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The structure of the p7 viroporin, an oligomeric membrane protein ion channel involved in the
assembly and release of the hepatitis C virus, was determined from proteins expressed and inserted
directly into supported model lipid membranes using cell-free protein expression. Cell-free protein
expression allowed (i) high protein concentration in the membrane, (ii) control of the protein’s
isotopic constitution, and (iii) control over the lipid environment available to the protein. Here, we
used cell-free protein synthesis to directly incorporate the hepatitis C virus (HCV) p7 protein into
supported lipid bilayers formed from physiologically relevant lipids (POPC or asolectin) for both

direct structural measurements using neutron reflectivity (NR) and conductance measurements

using electrical impedance spectroscopy (EIS). We report that HCV p7 from genotype 1a strain H77
adopts a conical shape within lipid bilayers and forms a viroporin upon oligomerization, confirmed by
EIS conductance measurements. This combination of techniques represents a novel approach to the
study of membrane proteins and, through the use of selective deuteration of particular amino acids to
enhance neutron scattering contrast, has the promise to become a powerful tool for characterizing the
protein conformation in physiologically relevant environments and for the development of biosensor
applications.

Proteins incorporated into lipid bilayer cell membranes are involved in a variety of cellular processes including
signaling, energy conversion and transport'. Membrane protein dysfunction is correlated with a wide range of
diseases and they represent important drug targets for the pharmaceutical industry. However, studies of mem-
brane protein associated disorders and development of new therapeutic approaches are hindered by the difficulty
in obtaining atomically resolved structures of these macromolecules and determination of their function when
incorporated into lipid bilayers. For example, the major bottle-neck for determining membrane protein structures
using x-ray crystallography is difficulty in growing suitable crystals. Circumventing this issue, nuclear magnetic
resonance (NMR) spectroscopy, electron microscopy (EM), and small angle neutron and x-ray scattering tech-
niques have proven extremely valuable.

The majority of the early examples of crystallized membrane proteins were isolated from tissues where they
were naturally present at high levels'—. However, most therapeutically relevant targets are not found as abun-
dantly in tissue and require protein expression to produce sufficient quantities to enable high resolution structural
characterization. Although it is an effective means to produce soluble proteins, recombinant protein expression
has limited applicability to membrane proteins because hydrophobic surface residues promote protein aggrega-
tion and subsequent cytotoxicity. Removing hydrophobic regions of the protein may be used to enhance solubility
and alleviate aggregation but results in incomplete protein structures. An alternative approach is to reconstitute

. complete proteins in lipid or surfactant environments. Detergents are frequently used to supplement the role of
. lipids to stabilize membrane proteins, but the relationship between membrane lipids and transmembrane proteins
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is essential for their structure, function and stability*. Thus, determination of membrane protein structure in
biologically relevant lipid environments is essential.

Planar lipid bilayers provide convenient model membrane systems that allow multiple measurement tech-
niques to be applied to the study of membrane proteins. In the absence of large extracellular domains, membrane
proteins may be incorporated into lipid bilayers formed directly on solid supports”&. However, in some cases
the proximity of the solid support can result in detrimental interactions leading to an inability to incorporate
proteins or to protein denaturation at the surface. To alleviate these interactions, a variety of membrane systems
have been engineered to provide a hydrated space between the bilayer and the underlying support including
the use of hydrophilic polymer cushions, tethered lipids, and tethered proteins® !°. The incorporation of pro-
teins into a membrane or the tethering of proteins to a surface is usually achieved through either interaction
with a detergent solubilized protein solution!! or the fusion of proteoliposomes'?. There are many challenges
involved with such detergent solubilization and reconstitution approaches including a trial and error process to
determine an effective detergent species (or mixture of species) and difficulties maintaining protein stability and
function throughout the process'. Further, these methods rely on the detergent micelles or proteoliposomes
reaching thermodynamic equilibrium with the bilayer, which limits the quantity of protein that can be incorpo-
rated. Cell-free protein synthesis offers an alternative approach for the incorporation of large amounts of mem-
brane proteins in lipid environments. First, it is a well-established method for recombinant membrane protein
expression at a qualitative and a quantitative level'*"'°. Second, when performed in contact with lipid bilayers,
membrane protein insertion happens in a co-translational manner directly into the bilayer and is not limited
by thermodynamic equilibrium constraints'’~'. This approach is particularly useful for structural studies using
neutron reflectometry (NR), which is a surface sensitive characterization technique widely employed in the study
of supported lipid bilayers and to the study of lipid protein interactions®*2!. Previous NR studies have utilized a
range of membrane systems including tethered lipid bilayers, multilamellar bilayer stacks, and adsorbed nano-
disc films to provide suitable lipid environments to determine the structural envelope of membrane proteins?> 2.
The cell-free approach may also be applied to insert proteins into more advanced engineered membrane systems
such as these. In the case discussed here, the lack of large extracellular domains in p7 allowed a simple supported
bilayer to serve as a suitable lipid environment, thereby simplifying the NR modeling and analysis. However, pro-
teins with larger extracellular domains may benefit from coupling a cell-free protein expression approach with a
tethered bilayer or other membrane systems that separate the bilayer from the underlying support.

