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Abstract We describe the expression of the hepatitis C

virus nonstructural protein 4B (NS4B), which is an integral

membrane protein, in a wheat germ cell-free system, the

subsequent purification and characterization of NS4B and

its insertion into proteoliposomes in amounts sufficient for

multidimensional solid-state NMR spectroscopy. First

spectra of the isotopically [2H,13C,15N]-labeled protein are

shown to yield narrow 13C resonance lines and a proper,

predominantly a-helical fold. Clean residue-selective

leucine, isoleucine and threonine-labeling is demonstrated.

These results evidence the suitability of the wheat germ-

produced integral membrane protein NS4B for solid-state

NMR. Still, the proton linewidth under fast magic angle

spinning is broader than expected for a perfect sample and

possible causes are discussed.

Keywords Cell-free protein expression � Isotope labeling �
Lipid reconstitution � Integral membrane protein � NS4B �
Solid-state NMR

Introduction

Solid-state NMR is an emerging method to investigate the

structure of membrane proteins in a native-like lipid

environment [for recent contributions see for example

McDermott (2009), Renault et al. (2010), Kaur et al.

(2015), Hansen et al. (2015), Shahid et al. (2015), Mehler

et al. (2015), Mandal et al. (2015) and Fu et al. (2015)].

Still, as for other techniques in structure biology, sample

preparation of membrane proteins remains challenging, as

it is often difficult to express the proteins in a well-folded

form, with the isotopic labeling and in the milligram

amounts needed for NMR spectroscopy. This is especially

true for eukaryotic membrane proteins, which are of par-

ticular interest as many of them are linked to human dis-

eases. For protein expression in general, the simplest and

most cost-effective method is based on in vitro systems

using E. coli. For eukaryotic proteins, it can be advanta-

geous to use eukaryotic expression systems, e.g. P. pastoris

(Emami et al. 2013), insect cells (van Oers et al. 2015;

Opitz et al. 2015) and mammalian cells (Andréll and Tate

2013). However, the membrane protein may still be found

in inclusion bodies and folded in a non-native and
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heterogeneous manner, and expression levels may be low,

in particular when the protein is toxic to the organisms. In

that case, cell-free production is an interesting alternative

(Betton 2004; Vinarov et al. 2004; Klammt et al. 2012), as

in particular it offers the opportunity for complex labeling

schemes for NMR (Kainosho et al. 2006; Tonelli et al.

2011). While cell-free expression using E. coli extracts

remains the most widely used and successful approach, an

interesting alternative for eukaryotic proteins is the wheat

germ cell-free expression system (Sawasaki et al. 2002;

Endo and Sawasaki 2006; Takai et al. 2010; Noirot et al.

2011; Fogeron et al. 2015a). Indeed, it combines the

advantages of cell-free expression with the benefits of the

slow translation rates inherent to eukaryotic ribosomes,

thus being more apt in supporting adequate folding,

although it has been shown that also in E. Coli lysates the

translation rates are slower than in vivo (Underwood et al.

2005).

We here demonstrate wheat germ cell-free expression of

the non-structural protein 4B (NS4B) from the hepatitis C

virus (HCV), a 27-kDa integral membrane protein of 261

amino acid residues, which is only poorly expressed in

bacteria. While there is no 3D structure available, a

topology model, as shown in Fig. 1, has been proposed

(Gouttenoire et al. 2014). In this model, membrane asso-

ciation of NS4B is mediated not only by the transmem-

brane domain in its central part but the protein equally

shows determinants for membrane association in the N-

and C-terminal regions (Moradpour and Penin 2013).

Indeed, as shown in Fig. 1A, the N-terminal region is

composed of two amphipathic a-helices, AH1 (amino acids

4–32; Gouttenoire et al. 2014) and AH2 (amino acids

42–66; Gouttenoire et al. 2009a). In the C-terminal domain,

a highly conserved a-helix is predicted between amino

acids 201 and 212 and the structure of an amphipathic a-
helix spanning amino acids 229 to 253 was resolved in

isolated form (Gouttenoire et al. 2009a).

NS4B contributes to the formation of the membranous

web, a specific membrane alteration consisting of locally

confined membranous vesicles that serves as a scaffold for

the HCV replicase (Egger et al. 2002; Gosert et al. 2003;

Lundin et al. 2006; Gouttenoire et al. 2009a, 2014). As a

master organizer of HCV replication-complex formation

(Paul et al. 2011), NS4B has been identified as a target for

possible treatment modalities of HCV infection (Rai and

Deval 2011). Structural information on full-length NS4B

would allow to gain further insight into the multiple

functions of this protein, which might be governed by

distinct membrane topologies and/or interactions with

other viral and cellular proteins (Moradpour and Penin

2013; Briggs et al. 2015).

