 31P-

detected 1H-decoupled spectrum of Ail-MSP1E3D1 nanodiscs in

solution (0.5 mM Ail)
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et al. 2015) and, since 40 lipids were sufficient for stabilizing

OmpX, we conclude that 50 must also provide a stable

membrane environment for Ail. For an Ail cross-barrel

diameter of *2 nm, estimated from the crystal structure

(Yamashita et al. 2011), about 7 molecules of DMPC, each

with a surface area of 0.6 nm2, would be needed to form a

single ring of lipids around the circumference of the barrel.

The larger nanodiscs, prepared with MSP1E3D1, contained

100 phospholipid molecules per bilayer leaflet (Fig. 1), and

therefore enable a membrane of 5 rings of phospholipid to

form around the embedded protein. This 1/200 protein/lipid

ratio is in the low range of what is typically used in solid-state

NMR studies of membrane proteins in liposomes, oriented

bicelles, and oriented planar bilayers (Das et al. 2013).

Ligand-binding activity of Ail in nanodiscs and effect

of detergent

We next tested the ability of Ail to bind fibronectin-coated

surfaces in ELISAs. The data in Fig. 2a (black) show that the

fibronectin binding activity of Ail can be reconstituted in

smaller MSP1D1Dh5 nanodiscs as well as the larger

MSP1E3D1 nanodiscs; in both cases, Ail exhibits concen-

tration-dependent binding to fibronectin-coated plates. The

activity can be fully ascribed to Ail since assays performed

with empty nanodiscs yield no ELISA signal. Conversely, no

fibronectin binding is detected for Ail in 170 mM DePC

(Fig. 2a, green), even though this detergent concentration is

optimal for solution NMR spectroscopy, and the 1H–15N

correlation spectrum of Ail in 170 mM DePC has narrow,

homogenous resonance linewidths and large chemical shift

dispersions, consistent with conformational order and

relatively uniform backbone dynamics across the entire

length of the polypeptide (Fig. 2b).

Recently (Ding et al. 2015), we reported that Ail adopts its

native eight-stranded b-barrel fold in DePC micelles, with a

conformation that is very similar to the crystal structure

(Yamashita et al. 2011) and backbone dynamics that are

consistent with flexibility in the functionally important

extracellular loops. However, we also found that the fibro-

nectin-binding activity is disrupted at the high detergent

concentrations required for NMR studies. The data in Fig. 2c

show that addition of even small amounts of DePC to Ail in

nanodiscs has a profound effect on the NMR spectrum, with

peaks from the water-exposed loops affected to a greater

extent (Fig. 2c). For example, the signal from G60, situated

in the second extracellular loop (EL2) of Ail, is perturbed by

as little as 4 mM DePC, a concentration well below the

critical micelle concentration of 11 mM DePC. On the other

hand, signals from G76 to G153 in the transmembrane b-

barrel are not highly affected. Since the extracellular loops of

Ail are involved in mediating its interaction with fibronectin,

the disruption of fibronectin binding in detergent micelles

appears to be caused by the interaction of monomeric

detergent molecules with key water-exposed sites on Ail and,

possibly, also on fibronectin. Thus we conclude that although

both detergents and nanodiscs support the native structure of

Ail, detergents interfere with ligand binding activity, pre-

cluding parallel structure–activity correlation studies.

It is well known that detergents can have adverse effects

on membrane protein structure and function (Zhou and

Cross 2013). Monomeric detergent exists in equilibrium

with micelles, and is sometimes found associated with

crystallized membrane proteins, including Ail (Yamashita
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Fig. 2 Fibronectin-binding activity of Ail in nanodiscs and detergent.

A Purified refolded Ail-His in DePC or in nanodiscs was added at

increasing concentrations to fibronectin-coated plates and incubated

overnight. Binding was detected by ELISA using a mouse anti-His

antibody. Ail-His in MSP1D1Dh5 or MSP1E3D1 nanodiscs bind

fibronectin (black solid lines). Ail-His in 170 mM DePC (green) does

not bind fibronectin. Empty nanodiscs lacking Ail-His were probed

with anti-ApoA1 antibody and do not bind fibronectin (black dotted

line). Each point in each data set represents the average of three

experiments. B TROSY 1H–15N correlation NMR spectrum of Ail in

170 mM DePC solution (0.5 mM Ail). C TROSY 1H–15N correlation

NMR spectra of Ail in MSP1D1Dh5 nanodiscs in solution obtained in

the absence of detergent (black), and after addition of 4 mM DePC

(orange) or 11 mM DePC (green)
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et al. 2011). Recent studies have shown that the extracel-

lular loops of outer membrane b-barrels are more suscep-

tible to the surrounding environment than their

transmembrane regions. For example, the detergent envi-

ronment has been reported to affect the structures and

dynamics of the water-exposed loops of OmpX, OmpA and

Opa to greater extent than their membrane-embedded b-

barrels (Hagn et al. 2013; Susac et al. 2014; Fox et al.

