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Supplementary Methods
Protein expression and purification
The p7(5a) protein was expressed in E. Coli BL21 (DE3) cells as a fusion to His9-trpLE in the pMMLR6 vector (gift from S.C. Blacklow, Harvard Medical School, Boston). Transformed BL21(DE3) cells
were inoculated in M9 minimal medium and grown at 37°C to OD600 ~ 0.7 and cooled to 25°C for
overnight induction with 150 mM IPTG. Inclusion bodies were extracted with buffer containing 6 M
guanidine HCl, 50 mM Tris (pH 8.0), 200 mM NaCl, 1% Triton X-100. The cleared lysate was bound
to a Ni2+ affinity column (Sigma) and washed with the same buffer described above. The His9-trpLE-p7
fusion protein was then eluted from the Ni2+ column with 6 M guanidine HCl, 50 mM Tris (pH 8.0), 200
mM NaCl, and 400 mM imidazole at room temperature. The eluted protein was precipitated by dialysis
against water, and the precipitants were then digested with CNBr in 70% formic acid (1 hr, 0.2 g/ml) to
release the p7(5a) peptide from trpLE. The cleaved products were dialyzed against water, lyophilized,
and loaded onto a C18 column (Proto) in 100% formic acid. The column was first washed with Buffer A
(40% acetonitrile, 0.1% trifluoroacetic acid (TFA)), and then the peptides were separated using a
gradient of 0–60% Buffer B (60% acetonitrile, 0.1% TFA) (Supplementary Fig. 9). The overall yield is
roughly 5 mg/L. NMR samples were prepared by dissolving 1–2 mg of lyophilized p7 peptide in 6 M
guanidine and DPC and refolded by dialysis against the NMR buffer.
Rimantadine titration experiment for p7(5a) oligormer
The major challenge of measuring dissociation constant (Kd) for a hydrophobic drug such as rimantadine
in detergent solution is the strong partitioning of drug to free micelles, which effectively reduces the
drug concentration available to protein. We first measured binding of rimantadine to p7(5a) by
Isothermal Titration Calorimetry (ITC). The advantage of ITC is that we can use lower protein and
detergent concentrations than what are required for NMR experiments, thus more meaningful estimation
of the drug concentration. The protein samples used for ITC are essentially a diluted version of the NMR
sample, which consists of 25 mM MES (pH 6.5), 3 mM DPC, and 20 µM p7 (monomer). We first
observed the typical binding saturation profile for p7(5a) (Supplementary Fig. 4a). We then tested the
effect of a F20L mutation on rimantadine binding. In p7 (strain BK; genotype 1b), residue 20 is a
leucine and the L20F mutation was identified originally in clinical trials to confer amantadine or
rimantadine resistance1,2.

Our structural data in Fig. 3 suggest that the L20F mutation would

significantly reduce hydrophobic interaction between p7(1b) and the drug. Conversely, it is expected
that the F20L mutation in p7(5a) should increase rimantadine binding, and the
data
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sample, which consists of 25 mM MES (pH 6.5), 3 mM DPC, and 20 µM p7 (monomer). We first
observed the typical binding saturation profile for p7(5a) (Supplementary Fig. 4a). We then tested the
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effect of a F20L mutation on rimantadine binding. In p7 (strain BK; genotype 1b), residue 20 is a
leucine and the L20F mutation was identified originally in clinical trials to confer amantadine or
rimantadine resistance1,2.