We here show that chemically pure and homogenous

samples of NS4B reconstituted in liposomes can be

obtained using wheat germ cell-free expression, and that

the preparations do yield high-quality 13C NMR spectra

showing features characteristic of a protein with the

expected secondary-structure signatures predicted for this

protein. The resolution in the proton dimension in fast

magic angle spinning (MAS) experiments is however still

not as good as found in model systems (Huber et al. 2011;

Barbet-Massin et al. 2014; Agarwal et al. 2014; Penzel

et al. 2015) and possible reasons are discussed.

Materials and methods

Plasmids

cDNA of full-length NS4B from HCV strain JFH-1(2a),

GenBank accession number AB047639, was amplified by

PCR and inserted into the pEU-E01-MCS vector (CellFree

Sciences, Japan). A thrombin cleavage site followed by a

Gly-Ser-Ala linker and a Strep-tag II, yielding to the final

amino-acid sequence LVPRGSAWSHPQFEK, are fused at

the C terminus of the full-length NS4B proteins. For the

NMR sample preparation, a NS4B-Twin–Strep-Tag protein

containing a tandem of Strep-tag II sequences separated by

flexible linker (LVPRGSAWSHPQFEKGGGSGGGSGG-

SAWSHPQFEK) was used. As detailed in Fogeron et al.

(2015a, b), the resulting plasmids were transformed into

Escherichia coli TOP10 chemically competent cells (Life

Technologies) and DNA was prepared using a NucleoBond

Xtra Maxi kit (Macherey-Nagel, France). Plasmids were

further purified by a phenol/chloroform extraction according

to CellFree Sciences (Yokohama, Japan) recommendations.

Wheat germ cell-free protein expression

Wheat germ cell-free protein expression and sample

preparation were performed as described in Takai et al.

(2010) and Fogeron et al. (2015a, 2015b). In short, home-

made wheat germ extracts (Noirot et al. 2011) were pre-

pared according to Takai et al. (2010).

Untreated durum wheat seeds from different varieties,

namely Dakter, Miradoux or Clovis wheat strains, were

purchased from Sud Céréales (ARTERRIS), France, and

stored at room temperature for up to 1 year. Main steps of

WGE preparation included grinding and sieving of the

wheat seeds, solvent flotation, eye selection of the embryo

particles followed by extensive washing, extraction, frac-

tionation and buffer exchange. Twenty kilograms wheat

seeds led to the isolation of about 20 g wheat germs,

allowing the production of 30 mL WGE within 3 working

days, including all steps detailed above. Eye selection of

the wheat germs takes about 1 h/g, and is done about every

second month during a lab meeting (approx. 8 people),
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resulting in 5 h work/person and a final yield of 40 g,

enough for two subsequent preparations of 30 ml WGE.

Transcription and translation were carried out sepa-

rately, as described in Takai et al. (2010) and Noirot et al.

(2011), and translation was performed using the so-called

bilayer method. MNG-3 detergent was added to both the

reaction mix and the feeding buffer. The reaction mixture

was incubated at 22 �C for 16 h without shaking. Trans-

lation was performed either in 96-well plates for small-

scale expression test or 6-well plates for larger production.

The volume of the bottom layer corresponding to the

translation mix was 20 and 500 lL per well in 96-well and

6-well plates, respectively, whereas the volume of the

upper layer corresponding to the feeding buffer was 200 lL
and 5.5 mL per well in 96-well and 6-well plates,

respectively.

SDS-PAGE and western blotting

SDS-PAGE and western blotting analysis was performed

as described in Fogeron et al. (2015a).

Purification of full-length NS4B by affinity

chromatography

NS4B was expressed in presence of 0.1 % MNG-3 using

the bilayer method as described previously (Fogeron et al.