2014).

Small nanodiscs prepared with MSP1D1Dh5 and

MSP1D1 have been used for solution NMR studies of

membrane proteins, including structure determination of

the outer membrane proteins OmpX and OmpA (Hagn

et al. 2013; Susac et al. 2014). Nanodiscs are detergent-free

and provide a soluble phospholipid bilayer environment

that retains the essential anisotropic physical and chemical

properties of biological membranes (Ritchie et al. 2009).

Furthermore, compared to spherical liposomes, the open

configuration of nanodiscs facilitates structure–activity

studies where the addition of ligands is detected by direct

spectroscopic comparisons.

However, nanodisc samples may not be generally suit-

able for solution NMR studies of all membrane proteins,

and are likely to be inappropriate for chemical shift map-

ping studies with Ail and its high molecular weight human

ligands, such as fibronectin. While the increased size of

such complexes may be prohibitive for solution NMR

spectroscopy, solid-state NMR has no physical size limi-

tations and can be used with larger or motionally restricted

lipid bilayer assemblies for structure–activity studies of

membrane proteins in detergent-free native-like samples.

Solid-state NMR of sedimented Ail nanodiscs

We first tested sedimentation of 15N labeled Ail in the

MSP1D1Dh5 nanodiscs that yield high-resolution solution

NMR spectra at the relatively dilute concentration of

0.5 mM Ail. Rather then attempting to sediment the sample

in situ, as described originally by Bertini and coworkers

(Bertini et al. 2011), we centrifuged the sample before

transferring it to the MAS rotor, as described (Bertini et al.

2012b; Gardiennet et al. 2012), so as to obtain a higher

concentration of isotopically labeled protein for NMR.

Centrifugation in the A/100-30 rotor of a Beckman

Airfuge at 160,0009g, for 4 h yielded a dense viscous,

visually transparent sediment in the bottom 50 lL fraction

of the 240 lL centrifuge tube, overlaid by a fluid top

fraction with the consistency of water. When this sedi-

mented fraction was transferred to the MAS rotor for solid-

state NMR experiments, abundant 15N signal could be

detected by 1H CP with a slow spinning frequency of

5 kHz (Fig. 3a). However, no signal was detected with an

INEPT experiment (Fig. 3b). INEPT pulse sequences have

been used to detect fast lipid and protein dynamics (An-

dronesi et al. 2005; Warschawski and Devaux 2005).

Therefore, the data in Fig. 3 indicate that the rotational

motion of the nanodiscs is sufficiently restricted for solid-

state NMR studies.

Dilution of the sedimented fraction back to the original

0.5 mM concentration yielded a solution NMR 1H/15N

spectrum that is essentially identical to the original spec-

trum obtained prior to centrifugation (Fig. 3c). This result,

together with the transparent appearance of the sample

after sedimentation, leads us to conclude that concentration

of the Ail-MSP1D1Dh5 nanodiscs is not due to nonspecific

precipitation or aggregation but rather to sedimentation

under the high G forces of the centrifuge.

Encouraged by this result we performed a similar

experiment with 13C labeled Ail incorporated in the larger

MSP1E3D1 nanodiscs. As observed for the smaller nano-

discs, centrifugation at 160,0009g, for 18 h yielded a

transparent, viscous sediment at the bottom of the centri-

fuge tube. UV absorbance measurements indicate that the

bottom 50 lL fraction is enriched in protein by a factor of

22 compared to the top fluid fraction (Table 1).

This sedimented fraction gave an excellent one dimen-

sional 13C MAS solid-state NMR spectrum by through-

space 1H–13C CP (Fig. 4a). On the other hand, through-

bond transfer of polarization by INEPT gave a 13C spec-

trum that contains only signals from the natural abundance
13C in the phospholipids (Fig. 4b), and is essentially

identical to the 13C INEPT spectrum of the diluted nano-

discs observed by solution NMR without MAS (Fig. 1c).