In this report, we used cell-free protein synthesis to directly express a therapeutically important membrane
protein target into biologically relevant single component lipid bilayers (POPC) and complex lipid mixtures
(asolectin). The p7 viroporin is a transmembrane protein essential for particle assembly and release of the hepati-
tis C virus (HCV)?*% making it a target of interest for drug development. However, the crystallographic structure
of the p7 protein has not yet been resolved and, despite EM?® and NMR?*"-3? characterizations, there are insuffi-
cient data on p7 structure in membranes to guide novel therapies. Here, we have taken an innovative approach to
obtain structural and functional information by using deuterated amino acids during the cell-free protein synthe-
sis to express deuterated p7directly into planar supported lipid bilayers. This approach allowed us to take advan-
tage of enhanced isotopic contrast between the deuterated proteins and the lipids to enable neutron reflectivity
measurements that provided a structural characterization of the protein incorporated in the lipid environment
at nanoscale resolution (Fig. 1). Further, the system was well adapted to use electrical impedance spectroscopy
to measure the transport functions of the incorporated p7 viroporin. This system enabled a large amount of p7
viroporin to be incorporated in a naturally folded configuration so as to maintain its transport functions.

Results

Neutron reflectivity from supported lipid bilayers. NR data from the supported POPC bilayer was
fit using the simplest possible model, which consisted of four layers describing the inner and outer head groups,
the lipid tail region, and a wetting layer of water between the quartz and inner lipid leaflet. For further simplicity,
the interfacial roughness between all layers was fixed to the measured roughness of the quartz substrate and the
bilayer structure was constrained to be symmetric (equivalent inner and outer head group parameters). Further,
the thicknesses and SLDs of the lipid heads were fixed to values obtained from high resolution x-ray diffraction
measurements®> %, With the constraints described, the only free parameters were the thickness of the wetting
water layer and the degree of solvent penetration into the lipid heads and tails (Table SI1). This highly constrained
model was capable of closely reproducing the measured data for all three measured contrasts: H,0, D,0 and
quartz contrast matched water (CMW) (Fig. 2A). The best fit (x> =7.7) corresponded to a full coverage bilayer
with a 4.5 A water layer between the inner head groups and the quartz substrate (Fig. 2B).

A four layer model comparable to the POPC bilayer model was used to describe the supported asolectin
bilayer. Again, interfacial roughness of all layers was fixed to the measured quartz roughness and the bilayer
structure was constrained to be symmetric. However, due to the complex mixture of lipid constituents in asolec-
tin there is no precise structural characterization from x-ray diffraction or other techniques to tightly constrain
the parameters corresponding to the lipid tail and head group moieties. In this case, the thicknesses and SLDs of
the tails and head groups were permitted to vary freely. The three contrast data sets were best fit (xy?=7.1) to a
model structurally similar to that of POPC (Fig. 3A-C). Both supported bilayers exhibited complete coverage and
comparable total thickness. The main structural differences observed were that, relative to POPC, the asolectin
tail region was significantly thinner and the head groups were thicker with a slightly higher SLD. Asolectin is a
naturally extracted soy lipid mixture containing a majority of poly-unsaturated lipids with roughly equal pro-
portions of phosphocholine (PC), phosphoethanolamine (PE), and phosphoidylinsitol (PI) head groups. Despite
the lack of a precisely defined phospholipid composition, the molecular constituents of the asolectin mixture can
explain the structural differences between the POPC and asolectin bilayers. Concerning the thickness of the tails,
a predominance of poly-unsaturated lipid tails is likely to yield a thinner tail region relative to mono-unsaturated
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Figure 1. Schematic of the cell-free preparation of supported bilayers containing p7 and NR and EIS
measurements (not to scale). Lipid bilayers were formed on solid supports and proteins were expressed and
inserted directly into the supported membranes. For NR, membranes were formed on quartz and an incident
neutron beam was transmitted through the substrate and reflected from the solid-liquid interface. The
scattering vector, gq,, is represented by the red arrow. For EIS, membranes were formed on a gold electrode used
to perform conductance measurements.

POPC. In the head group case, PI moieties are significantly bulkier and have higher carbon and oxygen content
than PC and their significant presence in asolectin will have the tendency to increase both the head group thick-
ness and SLD.

Neutron reflectivity from p7 protein inserted into lipid bilayers.  After cell-free expression of p7, the
membrane structure was modeled as a combination of area fractions of lipid bilayer, p7 protein, and water. For
simplicity, we assumed that p7 incorporation did not perturb the lipid order and all parameters corresponding
to the lipid bilayer were fixed to the values obtained in the initial bilayer fits (see supplemental information, Ta-
ble SI1). However, the models were allowed the freedom to increase the thickness of the water layer between
the substrate and the overall interfacial roughness of the membrane, which may suggest the presence of a small
amount of protein protruding into the space between the bilayer and the substrate. However, models explicitly
including such protein protrusions did not yield significant x? reductions to justify the added complexity and
additional model parameters. Any water content in the bilayer was assumed to span the membrane with a uni-
form distribution. As a first approximation, the p7 protein was described as a uniform SLD cylinder spanning the
membrane. The SLD of p7 was estimated by approximating the monomer volume as 9 nm?based on the total of
the constituent amino acid volumes, and assuming that H-D exchange with the solvent was limited to 80% of the
91 labile hydrogens due to secondary and tertiary protein structure®*. For example, the SLD of hydrogenated p7
(h-p7) was 2.56 107 *A~2in D,0 and 1.73 10 ® A2 in H,O. In the case of deuterated p7 (d-p7), the protein SLD
was calculated to be 7.61 10°5A~2in D,0 and 6.77 10~°A~2 in H,O.