2015a) adapted to wells of 6-well plates (i.e., 0.5 mL of

reaction mix containing 0.25 mL mRNA and 40 lg/ml

creatine kinase and 0.25 mL of wheat germ extract for the

bottom layer, and 5.5 mL of feeding buffer for the upper

layer in each well). After protein synthesis, the CFS (total

cell-free sample) of 18 wells was pooled (108 mL) and

incubated with benzonase at RT on a rolling wheel for

30 min. In addition, DDM was added to CFS at a final

concentration of 0.25 % (all concentrations are in w/w),

allowing buffer exchange from MNG-3 to DDM, a deter-

gent standardly used in lipid reconstitution protocols. CFS

was then centrifuged at 20.000g, 4 �C for 30 min and the

supernatant was loaded on a 5-mL Strep-Tactin high

capacity gravity column (IBA Lifesciences, Germany).

Purification was performed as specified by the manufac-

turer; all buffers contained 0.1 % DDM. Full-length NS4B

Fig. 1 Putative topology model and primary structure of the NS4B

protein of the HCV isolate JFH-1 (Gouttenoire et al. 2014). a NS4B is

composed of three subdomains: N-terminal (aa 1–69), central (aa

70–190) and C-terminal subdomain (aa 191–261). In this model, the

N terminus that resides on the cytoplasmic side of the ER membrane

contains two amphipathic a-helices AH1 (aa 4–32, PDB accession—

2LVG) and AH2 (aa 42–66, 2JXF). The central part contains four

predicted transmembrane segments (Gouttenoire et al. 2010). The

C terminus harbors two other likely amphipathic helices: H1,

predicted between aa 201–212, and H2, which structure has been

determined (aa 229–253, PDB entry 2KDR). b NS4B primary

structure. Alpha helices analyzed by solution-state NMR in a context

of short peptides (Gouttenoire et al. 2009b) and predicted H1 helix are

labeled by solid boxes. Predicted transmembrane segments are shown

with grey-highlighted background (Gouttenoire et al. 2010). Loop

1–2 which was predicted to be a putative transmembrane domain is

underlined and in italic (Palomares-Jerez et al. 2012). The phosphate

binding loop motif in the region of loop 2–3 is indicated with the

dotted box (Einav et al. 2004). The amino-acid composition of the

protein is shown in Fig. S1
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was eluted in 100 mM Tris-HCl pH 8, 150 mM NaCl,

1 mM EDTA, 0.1 % DDM and 2.5 mM desthiobiotin.

Purification of NS4B_Twin-Strep-Tag protein was per-

formed in the presence of 0.2 % DDM, and washing steps

were carried out at 150 mM and 300 mM NaCl. The final

elution buffer contained 100 mM Tris-HCl pH 8, 150 mM

NaCl, 1 mM EDTA, 0.2 % DDM and 25 mM

desthiobiotin.

Size-exclusion chromatography

Size-exclusion chromatography of full-length NS4B pre-

viously purified by affinity chromatography was performed

using a SuperdexTM 200 Increase 3.2/100 column (GE

Lifesciences). A 50 mM phosphate buffer pH 7.4 con-

taining 0.1 % DDM was used as eluent and 150 lg protein

were loaded on the column. A calibration curve of the size

exclusion chromatography column was established

according to le Maire et al. (le Maire et al. 1989) using the

following protein standards: cytochrome C, 12.3 kDa;

myoglobin, 17.8 kDa, trypsin inhibitor, 22.1 kDa; b-lac-
toglobulin, 35 kDa; transferrin, 81 kDa; aldolase, 158 kDa;

ferritin, 440 kDa; thyroglobulin, 669 kDa. A 50 mM

phosphate buffer pH 7.4 containing 0.1 % DDM was used

as eluent and 100 lg of each protein standard were run

separately on the column.

Circular dichroism

Spectra were recorded on a Chirascan spectrometer (Ap-

plied Photophysics) calibrated with 1S-(?)-10-camphor-

sulfonic acid. Measurements were carried out at 25�C in a

0.1-cm path-length quartz cuvette. Spectra were measured

in a 180–260 nm wavelength range with an increment of

0.2 nm, bandpass of 0.5 nm and integration time of 1 s.

Spectra were processed, baseline corrected, smoothed and

converted with the Chirascan software. Spectral units were

expressed as the mean molar ellipticity per residue using

the protein concentration determined at 280 nm using a

NanoDrop spectrometer. Estimation of the secondary

structure content was carried out using the CDSSTR,

CONTIN and SELCON3 approaches available on the

DICHROWEB server (dichroweb.cryst.bbk.ac.uk/).