Our structural data in Fig. 3 suggest that the L20F mutation would

significantly reduce hydrophobic interaction between p7(1b) and the drug. Conversely, it is expected
that the F20L mutation in p7(5a) should increase rimantadine binding, and the ITC data for the F20L
mutant indeed shows this effect (Supplementary Fig. 4b). This result further validates the NMRderived amantadine or rimantadine binding site reported in this paper. Because there are six such sites
in the hexamer structure, we used stoichiometry of one drug to one p7 monomer to fit the ITC data and
found Kd for rimantadine binding to the p7(5a) wildtype (WT) and the F20L mutant to be 63.6 and 13.2
µM, respectively.
We also performed detailed NMR titration experiment using a (15N/13C)-labeled sample with 80
mM DPC and 0.25 mM p7(5a) (monomer concentration), which was optimized for the lowest
detergent/protein ratio where high resolution NMR spectroscopy was feasible. Two-dimensional 1H-15N
TROSY-HSQC and methyl HSQC were recorded at rimantadine concentrations of 0, 1, 2, 4, and 8 mM
(Supplementary Fig. 5). The chemical shift changes clearly followed a binding curve but did not
saturate even at 8 mM. The large discrepancy in binding saturation with the ITC experiment above is
due to the very different detergent concentrations used between the two experiments. In principle,
because neither the protein nor rimantadine are water soluble, they reside almost completely in the
detergent phase, and thus their effective concentrations need to be scaled by (total volume / detergent
volume), or Vtot/Vdet. Furthermore, if the drug partitions preferentially to a particular region of the
detergent micelles, e.g., rimantadine partitions between the phosphocholine headgroup and the acyl
chain3, the estimation of Kd is even much more complicated.
We nevertheless conducted another NMR titration experiment using a sample with protein and
detergent concentrations very similar to those used in the ITC experiments: 38 µM p7 (monomer) and 3
mM DPC. In this sample, the protein is ALV-labeled – 1H-,

13

C-labeled at the methyl positions of

alanines, valines and leucines but is otherwise deuterated. This isotope labeling scheme removes the
one-bond

13

C-13C J coupling to permit the use of the more sensitive regular carbon evolution (as

opposed to the constant-time carbon evolution) and minimizes dipolar relaxation by deuteration. The
above sample optimization, combined with the use of cryogenic NMR probe, enabled acquisition of 1H13

C HSQC spectra at micromolar protein concentration. As anticipated of the use of much lower

detergent concentration, rimantadine titration led to a much faster saturation of chemical shift changes
(see specific movements of the resolved peaks for the methyl groups of Val25 and Val53 in
Supplementary Fig. 5c). Fitting of NMR titration data as in the ITC experiment yielded apparent Kd of
96.5 and 46.9 µM for Val25 γ2 and Val53 γ1 methyl groups, respectively. These values are in good
agreement with the ITC experiment (see Supplementary Fig. 4a).
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C HSQC spectra at micromolar protein concentration. As anticipated of the use of much lower
detergent concentration, rimantadine titration led to a much faster saturation of chemical shift changes
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(see specific movements of the resolved peaks for the methyl groups of Val25 and Val53 in
Supplementary Fig. 5c). Fitting of NMR titration data as in the ITC experiment yielded apparent Kd of
96.5 and 46.9 µM for Val25 γ2 and Val53 γ1 methyl groups, respectively. These values are in good
agreement with the ITC experiment (see Supplementary Fig. 4a).
Negative-stain EM of the reconstituted p7(5a) oligomer
We examined channel formation of p7(5a) in DPC micelles by negative stain EM. We applied 4 µL of a
200 nM p7 protein solution in 3 mM DPC, 25 mM MES, pH 6.5 to a hydrophilic glow discharged
copper grid coated with a thin carbon film. The sample was blotted after soaking for 20 seconds and
washed 3 times with water and once with stain (0.8% Uranyl formate pH 5.0). Stain was applied for one
minute, and excess stain solution was removed by vacuum aspiration. A total of 30 images were
recorded on a Philips Tecnai-12 electron microscope equipped with a LaB6 filament and a 4K × 4K
Gatan CCD detector. The microscope was operated using low dose procedures at a magnification of
100,000 ×, de-focus to ~0.6 µm, with an acceleration voltage of 80 kV to maximize contrast. Images
were binned by 2 × 2 pixels, for a final 1.8 Å /pixel resolution.
Image processing, particle selection and image alignment and classification were performed
using the EMAN2 program suit4 (Supplementary Fig. 3a-d). We selected a total of 817 raw particle
images using four circularly averaged internal templates. Templates were handpicked from the images
and centered in an area of 10 × 10 nm. Particles sizes varied from 4 to 7 nm due to the presence of
multiple orientations as well as the resolution-limiting effect of the stain grain used in our study. Raw
particle images were CTF corrected and subjected to 20 cycles of alignment and classification into 15
output classes.