Due to the <5% area fraction of protein and limited contrast between h-p7 and the lipid bilayer, NR meas-
urements of the cell-free expression of h-p7 in the presence of supported POPC bilayers did not conclusively
demonstrate protein incorporation. However, when d-p7 was expressed the enhanced contrast was sufficient
to detect and quantify the protein distribution in the bilayer (Fig. 2B). The best fit (x>*=4.7) corresponded to a
model composed of 95.3% POPC, 2.3% d-p7, and 2.5% water area fractions (Table SI2). Importantly, the pres-
ence of deuterated material in the bilayer indicates that there is minimum incorporation of the other hydrogen-
ated components of the reaction mixture into the membrane. Parameter errors were estimated by incrementally
adjusting the volume fraction of one component while allowing all other parameters to vary until the x? value of
the fit increased by 10%. This approach obtained an approximate error in the volume fractions of 1% for this
system, demonstrating the presence of d-p7 in the POPC membrane. Parameter values for the bilayer roughness
and interfacial water layer thickness did not vary significantly. Alternative models were also considered in which
there was water penetration into the bilayer but no protein (x*>= 14.0) and protein incorporation but no water
penetration (x?=7.9). These alternatives resulted in significantly higher x? values indicating that the cell-free
expression method introduced both protein and water into the bilayer. The water content can be ascribed to either
defects in the membrane or water within the p7 pore. However, since NR provides only one-dimensional struc-
tural information the technique is incapable of distinguishing between these two possibilities.

Cell-free expression of p7 in the presence of asolectin membranes resulted in significantly higher pro-
tein incorporation allowing characterization of the protein distribution for both h-p7 and d-p7 expressions
(Fig. 3D,E). For the incorporation of h-p7, the best fit (x?>=8.2) corresponded to a model composed of 70.0%
asolectin, 23.6% h-p7, and 6.4% water with an increase of the bilayer rms roughness to 6.1 A. In order to model
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Figure 2. NR data and SLD profiles for POPC supported bilayers before and after d-p7 incorporation. (A) NR
data and fits for the bilayer measured in D,O (red circles), CMW (green squares), and H,O (blue triangles).
Data is presented multiplied by g,% (B) Data and fits after d-p7 incorporation. For comparison, dotted lines are
the fits before protein incorporation. Solid lines are fits using a cylindrical protein model with a uniform SLD
distribution spanning the bilayer. Dashed lines are the best fits to the H,O data without protein (below) and
with protein but without water penetration (above). (C) SLD profiles before (dotted lines) and after (solid lines)
d-p7 incorporation. The schematic indicates the location of bilayer components and quartz interface (z=0).
(D) Magnification of the lipid tails region shows increased SLD, particularly in the H,O contrast, indicating
incorporation of d-p7 into the bilayer.

the data, an additional layer on the outer surface of the bilayer was also required. Extending approximately 4 nm
into the water, this layer was highly solvated and had an SLD comparable to the protein (0.96 1076 A~2), We
hypothesize that this layer corresponds to the hydrophilic hexa-histidine tag (His tag) residues attached to the
synthesized protein although it is not possible to rule out a small contribution from p7 amino acids protruding
outside of the bilayer. It is likely that the fits to p7 in the POPC membrane were not sensitive to this layer due to
the lower quantity of incorporated protein. A similar model was used to fit the asolectin membrane containing
d-p7. In this case the best fit (x*=10.0) was obtained for area fractions of 79.8% asolectin, 12.8% p7, and 7.4%
water and a bilayer rms roughness of 6.2 A. While the d-p7 volume fraction in the membrane was approximately
half that of h-p7, it is unclear whether the difference is due to random variation in the cell-free expression yield or
to fundamentally different expression or insertion of deuterated proteins. As in the previous case, an additional
highly hydrated 3 nm layer, corresponding to the His tag, was required. For d-p7, the 3.20 10-6 A~2 SLD of the
layer was significantly higher than the SLD of the complementary layer in the h-p7 expression consistent with the
presence of deuterated material originating from the cell-free protein expression and supporting the hypothesis
that it corresponds to the p7 His tag.

For the asolectin membrane containing d-p7, the combination of high neutron SLD contrast and large area
coverage of protein allowed more detailed analysis of the protein distribution in the membrane. To model more
complex protein structures, the constraint imposing a cylindrical protein shape was removed and the protein
SLD distribution was divided into three layers. The thickness of the three layers was fixed to match the lipid
head group and tail regions but the area fraction of protein in each layer was allowed to vary independently. The
additional parameters described allowed the model to represent cylindrical, hourglass, biconic, or conical protein
shapes. Using this model, the best fit (x*=2.7) was obtained for a truncated cone shaped protein with the wide
diameter end facing away from the substrate. Protein area fractions of the distribution were 17.4% in the outer
head groups, 13.0% in the lipid tails, and 6.2% in the inner head groups yielding a weighted average of 12.3%. All
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Figure 3. NR data and SLD profiles for asolectin bilayers before and after incorporation of either h-p7 or d-p7.
(A) Data and fits for the bilayer measured in D,O (red circles), CMW (green squares), and H,O (blue triangles).
Data is presented multiplied by g,% (B) Data and fits after h-p7 incorporation using a cylindrical protein model
with a uniform SLD distribution spanning the bilayer. (C) Data and fits after d-p7 incorporation. Dashed lines
are best fits using a cylindrical protein model and solid lines are fits using a conical protein model. (D) SLD
profiles of the asolectin bilayer before (dotted lines) and after (solid lines) h-p7 incorporation corresponding to
the fits in panels A and B. The quartz interface is at z= 0. (E) SLD profiles before (dotted lines) and after (solid
lines) d-p7 incorporation corresponding to the fits in panel A and the conical protein model fits in panel C.

other model parameters were comparable to the simpler cylindrical protein distribution model but the conical
protein distribution model resulted in a large reduction in the x? goodness of fit. Additionally, the differences in
area fraction between the three layers were significantly outside the £2.5% calculation for the parameter error for
these measurements. These results provide strong evidence for oligomerization into a conical protein shape and
preferred orientation of p7 in the membrane (Fig. 4).