Reconstitution of NS4B into proteoliposomes

Either egg PC (L-a-phosphatidylcholine, 99 % pure) or a

mixture of egg PC and cholesterol (99 % pure, 70/30, w/w)

were used for lipid reconstitution (Sigma). The lipids were

first solubilized using Triton X-100 with a detergent-to-

lipid ratio of 10 (mol/mol) (Kunert et al. 2014). Purified

full-length NS4B, solubilized in 0.2 % DDM, was then

mixed with the lipids at a defined lipid-to-protein ratio (w/

w). Protein-lipid-detergent samples were dialyzed at 4 �C
for 18 days against a buffer containing 100 mM Tris-HCl

pH 8, 150 mM NaCl, 1 mM EDTA, 1 mM DTT and

hydrophobic polystyrene beads (Bio-Beads SM-2 adsor-

bents, Bio-Rad). A dialysis membrane with a molecular

weight cut-off of 6-8000 Da (Spectra/Por) was used. A

ratio Bio-Beads-to-detergent of 100 (w/w) was applied.

Detergent removal by the Bio-Beads leads to the formation

of proteoliposomes (Rigaud et al. 1995).

Analysis of reconstituted NS4B by sucrose density-

gradient ultracentrifugation

Twenty five lg of DDM-solubilized NS4B-Twin-Strep-

Tag protein was reconstituted into PC or PC/cholesterol

lipids solubilized in Triton X-100 with various lipid-to-

protein ratios (LPRs). Proteoliposome samples were

applied on the discontinuous sucrose gradient (7–70 %)

and centrifuged 18 h at 200.000 g. Eleven fractions of each

gradient (collected from top to bottom) together with a

pellet were analyzed by SDS PAGE followed by silver

staining. The densities of harvested fractions were calcu-

lated from refractive index values, measured using a

refractometer.

Sample preparation for solid-state NMR

spectroscopy

NS4B-Twin-Strep-Tag was expressed in presence of 0.1 %

MNG-3 for 16 h at 22 �C in a bilayer reaction of a total of

144 ml (24 bilayer reactions in carried out in 4 6-well

plates, containing a total of 6 mL of wheat germ extract).

To obtain uniformly [2H,13C,15N]-labeled protein, a mix-

ture of 20 [2H,13C,15N]-labeled amino acids (‘‘Cell-free’’

amino acid mix 20 AA, Cambridge Isotope Laboratories,

Inc.) in final concentration 6 mM (concentrations of indi-

vidual amino acids are given in Table S3) were added to

reaction and feeding buffer. To prepare selectively labeled

Leu-Ile-Thr (LIT) protein, [2H,13C,15N]-labeled leucine,

isoleucine and threonine (Cambridge Isotope Laboratories,

Inc.) were mixed with the remaining 17 2H-labeled amino

acids with carbon and nitrogen at natural isotopic abun-

dance (Cambridge Isotope Laboratories, Inc.) and added to

the reaction and feeding buffer in final concentration of

6 mM (concentrations of individual amino acids see

Table S3). Concentrations of each individual amino acid

for selectively labeled sample corresponded to the molar

ratio of amino acids in NS4B sequence. Amide and

exchangeable side-chain protons of amino acids were

100 % protonated, the other protons were partially

deuterated (vide infra).

After translation, the protein was incubated with ben-

zonase and 0.25 % DDM, followed by Strep-Tactin
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column purification in presence of 0.2 % DDM. In addition

to a standard IBA protocol, a washing step with 59 CV

with 100 mM Tris-HCl pH 8, 300 mM NaCl, 1 mM EDTA

and 0.2 % DDM was included. The final elution buffer

contained 100 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM

EDTA, 0.2 % DDM and 25 mM desthiobiotin. The esti-

mated cost of the 6 mg triply labeled protein preparation

used for the NMR sample amounts to 1091 € (see

Table S4).

Purified NS4B protein in DDM was reconstituted at LPR

0.25 with PC and cholesterol lipids (70/30, w/w) solubi-

lized in Triton X-100 (lipid detergent molar ratio 1:10)

using dialysis in the presence of Bio-Beads SM-2. Deter-

gent removal was performed for 20 days in a buffer con-

taining 100 mM Tris-HCl pH 8, 150 mM NaCl, 1 mM

EDTA, and 1 mM DTT.