The 31P NMR spectrum of this sedimented fraction

(Fig. 4c) now displays the powder pattern characteristic of
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Fig. 3 NMR spectra of Ail-MSP1D1Dh5 nanodiscs obtained after

sedimentation (A, B) and subsequent redilution (C). (A, B) Solid-state

NMR 15N spectra of sedimented Ail nanodiscs obtained with CP

(A) or INEPT (B) under 5 kHz MAS, at 25 �C. C TROSY 1H–15N

correlation solution NMR spectra obtained for Ail nanodiscs before

sedimentation (black; 0.5 mM Ail) and after re-dilution of the

sedimented sample (red; 0.5 mM Ail) at 45 �C
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liquid crystalline phospholipids in a bilayer arrangement

(additional signal at the isotropic 31P chemical shift fre-

quency arises from Na phosphate in the NMR buffer),

further confirming that the rotational motion of the sedi-

mented nanodiscs is sufficiently restricted to enable

observation by solid-state NMR spectroscopy.

Similar experiments performed at 10 �C, show that the CP

spectrum (Fig. 4d, black) is enhanced by a factor of 2 com-

pared to its counterpart obtained by direct 13C polarization

(Fig. 4d, red), further indicating that the dipolar interactions

are not averaged by fast rotational motions and can be

exploited to enhance the NMR signal by CP, as intended

(Pines et al. 1973). The broadening seen at the edges of the
31P powder pattern acquired at 10 �C (Fig. 4f) is consistent

with the phospholipid bilayer transition from liquid crys-

talline to gel phase, which occurs at 23 �C for DMPC and

DMPG. Thus, the data show that the sedimented nanodiscs

are motionally restricted and exhibit the expected properties

of intact well-behaved phospholipid bilayers.

Furthermore, the two-dimensional 13C correlation

spectrum (Fig. 5) shows that Ail maintains its structure in

the sedimented Ail MSP1E3D1 nanodiscs. The spectrum,

obtained at 27 �C, above the phase transition of the lipids

DMPC and DMPG, displays several resolved peaks from
13C labeled Ail, as well as intense diagonal intensity from

the natural abundance 13C of the lipids. Equally good

spectra were obtained at 27, 5 and 0 �C.

The spectral resolution is comparable to that obtained

with Ail in proteoliposomes at 0 �C (Ding et al. 2013), with

many peaks at identical or similar positions. However,

while the spectrum of Ail in sedimented nanodiscs was

obtained with 32 scans (18 h acquisition), the spectrum

from liposomes was obtained with 512 scans (42 h acqui-

sition), due to the lower concentration of Ail in the latter. It

is possible that the open geometry of nanodiscs affords

greater extent of sample concentration and greater filling

factor than spherical liposomes, a potentially important

benefit associated with their use in NMR experiments.

In the 13C correlation spectrum, peaks from the Ala, Ile,

Pro, Ser, and Thr residues are detected at chemical shifts

consistent with b-sheet conformation, and several of these

signals are well resolved. Comparison with the Ca–Cb
peak positions derived from the chemical shifts assigned in

the solution NMR spectrum of Ail in DePC micelles

Fig. 4 One-dimensional solid-state NMR spectra of sedimented Ail-

MSP1E3D1 nanodiscs (5.5 mM Ail) obtained at 25 �C (A–C) or

10 �C (D–F). (A, D) MAS (10 kHz) 13C spectra obtained using CP

(black) or DP (red). (B, E) 13C spectra obtained using INEPT with

(black) or without (gray) 10 kHz MAS. (C, F) 31P spectra obtained

with DP for static sample. Isotropic signal intensity (*0 ppm) is

attributed to the presence of Na phosphate in the NMR buffer

Table 1 Sedimentation efficiency of nanodisc samples

Sample Initial sample Top fractiona Sedimented fractiona % Enrichment in sedimented fraction

Vi (lL) A280–i Vtop (lL) A280–top Vsed (lL) A280–sed

MSP1D1Dh5 200 0.891 150 0.890 50 0.89 0

Ail-MSP1D1Dh5 220 0.331 170 0.095 50 0.96 71

MSP1E3D1 135 0.550 90 0.433 45 0.73 21

Ail-MSP1E3D1 200 0.643 150 0.104 50 n.d. 84

a Measurements were made after centrifugation in the A/100-30 rotor of a Beckman Airfuge (90,000 rpm, room temperature, 18 h)

n.d. not determined (Value)
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(Fig. 5b) reveals many similarities, demonstrating that the

protein adopts the same overall structure in detergent as in

lipid bilayers.