Control measurements were also performed where the cell-free reaction mixture was incubated with the
bilayer in the absence of the DNA plasmid coding for the protein. These measurements were designed to distin-
guish the insertion of p7 other structural effects on the membrane induced by the reaction mixture. However, we
observed that without protein expression the cell-free reaction mixture damaged and removed the lipid bilayer.
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Figure 4. (A) Coverage of components within the asolectin and d-p7 membrane. The green curve represents
the asolectin bilayer with dashed curves depicting the tails and head groups. Coverage of d-p7 obtained from
the conical protein model is shown by the solid red line and the cylindrical protein model by the dashed red
line. The dotted line is the His tag coverage and the blue line is the water distribution. Water within the bilayer
may be attributed to either the protein pore volume or water filled bilayer defects. The quartz interface (at

z= —30) has been replaced with water for simplicity. (B-D) Assuming rotational symmetry, cross sections
of the protein conformation were calculated from the conical model. Since NR is not sensitive to in-plane
structure, the lateral dimension of the protein is arbitrary. Dashed lines indicate the central pore and vary
depending on the fraction of water attributed to the pore volume or bilayer defects. Panel B corresponds to
the protein structure in the absence of bilayer defects, panel C to 10% of the water attributed to the pore, and
panel D to zero pore volume. In panel C, the conical shape obtained here is shown overlaid with the electron
microscopy structure of p7 from Luik ef al.?.

This was inconsistent with the p7 expression results and it is unclear what interactions are responsible for this
effect.

Conductance measurements of p7 protein activity. To assess the function of p7 within the supported
bilayer, electrophysiological recordings were performed using EIS to generate a transconductance i/v relationship
under conditions mimicking those used for the NR experiments. Using an asolectin bilayer supported directly
on a gold electrode, current measurements were obtained before and after p7 protein synthesis. Membranes were
subjected to voltage ramps from —300mV to 4+-300 mV with two second duration (Fig. 5). The porin conductance
is rectifying in this lipid bilayer, with a large current at negative applied potentials and a smaller current at positive
applied potentials. Compared to the control condition, there is also greater p-p amplitude in the recorded signal
recorded for the bilayer with incorporated p7, which is further evidence of porin activity in the bilayer. These
results, coupled with the conical shape obtained from NR, strongly suggest that p7 oligomerized into a native and
functional structure within the membrane. However, it is not possible to rule out the possibility that a portion of
the protein exists in a monomeric state in the membrane.

Linear fits to the current yielded a conductance of 4,636 nS for the range —300 to —200mV. Extrapolating
from a 30pS$ single channel conductance for p7'%, these values suggest that approximately 150,000 viroporins
were incorporated in the asolectin bilayer. Using a protein area of 51.5nm?, consistent with EM?¢, and the 2.1 mm?
electrode area 4-8 x 10? proteins would be needed to match the 10-20% p7 coverage indicated by NR. Potential
sources of error in the EM results, including detergent shell and stain effects, may reduce the calculated value for
the number of proteins by as much as a factor of two. Additionally, small changes in the protein area induced by
the different lipid environments (DHPC vs. asolectin) may also introduce error in the calculation of the num-
ber of channels. Still, large differences between the EIS and NR calculations remain which may be attributed
to lower activity of p7 due to either monomeric states or to inactive channel conformation. Since macroscopic
currents were measured, conductance greatly depends on channel conformation with a reduced number of open
channels during the measurement consistent with lower observed activity. Viroporin conductance may also have
been underestimated due to the slow ramp protocol where current may decay between voltage increments®.
This behavior may explain the discrepancy between the quantity of incorporated protein consistent with the NR
results and the lower measured conductance. Additionally, the nature of the substrate supporting the lipid bilayer
may also influence protein incorporation or function. In this work, we employed substrate materials optimized
for the two different techniques: single crystal quartz for NR and gold coated electrodes for electrophysiology
measurements. Due to the different substrate materials, the bilayer deposition protocols were tuned to yield
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Figure 5. Electrophysiology recordings of an asolectin membrane on a gold electrode, before and after p7
expression. Linear regression is shown as a red line. Root mean square (rms) noise reflects membrane activity.
(A) I/V plot of responses recorded 2 s post pulse initiation for control (B) I/V plot of responses recorded 2 s post
pulse initiation after p7 protein expression.

structurally similar and high coverage bilayers for both cases. While vesicle fusion deposition formed high cov-
erage lipid bilayers on quartz, this method was not well suited for gold substrates and solvent exchange was used
instead?®. This approach yielded generally comparable model supported bilayer systems but the different deposi-
tion protocols and substrate materials may result in small differences in the structure and properties between the
bilayers. For example, van der Waals interactions and the degree of inner head group hydration differ depending
on the substrate® and can impact the lateral diffusion of membrane proteins*®*!. It is possible that such pertur-
bations to supported bilayer properties may impact protein integration via cell-free expression as well as decrease
protein activity.