Reconstituted proteoliposomes were purified and con-

centrated by sedimentation onto a 90 % OptiPrepTM

(q = 1.3 g/cm3, corresponding to 62 % sucrose) cushion

overlaid by 30 % OptiPrepTM (q = 1.1 g/cm3, corre-

sponding to 25 % sucrose), which separate (1) the lipid

fraction, floating on the top of 30 % layer, (2) the prote-

oliposomes (LPR 0.25, q = 1.19 g/cm3), which migrate

through the 30 % layer and remain on the top of the 90 %

layer, and (3) aggregated proteins sedimented at the bottom

of the centrifugation tube. After sedimentation on the

cushion, the proteoliposomal fraction was harvested,

washed with dialysis buffer to remove the OptiPrepTM

medium and sedimented into a 1.3 mm Bruker NMR rotor

using custom-made tools (Böckmann et al. 2009).

Electron microscopy

The material was adsorbed to carbon- and pioloform-

coated 300 mesh copper grids (Science Services GmbH)

for 10 min at RT, and remaining liquid was drained using a

Whatman paper. Immunolabeling against the C-terminal

Strep-tag II was performed as described in (Fogeron et al.

2015b). Samples were examined by using a Zeiss EM-10

transmission electron microscope (Zeiss, Goettingen, Ger-

many) with a built in Mega View camera (Olympus;

Tokyo, Japan).

Solid-state MAS NMR experiments

Experiments were performed on Bruker AVANCE III

wide-bore spectrometer operating at 850 MHz 1H Larmor

frequency while employing magic-angle spinning at

60 kHz using a Bruker 1.3 mm MAS probe. DSS (4,4-

dimethyl-4-silapentane-1-sulfonic acid) was used for ref-

erencing as internal standard. The sample temperature was

based on the supernatant water resonance frequency

(Böckmann et al. 2009) and adjusted to *16�C. The

spectra were then processed with TOPSPIN (Bruker,

Biospin) and analyzed in CCPN (Vranken et al. 2005).

The solid-state NMR 13C–13C DREAM correlation

spectra (Verel et al. 2001) for the two different NMR

samples were acquired for 20 and 10 ms in the direct and

indirect dimension, respectively, with 1024 scans for the

fully labeled sample and 876 scans for the selectively

labeled sample. For a complete set of the experimental

parameters, see Table S1. The effective acquisition times

(TDEFF) after processing with a quadratic sine bell func-

tion (QSINE) shifted by 2.5, were chosen to be 10 and

8 ms in the direct and indirect dimension, respectively.

Proton-detected CO–N–H correlation experiments on

the LIT sample were performed using CP transfer for all

steps (Penzel et al. 2015). The total experimental time was

about 5 days (118 h) with 400 scans, a recycle delay of 1 s

and acquisition times of 30, 5.2, and 3.0 ms in the 1H, 15N,

and 13C dimension, respectively. Details are given in

Table S1.

The proton-detected (H)NH 2D spectrum at 90 kHz

MAS was on a 0.8 ppm MAS probe constructed by Ago

Samoson and described in (Agarwal et al. 2014) with

parameters specified in Table S2.

Results and discussion

Production and purification of full-length NS4B

Full-length NS4B construct from HCV strain JFH-1

(GenBank accession number AB047639) with a Strep-tag

II and a thrombin cleavage site fused at the C terminus was

successfully expressed in a solubilized form in the presence

of lauryl maltose neopentyl glycol (MNG-3) (Fig. 2a). Due

to its hydrophobic nature, NS4B is mainly insoluble in the

absence of detergent and therefore detected in the pellet,

although a minor portion is found in the supernatant, pos-

sibly due to the presence of some residual lipids in the

WGE (Fogeron et al. 2015a). However, in the presence of

0.1 % MNG-3, fully solubilized JFH-1 full-length NS4B

was obtained (Fig. 2a). Indeed, the tagged protein was

mainly detected in the fraction concentrated by binding of

the NS4B C-terminal Strep-tag II to magnetic Strep-Tactin

beads (SN-Beads).

After expression in the presence of MNG-3, the Strep-

tag II allowed us to obtain [95 % pure NS4B protein

(HCV strain JFH-1) using a single affinity purification step

starting from the supernatant fraction containing the solu-

bilized protein (Fig. 2b). Although full-length NS4B could

be efficiently purified in the presence of MNG-3 (Fogeron

et al. 2015a), the addition of 0.25 % n-dodecyl b-D-mal-

toside (DDM) to the CFS treated with benzonase before the

affinity purification step allowed us to exchange MNG-3 to
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DDM, a detergent we routinely use for lipid reconstitution.

On average, the purified protein yield was about 1 mg/mL

WGE, with a maximum yield of 1.5 mg NS4B per mL

WGE being reached.