Expanded regions of the spectrum show that several peaks

can be tentatively assigned by direct comparison with the

solution NMR spectrum of Ail in DePC (Fig. 5c). For

example, peaks from Cb–Ca and Cb–Cc correlations are

observed for all four Thr residues in the protein, and can be

tentatively assigned from the corresponding solution NMR

resonances. All four Thr Cb–Cc peaks have similar intensi-

ties. However, the intensities of the Cb–Ca peaks vary, with

strong signals observed for T113 and T147, located in trans-

membrane b-strands b6 and b8, and weaker signals for T50 in

the second extracellular loop and T74 in transmembrane b4.

Similarly, peaks from Cb–Ca and Cd–Ca correlations of

the four Pro residues can be clearly resolved and tentatively

assigned, as can several Cb–Ca signals from the nine Ala

residues (Fig. 5d). The positions of Cb–Ca peaks from the

sixteen Ser residues also correlate well with their solution

NMR chemical shifts measured in DePC (Fig. 5c). Fur-

thermore, peaks correlating Cd and Cc to Cb side chain

sites are detected for the seven Ile residues of Ail (Fig. 5a).

The ability to resolve peaks from extracellular loop sites

(e.g. T50, D23) will be particularly useful for chemical

shift mapping experiments aimed at characterizing the

interactions of Ail with its ligands.

Sedimentation properties of nanodiscs

As described by Bertini and coworkers (Bertini et al. 2011,

2012a), it is possible to estimate the sedimentation properties

of a molecular species in a solvent using equations derived

over the years by the large field of protein ultracentrifugation

(Laue and Stafford 1999). To understand the sedimentation

behavior of nanodiscs, we used these equations to calculate

various hydrodynamic parameters (Table 2). The time (tSED)

required for sedimentation was estimated using the Svedberg

equation, tSED = 2.533 9 1011 (k/S), where the k factor

reflects the rotor’s pelleting efficiency and depends on the

rotor’s geometry and angular velocity, while the sedimen-

tation coefficient, S, depends on the hydrodynamic proper-

ties of the nanodisc assembly.

The air-driven centrifuge rotor that we used to obtain

nanodisc sedimentation has a very favorable pelleting effi-

ciency, with a k factor of 21.7 achieved at 90,000 rpm

(160,0009g), near the rotor’s maximum angular velocity of

92,000 rpm. Furthermore, the small 240 lL volume of each

of the six centrifuge tubes that fit the rotor helps minimize

sample loss. The value of S for each nanodisc was derived

from the known hydrodynamic properties of proteins and

lipids in water, the stoichiometry and molecular weights of

the protein and lipid nanodisc components, and measure-

ments of the hydrodynamic radii of MSP1D1Dh5 and

Fig. 5 Two-dimensional solid-state NMR 13C correlation spectra of

Ail in sedimented MSP1E3D1 nanodiscs (black; 5.5 mM Ail) or

proteoliposomes (red; 2.4 mM Ail). Spectra were recorded at 27 �C

(for sedimented nanodiscs) or 0 �C (for liposomes), with 10 kHz

MAS, using PDSD with 32 scans for sedimented nanodiscs or 512

scans for liposomes. A Boxes highlight signals with chemical shifts

characteristic for Ala, Ile, Pro and Thr residues. B Selected region of

the spectra showing the Ca–Cb correlations derived from the assigned

spectrum of Ail in 170 mM DePC (green). (C, D) Expanded regions

of the spectra
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MSP1E3D1 nanodiscs obtained by size exclusion chroma-

tography (Hagn et al. 2013; Denisov et al. 2007).

Although the values in Table 2 are theoretical, they are

well within the range observed experimentally in analytical

centrifugation experiments with lipid nanodiscs. The esti-

mates of partial specific volume (mn) agree with data

reported by Sykes and coworkers on ApoE3-DMPG lipo-

particles (Raussens et al. 2000) and by Grisshammer and

coworkers on MSP1D1 nanodiscs (Inagaki et al. 2013).