Discussion

Cell-free expression in the presence of a supported membrane has been used to study membrane-protein inter-
actions but has been unable to provide information about protein conformation or structure**~**. Here, NR
coupled with cell-free expression demonstrated the expression of membrane protein (p7) directly into lipid
bilayers and obtained details of the protein structure and conformation with sub-nanometer resolution (Fig. 4).
Electrophysiological measurements also indicated p7 activity demonstrating that the inserted protomers oli-
gomerize within the membrane plane and form functional proteins. The structural data obtained by NR are the
first data reported for the p7 protein genotype la (H77 strain) and the first in a biologically relevant lipid envi-
ronment. Further, use of deuterated amino acids provided increased neutron scattering contrast and unambigu-
ously determined material in the bilayer corresponding to the synthesized protein. This approach can be further
developed by expressing proteins where only specific amino acids are isotopically labeled and performing a series
of neutron measurements, using either reflectivity or small angle scattering, to more precisely map out protein
structures and conformations.

Most of the previously reported structural data on p7 were obtained using detergents or solvents that may
perturb the protein structure. It is known that lipid environment influences p7 structure and function and this
may explain discrepancies between reported p7 structures®. The motivation for choosing the lipids used here was
that (i) POPC is a simple single component model system and is most representative of endoplasmic reticulum
membranes® where p7 is preferentially located during the viral cycle*~>°, and (ii) asolectin is a more complex bio-
logically relevant mixture, consisting of equal proportions of zwitterionic PC and anionic PS and PI head groups,
which has been used previously for patch clamp characterization of p7 ion channel activity®. Significantly higher
incorporation of p7 protein into asolectin bilayers, compared to POPC bilayers, was observed highlighting the
importance of lipid composition for protein insertion. The increased integration into asolectin may be attributed
to electrostatic interactions with PS and PI or the greater separation between the asolectin membrane and the
underlying quartz surface.

Although high resolution crystallography of p7 has not been obtained, numerous structural studies by NMR*”
28,30.31. 51 and EM?® have been performed. Here, we observed that the viroporin adopts a conical shape in an
asolectin bilayer (Fig. 4B-D) consistent with the helical tilt of genotype 1b (strain J4) obtained by NMR* and
the structure of p7 hexamer 2a (strain JFH-1) obtained by EM? (Fig. 4C). The observation of a conical shape
also indicates a preferred protein orientation suggesting a specific protein insertion mechanism. This finding is
consistent with the cell-free expression and unidirectional insertion of connexin 43 into liposomes®?. The His
tag fused to the protein’s N-terminus extended 3 nm on one side of the lipid bilayer further indicating preferred
protein orientation and suggesting that the N-terminus is located at the wide face of the conical protein. The
N-terminal position of genotype la reported here is in agreement with the homologous structures of genotypes
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2a JFH1%%% and 1b J4°! but conflict with the NMR structure of genotype 5a*’. Simulations have suggested that
conical p7 conformations were an artifact due to interactions with short chain DHPC lipids and that a cylindrical
conformation was adopted in longer chain membranes®*. The conical shape observed in asolectin, which has a
membrane thickness more consistent with POPC than the short chained DHPC, suggests that the conical struc-
ture of p7 is not obtained only in thin membranes and that the protein adopts a conical structure in biologically
relevant lipid bilayers.

Methods

p7 cell-free expression. The p7 protein sequence from HCV strain H77 genotype 1a was synthesized by
DNAZ2.0. The gene was cloned directly into a pIVEX2.4d (Roche Applied Science) using Ndel/XholI restriction
sites. Cell-free expression was performed according to Soranzo et al.'s. Here, mixtures of either hydrogenated or
deuterated amino acids (4.08 mg/mL) were used to express isotopically labelled proteins. Expressions reactions
were performed at 30 °C for 9 hrs for NR and 6 hrs for electrophysiology measurements.

Supported lipid bilayer preparation for NR.  Single crystal quartz substrates (10 x 5 x 1 cm) with 4 A
rms roughness were obtained from Mark Optics (Santa Ana, CA). Substrates were sonicated in detergent solution,
rinsed with Millipore water followed by pure ethanol before being dried under a nitrogen stream. Immediately
before use the substrates were UV-ozone treated for 30 minutes and assembled within solid-liquid interface
cells maintained at 30 °C. Bilayers were deposited by the vesicle fusion method using either POPC (Avanti Polar
Lipids) or asolectin (Sigma Aldrich). Lipid solutions were prepared in chloroform, evaporated under vacuum,
and rehydrated with ultrapure water (18.2 M(Q) to a concentration of 0.5 mg/mL. Probe tip sonication was used
to yield small unilamellar vesicles which were incubated with the substrate for 30 min before flushing with buffer.
To incorporate p7, cell-free reaction solution was incubated with the supported lipid bilayer for 9h at 30°C and
flushed with buffer before measurements. An HPLC pump (Knauer Smartline 1000) was used to flow solution
for 10 min at a rate of 2 mL/min through the solid-liquid interface cell (volume ~2 mL) for all solution exchanges.