To further characterize the purified NS4B protein, size

exclusion chromatography was performed. A first peak

containing NS4B was observed (Fig. 2c), while the fol-

lowing peak resulted from reagents present in the Strep-

Tactin elution buffer. NS4B protein-detergent complexes

eluted with an apparent molecular mass of about 50 kDa

(Fig. 2d), consistent with the NS4B monomer (29.2 kDa)

emdedded into detergent. The amount of DDM associated

with the protein corresponds to a seizable fraction of a

DDM micelle (60–75 kDa).

Secondary structure analysis

The far UV circular dichroism (CD) spectrum of full-

length NS4B eluted from size exclusion chromatography in

0.1 % DDM (Fig. 3) displays the molar ellipticity per

residue in the range that can be expected for such a protein.

The two minima at 208 and 222 nm, together with a

Fig. 2 Production of detergent-solubilized full-length NS4B in a

wheat germ cell-free expression system and one-step affinity purifi-

cation. a Small scale expression test of full-length NS4B constructs in

the presence of MNG-3 detergent. The full-length NS4B construct

from HCV strain JFH-1 was expressed in the presence of 0.1 %

MNG-3. Protein samples were analyzed by SDS-PAGE. -, negative

control (no NS4B mRNA); Pellet, pellet obtained after centrifugation

of CFS; SN-beads, sample enriched in tagged NS4B by incubation of

CFS supernatant with Strep-Tactin magnetic beads. Comparable

amounts were loaded on the gel for Pellet and SN-beads (i.e. 27 % of

the total 220 lL reaction mix from a single 96-well-plate reaction).

Black arrowheads indicate the bands corresponding to NS4B. b Full-

length C-terminally Strep-tag II tagged NS4B (HCV strain JFH-1)

was expressed using 4.5 mL WGE in the presence of 0.1 % MNG-3

and purified on a 5-mL Strep-Tactin column in the presence of 0.1 %

DDM. Protein samples were analyzed by SDS-PAGE. CFS, total cell-

free sample (8 lL from 108 mL loaded on the gel); P pellet obtained

after centrifugation of CFS (equivalent to 80 lL from 108 mL loaded

on the gel); SN supernatant obtained after centrifugation of CFS and

loaded on the affinity column (8 lL from 108 mL loaded on the gel);

E1–E6 affinity elution fractions (8 lL from 2.5 mL loaded on the

gel). The black arrowhead indicates the bands corresponding to

NS4B. c Size exclusion chromatography of the elution fraction E4. A

50 mM phosphate buffer (pH 7.4) containing 0.1 % DDM was used

as eluent and a flow rate of 75 lL/min was applied. The elution

profile of NS4B is drawn as a solid line, the affinity elution buffer as a

dotted line. SDS-PAGE and Coomassie staining analysis of the

collected fractions is shown above the chromatographic profile.

Elution volume of NS4B is 1.85 mL. d Calibration curve of the size

exclusion chromatography column established by using protein

standards as indicated in the figure (V0 is 1.25 mL). NS4B is

indicated in red on the standard curve
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maximum at 192 nm, are typical of a-helical folding.

Spectral deconvolution indicated an a-helix content of

72–79 %, while turns represent 7–10 %, and b-sheet con-
tent is almost nil (0–1 %). The high a-helical content is
consistent with the predictions shown in Fig. 1.

NS4B lipid reconstitution at different LPRs

Proteoliposome reconstitution was performed with a clas-

sical dialysis method (see ‘‘Materials and methods’’ sec-

tion) using a PC/cholesterol mixture (70/30, w/w). LPRs

between 0 and 1 (weight/weight) were tested. We analyzed

the proteoliposomes obtained using a sucrose density gra-

dient. Figure 4a shows the resulting SDS-PAGE/silver

staining analysis of samples harvested after density gradi-

ent centrifugation of NS4B reconstituted with LPRs

between 0 and 1, where 1 corresponds approximately to a

molar LPR of 45. While the majority of the protein is

retained in the gradient, a minor fraction (estimated to

approximately 10–20 %) forms aggregates and is found in

the pellet. With decreasing LPRs the proteoliposomes

become denser and migrate further into the gradient at

higher LPRs, a difference between the density as a function

of the lipid composition, PC or PC/cholesterol, is observed

(Fig. 4b). Reconstitution in the absence of lipids

(LPR = 0) causes aggregation of the majority of NS4B

that ends up in the pellet and a minor fraction with a

density of 1.29 g/cm3 (fraction 9, corresponding to 60 %

sucrose), which is probably due to the recruitment of

residual lipids from the wheat germ extract, which are not

removed during the purification. Figure 4c shows the

electron micrographs of immunogold-labeled NS4B

obtained for LPRs of 0.25, 0.1 and 0. Most of the protein is

found to be concentrated in distinct electron dense struc-

tures, which likely represent proteoliposomes. Their

membranous nature is best visible at LPR 0.25, but less

well discernable at lower LPRs, i.e. for NS4B proteolipo-

somes containing fewer lipids.