The hydrodynamic properties of lipid assemblies are

governed by phospholipid composition, as the specific

nature of hydrocarbon chains and polar headgroups influ-

ence the partial specific volumes of phospholipids. The

estimates in Table 2 illustrate how the sedimentation

properties of nanodiscs are affected, not only by the

molecular weight of the entire assembly, but also, signifi-

cantly, by the higher specific volume (low density), relative

to protein, of the lipid molecules in the bilayer. It is the

balance of these properties that determines whether the

species will sediment, float or remain dispersed solution.

In both MSP1D1Dh5 and MSP1E3D1 nanodiscs the

incorporation of Ail decreases the overall specific volumes

and the predicted sedimentation times. The sedimentation

efficiency will be further enhanced by the addition of

ligands that bind the nanodisc-embedded protein, such as

fibronectin, in the case of Ail. The trend of these theoretical

predictions are in line with our observations (Table 1) that

Ail-containing MSP1D1Dh5 nanodiscs could be sedi-

mented by Airfuge centrifugation, while their empty

counterparts could not.

Conclusions

In summary, our results show that nanodiscs containing the

outer membrane protein Ail can be sedimented by centri-

fugation and transferred to a rotor for solid-state NMR

experiments. The nanodisc samples can be diluted back to

their original concentration for solution NMR studies,

indicating that neither the protein or lipid bilayer structures

are disrupted by sedimentation. Furthermore, since the

protein is active in the nanodiscs the same samples can be

used for activity assays, solution NMR and solid-state

NMR experiments, facilitating investigation of the struc-

ture and activity properties across a wide range of

Table 2 Calculated sedimentation properties of empty and Ail-containing nanodiscs

MSP1D1Dh5 Ail-MSP1D1Dh5 MSP1E3D1 Ail-MSP1E3D1

nAil 0 1 0 1

nMSP 2 2 2 2

nPC 70 70 140 140

nPG 30 30 60 60

Mn(g/mol)a 107,097 124,688 196,205 213,797

mn(mL/g)b 0.92 0.90 0.93 0.92

MB(g/mol)c 7,431 10,402 11,824 14,795

Rh(nm)d 4.6 4.6 7.0 7.0

f(g/sec)e 0.89 9 10-7 0.89 9 10-7 1.35 9 10-7 1.35 9 10-7

S(S)f 1.35 1.89 1.41 1.76

tSED(hr)g 16.1 11.5 15.4 12.3

a The molecular weight of the nanodisc (Mn) was estimated from the number of molecules (n) and molecular weights (M) of the individual

protein and lipids in the nanodisc, as: Mn = nAil MAil ? nMSP MMSP ? nPC MDMPC ? nPG MDMPG, where MAil = 17,592 Da; MMSP1D1Dh5 =

19,488 Da; MMSP1E3D1 = 29,982 Da; MDMPC = 678 Da and MDMPG = 689 Da
b The partial specific volume of the nanodisc (mn) was estimated from the partial specific volumes of protein (mp = 0.82 mL/g) (Ferella et al.

2013), DPMC (mDMPC = 0.98 mL/g) (Nagle and Tristram-Nagle 2000) and DMPG (mDMPG = 0.94 mL/g) (Pan et al. 2012), as: mn = (mp -

nAil MAil ? mp nMSP MMSP ? mDMPC nPC MDMPC ? mDMPG nPG MDMPG)/Mn

c The buoyant mass of the nanodisc (MB) was estimated from Mn, mn and the solvent’s density (qsol = 1.014 g/mL), as: MB = Mn (1 – mn qsol).

The value of qsol for NMR buffer was estimated using the SEDNTERP software
d Values of the hydrodynamic radius (Rh) were taken from experimental size exclusion chromatography analyses of MSP1D1Dh5 (Hagn et al.

2013) and MSP1E3D1 (Denisov et al. 2007) nanodiscs
e The frictional coefficient (f) was derived from Rh and the viscosity of the solvent (gsol = 0.01 g/mL), as: f = 6p gsol Rh. The value of gsol for

NMR buffer was estimated using the SEDNTERP software
f The sedimentation coefficient (S) was estimated from Avogadro’s number (NA), MB and f, as: S = (MB/f) 9 (1013/NA), where the factor 1013/

NA yields S in Svedberg units (S), defined as 1S = 10-13 s
g tSED = 2.533 9 1011 (k/S), where k = 21.7 for the A-100/30 Beckman Airfuge rotor
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dynamics time scales, without having to add potentially

damaging detergents or precipitants, and without the need

to lyophilize the sample.
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