Neutron reflectivity. Reflectivity, R, is defined as the ratio of neutrons specularly scattered from a surface to
that of the incident beam and is measured as a function of the momentum transfer vector q, =4 w sinf/ X where
0 is the angle of incidence and A is the wavelength of the beam. The resulting R vs g, profile can be analyzed to
obtain a one dimensional scattering length density (SLD) profile normal to the surface and averaged within its
plane. SLD profiles derived from NR describe the density and isotopic composition of the sample as a function
of depth with sub-nm resolution and can be parameterized by the thickness, SLD, and roughness of a series of
layers normal to the substrate. A SLD profile corresponding to the measured data was obtained by minimizing
the difference between the measured reflectivity and one calculated from a modeled SLD distribution. NR meas-
urements were performed on FIGARO, a time of flight reflectometer at the Institut Laue-Langevin (Grenoble,
France). Momentum transfer ranges of 0.008 > g, > 0.2 A~! and minimum reflectivities of R ~ 5 x 107 were
measured using wavelengths X\ =2-20 A, two angles of incidence and a dq,/q, resolution of 10%. Measurements
were performed in 10mM Tris pH 7.5 and 500 mM KClI buffers with three isotopic contrasts: H,0, D,O and con-
trast matched water (CMW), a 62:38 H,0:D,0 mixture to match the quartz SLD (4.18 10 A2,

NR data were analyzed by minimizing the difference between the measured reflectivity profile and that calcu-
lated for a real space description of the membrane. Using the Parratt formalism, models consisting of a series of
n layers of constant SLD were used to describe the SLD distribution. Error functions connecting adjacent layers
were used to describe interfacial roughness. All fits were performed using custom written analysis code to enable
complex constraints between layer parameters and co-refinement of the data recorded with three different SLD
contrasts of water.

Measurements of p7 conductance. For p7 conductance measurements, supported bilayers were formed
by the solvent exchange method*. Briefly, the lipids were solubilized at 10 mg/ml in 100% ethanol and incubated
for 5min on a clean gold electrode surface (3 mm x 0.7 mm) before flushing with buffer solution (10 mM Tris pH
7.5, 500 mM KCl). The gold surface was part of a tethaPLATE system (SDx Tethered Membranes) without the
self-assembled tethering monolayer. The tethaPLATE was connected to a tethaPATCH system (SDx Tethered
Membranes) and a potentiostat (eDAQ, ER466) operating with a bandwidth of 100 kHz. The lipid bilayers were
stimulated by voltage ramps (2 s duration) in the —300mV to 4300 mV range generated using Echem (v4.0.13,
eDAQ) software. Direct incorporation of p7 into the bilayer using cell-free expression was performed using the
same approach as in the NR studies. Conductance of the bilayer, with and without the incorporation of p7, was
obtained from the current/voltage relationships.

References
1. Stock, D, Leslie, A. G. & Walker, J. E. Molecular architecture of the rotary motor in ATP synthase. Science 286, 1700-5 (1999).
2. Toyoshima, C., Nakasako, M., Nomura, H. & Ogawa, H. Crystal structure of the calcium pump of sarcoplasmic reticulum at 2.6A
resolution. Nature 405, 647-55 (2000).
. Palczewski, K. et al. Crystal Structure of Rhodopsin: A G Protein — Coupled Receptor. Science. 289, 739-745 (2000).
4. Jensen, M. & Mouritsen, O. G. Lipids do influence protein function — the hydrophobic matching hypothesis revisited. Biochim.
Biophys. Acta 1666, 205-226 (2004).
5. Jiang, Q. X. & Gonen, T. The influence of lipids on voltage-gated ion channels. Curr. Opin. Struct. Biol. 22, 529-536 (2012).
6. Whitfield, T. et al. The influence of different lipid environments on the structure and function of the hepatitis C virus p7 ion channel
protein. Mol. Membr. Biol. 28, 254-264 (2011).
7. Chalmeau, J., Monina, N., Shin, J., Vieu, C. & Noireaux, V. a-Hemolysin pore formation into a supported phospholipid bilayer using
cell-free expression. Biochim. Biophys. Acta - Biomembr 1808, 271-278 (2011).
8. Sumino, A., Sumikama, T., Iwamoto, M., Dewa, T. & Oiki, S. The Open Gate Structure of the Membrane-Embedded KcsA Potassium
Channel Viewed From the Cytoplasmic Side. Sci. Rep. 3, 1063 (2013).
9. Tanaka, M. & Sackmann, E. Polymer-supported membranes as models of the cell surface. Nature 437, 656-63 (2005).

w

SCIENTIFICREPORTS|7:3399 | DOI:10.1038/541598-017-03472-8 8



www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.
23.
24.
25.
26.
27.
. Cook, Ga & Opella, S. J. NMR studies of p7 protein from hepatitis C virus. Eur. Biophys. J. 39, 1097-104 (2010).
29.
30.
31.
32.
33.
34.
. Perkins, S.J. Protein volumes and hydration effects. Eur. J. Biochem. 157, 169-180 (1986).
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.

46.

47.
48.

49.
50.
51.

52.

Castellana, E. T. & Cremer, P. S. Solid supported lipid bilayers: From biophysical studies to sensor design. Surf. Sci. Rep. 61, 429-444
(2006).

Rigaud, J., Chami, M., Lambert, O., Levy, D. & Ranck, J. Use of detergents in two-dimensional crystallization of membrane proteins.
1508, 112-128 (2000).