Based on these experiments, all LPRs shall yield sam-

ples containing proteoliposomes, which can be separated

from aggregated NS4B located in the pellet. For NMR, the

highest possible concentration of protein in the liposomes

potentially yields the highest signal-to-noise ratio, if lines

remain narrow. For the NMR sample we choose to work

with an LPR of 0.25 in order to obtain a good separation

from the aggregated pellet fraction, as only reconstituted

protein shall be filled into the NMR rotor. Still, other LPRs

might be promising to test as well, in particular to optimize

the proton line width (vide infra).

Optimized NS4B samples yield high-quality 13C

NMR spectra

For NMR, a uniformly [2H,13C,15N]-labeled full-length

NS4B sample was prepared using H2O in the buffer med-

ium. HN protons and exchangeable side chains were there

protonated to 100 % while the other protons should nom-

inally be fully deuterated. Reconstitution was performed

with PC/cholesterol at an LPR of 0.25, and proteolipo-

somes were harvested by sedimentation onto a 90 %

OptiPrepTM cushion in order to avoid sucrose in the NMR

sample. The proteoliposomes were pelleted in an 1.3 mm

NMR rotor (Böckmann et al. 2009). A 2D DREAM spec-

trum was recorded in order to evaluate sample quality,

which is shown in Fig. 5 (for full aliphatic regions see

Figure S2). DREAM was chosen because PDSD or DARR

spectra show few crosspeaks in deuterated proteins. The

DREAM spectrum is expected to show predominantly

intraresidue 13C–13C crosspeaks and allows estimating the
13C line width, which is a proxy for the homogeneity of the

sample. The spectrum shows signals typical for a mainly a-
helical protein, with a high content of hydrophobic resi-

dues. Indeed, Ala, Ile, Leu and Val represent approxi-

mately 35 % of the residues in the primary sequence

(Table S2). Several more isolated signals from non-helical

residues are observed, and notably the Ser residues, for

which 14 out of 29 residues are predicted to be located

outside the helices, show a good spectral dispersion.

Figure 5b shows the corresponding spectrum for a

sample where only Thr, Ile and Leu were 13C and 15N
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labeled. Only peaks corresponding to these amino acids

are observed in this spectrum, indicating clean labeling

without isotopic scrambling. [As a side remark, it might

be worth mentioning that scrambling can be an issue

when using other amino acids as D, E, and Q but can be

reduced by the addition of inhibitors (Morita et al. 2004;

Tonelli et al. 2011)]. It can be seen in the Leu region

that most signals are concentrated in the a-helical region,
but four signals are clearly non-helical. These signals

might correspond to the Leu residues which are pre-

dicted to be located outside a-helical regions (Fig. 1). In

Fig. 5c, an extract of the Thr Cb-Cc region is shown,

and an isolated peak with a line width of 0.5 ppm

(100 Hz), as determined without apodization. While there

are only a limited number of resolved peaks, a line

width of 0.5–1 ppm appears representative for the entire

spectrum. This line width is thought to be typical for

solid-state NMR spectra of well-ordered membrane

proteins in lipidic environment (Ward et al. 2015; Brown

and Ladizhansky 2015).

Having used the established methods of 13C spec-

troscopy to ascertain the proper reconstitution and fold of

the protein, we also explored the resolution in proton-

detected spectra, using an (H)NH CP-2D spectrum and a

(H)CONH 3D spectrum (see Fig. 6). Using the LIT

sample, where we expect a total of 63 amide HN corre-

lation peaks and 19 HNCO correlation peaks, the reso-

lution was however not as good as observed by others in

some highly deuterated membrane proteins. From the 3D

spectrum, which was fitted by 21 peaks, we find a 1H

linewidth of 290 ± 95 Hz while values of 100 Hz and

130–180 Hz were obtained for the M2 channel and

OmpG, respectively (Barbet-Massin et al. 2014). The

linewidth in NS4B is partially refocussable: the transverse

relaxation time of the amide peaks under a Hahn echo is

measured as T
0
2 ¼ 2:8ms corresponding to a refocussed

Fig. 4 Discontinuous sucrose density gradient centrifugation of

NS4B proteoliposomes. a NS4B reconstituted into PC/cholesterol

liposomes at different LPRs was loaded onto a discontinuous sucrose

gradient and separated by ultracentrifugation. Fractions were ana-

lyzed by SDS-PAGE and silver staining. ‘‘1’’ to ‘‘11’’ refers to the

fraction number from the top to the bottom of the gradient; 5 % of

each fraction was loaded on the gel. ‘‘P’’—whole pellet fraction

loaded on the gel. b Densities (left y axis) and sucrose concentrations

(right y axis) of protein positive fractions were calculated from

refractive index values. c Electron-microscopy analysis of reconsti-

tuted samples in PC/cholesterol at LPR 0.25, 0.1 and 0. Immunogold-

labeling against the C-terminal Strep-tag II indicates the localization

of NS4B and samples were negatively stained using uranyl acetate
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linewidth of 114 Hz. This value lies between the refer-

ence values for deuterated and protonated ubiquitin of

8.5 ms and 1.3 ms at the same spinning frequency. Rea-

sons for the limited resolution may include (1) insufficient

deuteration of the protein at the non-exchangeable sites,

(2) dynamical effects, and/or (3) static structural hetero-

geneities to which the protons may be more sensitive than

the 13C. An obvious choice to improve homogeneity

might be to increase the LPR to reduce protein–protein

interactions which might induce linebroadening (Hagn

et al. 2013). While the resulting loss in signal would be

problematic for the carbon-detected experiments, it would

be considerably less so for the proton-detected spectra

(vide infra).

To check the degree of deuteration, a (H)(C)H 1D

spectrum was recorded with two CP-transfer steps of

1.5 ms which allows for efficient transfer not only for the

directly 13C bonded protons but also for the amide protons

(via the Ca) and sidechain carbons via their protonated

neighbors, if existing. The spectrum is shown in Fig. 7 and

indicates sizable protonation not only at the amide protons

but also at the Ca and methyl positions. This is further

corroborated in Figure S3, where a 2D 1H–13C HSQC

spectrum measured along the bond via J-couplings is

shown. Reprotonation, e.g. by transaminases, has been

observed before in wheat-germ cell-free expression

(Tonelli et al. 2011) and we are presently further investi-

gating the reduction of the proton content which might
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c shows a magnified extract of
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isolated peak with a line width

of 0.5 ppm which was

determined without using an

apodization function while

spectra A-C are processed with

QSINE 2.5. The spectra of (a,
b) displayed with their full

aliphatic spectral width can be

found in the Supporting

Information, Figure S2
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indeed be the dominant reason for the observed line

broadening (Böckmann et al. 2015) leading to refocussable

as well as not Hahn-echo-refocussable contributions to T2

relaxation. Another line to follow for obtaining narrower

proton line widths might lie in the use of higher LPRs. Of

course this approach will reduce the amount of protein in

the sample and lead to lower signal integrals. In case that it

is indeed possible to reduce linewidth, this will partially, or

even fully, compensate this effect in terms of peak signal-

to-noise ratios. The present acquisition time of the 2D HN

spectrum of Fig. 6a is modest with 2 h.

Conclusions

Our results demonstrate that the ‘‘difficult’’ protein NS4B

from HCV can be expressed in isotopically labeled form

using a wheat germ cell-free expression system and can be

properly reconstituted into proteoliposomes with high

efficiency at low lipid-to-protein ratios such as LPR 0.25

(w/w). The expression yield was good (1 mg/1 mL WGE)

and amino acid selective isotopic labeling was demon-

strated. The ILT labelling with 13C was found to be very

clean, while the degree of deuteration was lower than

expected. The samples were shown to yield narrow reso-

nance lines in the 13C spectrum indicating a folded protein

with mostly a-helical conformation, as predicted. The

resolution of the 13C NMR spectrum is estimated to be

0.5–1.0 ppm (100 Hz), slightly higher as for well-order

microcrystalline proteins, but typical for membrane pro-

teins. These findings are a good proxy for the structural

homogeneity and the proper folding state of the protein.

The experimental approach described here opens the way

for detailed NMR investigations using uniformly or

selectively labeled protein reconstituted into proteolipo-

somes. Further work to understand the proton linewidth is

needed.
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