Studer, A., Demarche, S., Langenegger, D. & Tiefenauer, L. Integration and recording of a reconstituted voltage-gated sodium
channel in planar lipid bilayers. Biosens. Bioelectron. 26, 1924-1928 (2011).

Seddon, A. M., Curnow, P. & Booth, P. ]. Membrane proteins, lipids and detergents: not just a soap opera. Biochim. Biophys. Acta
1666, 105-117 (2004).

Kai, L. et al. Preparative Scale Production of Functional Mouse Aquaporin 4 Using Different Cell-Free Expression Modes. PLoS One
5,2-9(2010).

Klammt, C. et al. Cell-free production of G protein-coupled receptors for functional and structural studies. J. Struct. Biol. 158,
482-493 (2007).

Deniaud, A., Liguori, L., Blesneac, 1., Lenormand, J.-L. & Pebay-Peyroula, E. Crystallization of the membrane protein hVDAC1
produced in cell-free system. Biochim. Biophys. Acta 1798, 1540-6 (2010).

Long, A.R,, Brien, C. C. O. & Alder, N. N. The Cell-Free Integration of a Polytopic Mitochondrial Membrane Protein into Liposomes
Occurs Cotranslationally and in a Lipid-Dependent Manner. PLoS One 7, e46332 (2012).

Soranzo, T. et al. Functional characterization of p7 viroporin from hepatitis C virus produced in a cell-free expression system.
Protein Expr. Purif. 118, 83-91 (2016).

Sachse, R., Dondapati, S. K., Fenz, S. E,, Schmidt, T. & Kubick, S. Membrane protein synthesis in cell-free systems: from bio-mimetic
systems to bio-membranes. FEBS Lett. 588, 2774-81 (2014).

Wacklin, H. P. Neutron reflection from supported lipid membranes. Curr. Opin. Colloid Interface Sci. 15, 445-454 (2010).

Datta, Sa. K. et al. HIV-1 Gag extension: Conformational changes require simultaneous interaction with membrane and nucleic acid.
J. Mol. Biol. 406, 205-214 (2011).

Heinrich, F. & Losche, M. Zooming in on disordered systems: Neutron reflection studies of proteins associated with fluid
membranes. Biochim. Biophys. Acta 1838, 2341-2349 (2014).

Bertram, N. et al. Nanodisc Films for Membrane Protein Studies by Neutron Reflection: Effect of the Protein Scaffold Choice.
Langmuir 31, 8386-8391 (2015).

Steinmann, E. et al. Hepatitis C virus p7 protein is crucial for assembly and release of infectious virions. PLoS Pathog. 3, 0962-0971
(2007).

Jones, C. T., Murray, C. L., Eastman, D. K,, Tassello, J. & Rice, C. M. Hepatitis C Virus p7 and NS2 Proteins Are Essential for
Production of Infectious Virus. J. Virol. 81, 8374-8383 (2007).

Luik, P. et al. The 3-dimensional structure of a hepatitis C virus p7 ion channel by electron microscopy. PNAS 106, 12712-12713
(2009).

OuYang, B. et al. Unusual architecture of the p7 channel from hepatitis C virus. Nature 498, 521-5 (2013).

Cook, Ga, Stefer, S. & Opella, S. J. Expression and purification of the membrane protein p7 from hepatitis C virus. Biopolymers 96,
32-40 (2011).

Montserret, R. et al. NMR structure and ion channel activity of the p7 protein from hepatitis C virus. J. Biol. Chem. 285, 31446-31461
(2010).

Cook, Ga, Dawson, L. A, Tian, Y. & Opella, S. J. Three-Dimensional Structure and Interaction Studies of Hepatitis C Virus p7 in
1,2-Dihexanoyl- sn -glycero-3-phosphocholine by Solution Nuclear Magnetic Resonance. Biochemistry 52, 5295-5303 (2013).
Foster, T. L. et al. Structure-guided design affirms inhibitors of hepatitis C virus p7 as a viable class of antivirals targeting virion
release. Hepatology 59, 408-22 (2014).

Kucerka, N., Nieh, M. P. & Katsaras, J. Fluid phase lipid areas and bilayer thicknesses of commonly used phosphatidylcholines as a
function of temperature. Biochim. Biophys. Acta - Biomembr. 1808, 2761-2771 (2011).

Nagle, J. E. & Tristam-Nagle, S. Structure of lipid bilayers. Biochim. Biophys. Acta 1469, 159-195 (2000).

Efimova, Y. M., Wierczinski, B., Haemers, S. & Well, A. A. V. Changes in the secondary structure of proteins labeled with 125 I CD
spectroscopy and enzymatic activity studies. J. Radioanal. Nucl. Chem. 264, 91-96 (2005).

Cranfield, C. G. et al. Transient potential gradients and impedance measures of tethered bilayer lipid membranes: Pore-forming
peptide insertion and the effect of electroporation. Biophys. J. 106, 182-189 (2014).

Tabaei, S. R., Choi, ].-H., Haw Zan, G., Zhdanov, V. P. & Cho, N.-]. Solvent-Assisted Lipid Bilayer Formation on Silicon Dioxide and
Gold. Langmuir 30, 10363-10373 (2014).

Tero, R. Substrate Effects on the Formation Process, Structure and Physicochemical Properties of Supported Lipid Bilayers.
Materials. 5, 2658-2680 (2012).

Ramadurai, S., Duurkens, R., Krasnikov, V. V. & Poolman, B. Lateral Diffusion of Membrane Proteins: Consequences of
Hydrophobic Mismatch and Lipid Composition. Biophys. J. 99, 1482-1489 (2010).

Yuan, C., Connell, R. J. O, Jacob, R. E,, Mason, R. P. & Treistman, S. N. Regulation of the Gating of BK Ca Channel by Lipid Bilayer
Thickness. J. Biol. Chem. 282, 7276-7286 (2007).

Zieleniecki, J. L. et al. Cell-Free Synthesis of a Functional Membrane Transporter into a Tethered Bilayer Lipid Membrane. Langmuir
32, 2445-2449 (2016).

Robelek, R. et al. Incorporation of In Vitro Synthesized GPCR into a Tethered Artificial Lipid Membrane System. Angew. chemie 46,
605-608 (2007).

Coutable, A. ef al. Preparation of Tethered-Lipid Bilayers on Gold Surfaces for the Incorporation of Integral Membrane Proteins
Synthesized by Cell- Free Expression. Langmuir 30, 3132-3141 (2014).

Davison, S. C. & Wills, E. D. Studies on the lipid composition of the rat liver endoplasmic reticulum after induction with
phenobarbitone and 20-methylcholanthrene. Biochem. J. 140, 461-468 (1974).

Vieyres, G. et al. Subcellular Localization and Function of an Epitope-Tagged p7 Viroporin in Hepatitis C Virus-Producing Cells. J.
virol 87, 1664-1678 (2013).

Popescu, C.-I., Rouill¢, Y. & Dubuisson, J. Hepatitis C virus assembly imaging. Viruses 3, 2238-54 (2011).

Popescu, C.-I. et al. NS2 protein of hepatitis C virus interacts with structural and non-structural proteins towards virus assembly.
PLoS Pathog. 7,e1001278 (2011).

Griffin, S., Clarke, D., McCormick, C., Rowlands, D. & Harris, M. Signal peptide cleavage and internal targeting signals direct the
hepatitis C virus p7 protein to distinct intracellular membranes. J. Virol. 79, 15525-15536 (2005).

Hagshenas, G., Mackenzie, J. M., Dong, X. & Gowans, E. ]. Hepatitis C virus p7 protein is localized in the endoplasmic reticulum
when it is encoded by a replication-competent genome. J. Gen. Virol. 88, 134-142 (2007).

Foster, T. L. et al. Structure-Guided Design Affirms Inhibitors of Hepatitis C Virus p7 as a Viable Class of Antivirals Targeting Virion
Release. Hepatology 59, 408-422 (2014).

Moritani, Y., Nomura, S. M., Morita, I. & Akiyoshi, K. Direct integration of cell-free-synthesized connexin-43 into liposomes and
hemichannel formation. FEBS J. 27, 3343-3352 (2010).

SCIENTIFICREPORTS|7:3399 | DOI:10.1038/541598-017-03472-8 9



www.nature.com/scientificreports/

53. Carrére-kremer, S. et al. Subcellular Localization and Topology of the p7 Polypeptide of Hepatitis C Virus. J. Virol. 76, 3720-3730
(2002).

54. Chandler, D. E., Schulten, K. & Chipot, C. The p7 Protein of Hepatitis C Virus Forms Structurally Plastic, Minimalist Ion Channels.
PLoS Comput. Biol. 8,28-33 (2012).

Acknowledgements

This work was supported by a CIFRE (Conventions Industrielles de Formation par la Recherche) convention
number 2011/0251 of the ANRT (Association Nationale de la Recherche et I'innovation Technologique) and
Synthelis SAS. We thank the Institut Laue-Langevin for allocation of neutron beam time on FIGARO, Trevor
Forsyth at the Institut Laue-Langevin for providing deuterated amino acids, and Craig M. Coady for help with
graphic design.

Author Contributions

E.B.W. and T.S. designed the experiments and contributed equally to the work. T.S. and J.L. prepared the cell-
free expression components and performed the biochemical characterization of the protein. E.B.W. performed
the neutron reflectometry measurement and data analysis. T.S. performed the E.L.S. measurements and D.K.M.
analyzed the data. All authors contributed to interpretation of the results and to writing and revision of the
manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03472-8

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:3399 | DOI:10.1038/541598-017-03472-8 10


http://dx.doi.org/10.1038/s41598-017-03472-8
http://creativecommons.org/licenses/by/4.0/

	Coupling neutron reflectivity with cell-free protein synthesis to probe membrane protein structure in supported bilayers

	Results

	Neutron reflectivity from supported lipid bilayers. 
	Neutron reflectivity from p7 protein inserted into lipid bilayers. 
	Conductance measurements of p7 protein activity. 

	Discussion

	Methods

	p7 cell-free expression. 
	Supported lipid bilayer preparation for NR. 
	Neutron reflectivity. 
	Measurements of p7 conductance. 

	Acknowledgements

	Figure 1 Schematic of the cell-free preparation of supported bilayers containing p7 and NR and EIS measurements (not to scale).
	Figure 2 NR data and SLD profiles for POPC supported bilayers before and after d-p7 incorporation.
	Figure 3 NR data and SLD profiles for asolectin bilayers before and after incorporation of either h-p7 or d-p7.
	Figure 4 (A) Coverage of components within the asolectin and d-p7 membrane.
	Figure 5 Electrophysiology recordings of an asolectin membrane on a gold electrode, before and after p7 expression.