Representative class averages corresponding to ‘top’ and ‘side’ projections were

compared to the projection images obtained using the previously reported 16 Å EM 3D reconstitution
map of the p7(2a) hexamer in DHPC micelles and the 16 Å map calculated from our NMR structure.
Projections with the highest normalized cross-correlation values are compared side by side in
Supplementary Fig. 3e.
Docking amantadine into the p7(5a) channel using protein-drug NOE restraints
We used a total of eight protein-amantadine distance restraints, derived from the eight NOEs shown in
Fig. 3a&b, to dock the amantadine into the p7(5a) channel structure. In this experiment, the hexamer
structure was used as a starting model, which was refined using the XPLOR-NIH protocol described in
METHODS against protein-drug NOE restraints and structural restraints acquired for the drug-free
channel. In doing so, we assumed that amantadine binding does not significantly alter the protein
conformation. Although this assumption may not be correct, i.e., drug binding could alter the global
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conformation, we believe that the local structural details of the amantadine binding site as provided by

We used a total of eight protein-amantadine distance restraints, derived from the eight NOEs shown in
Fig. 3a&b, to dock the amantadine into the p7(5a) channel structure. In this experiment, the hexamer
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structure was used as a starting model, which was refined using the XPLOR-NIH protocol described in
METHODS against protein-drug NOE restraints and structural restraints acquired for the drug-free
channel. In doing so, we assumed that amantadine binding does not significantly alter the protein
conformation. Although this assumption may not be correct, i.e., drug binding could alter the global
conformation, we believe that the local structural details of the amantadine binding site as provided by
the calculated structures are reasonably accurate because the protein-drug NOE restraints did not
conflict with any of the protein structural restraints.
Whole-cell channel recording assay
p7 cRNA synthesis and microinjection

p7 cDNA for various mutants were synthesized by recursive

PCR and amplified by primers with restriction sites for BglII (5’ end) and SalI (3’ end) enzymes5. The
amplified fragments were then cut by the two enzymes and cloned into expression vector pNWP (kindly
provided by Fei Jian) with a SP6 promoter. The plasmid was linearized by NotI digestion and
transcribed in vitro to cRNA following the manual of the mMESSAGE mMACHINE high-yield capped
RNA transcription SP6 Kit (Ambion)6. For protein expression in oocytes, 15 ng of cRNA were injected
into one oocyte with Micro 4TM Microsyringe Pump Controller (World Precision Instrument).
Oocyte preparation and voltage clamping
described previously6,7.

Oocytes were obtained from Xenopus Laevis by surgery as

Briefly, pieces of ovary from female frogs were dissected and then

defolliculated by treatment with collagenase (Sigma). Oocytes injected with cRNA were incubated at 18
°C in standard ND96 solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 5 mM HEPES
and 2.5 mM sodium pyruvate, adjusted to pH 7.4 with NaOH) for 16~30 hours before current recording.
Higher amount of cRNA injection or longer incubation time caused death of oocytes. Whole-oocyte
currents were recorded using the standard two-electrode voltage clamp technique (OC-725C, Warner
Instrument Corp.). The oocytes were bathed in a chamber of ~1.4 ml ORi solution (90 mM NaCl, 2 mM
KCl, 2 mM CaCl2, and 5 mM MOPS, pH 7.4) at room temperature (~22 °C) and impaled with
microelectrodes filled with 3 M KCl (tip resistance of 1-5 MΩ). Currents were generated by applying
the rectangular voltage protocol from −100 to +80 mV in 10 mV increments with a holding voltage of
−60 mV, and analyzed by the pCLAMP 10.0 software package (Axon Instruments).
Current measurements and validation of the functional assay

p7 from two genotypes, p7(5a) from

strain EUH1480 and p7(2a) from strain JFH-1, were initially used for current recording. Water injected
oocytes were used as a negative control (NC). Overexpression of p7(5a) unfortunately caused damage
to oocyte membrane that led to high frequency of oocyte death, whereas oocytes expressing p7(2a) are
generally in good condition and produced stable currents. We thus used p7(2a) and its mutants for
performing systematic measurements of p7-mediated currents.
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Current measurements and validation of the functional assay

p7 from two genotypes, p7(5a) from
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strain EUH1480 and p7(2a) from strain JFH-1, were initially used for current recording. Water injected
oocytes were used as a negative control (NC). Overexpression of p7(5a) unfortunately caused damage
to oocyte membrane that led to high frequency of oocyte death, whereas oocytes expressing p7(2a) are
generally in good condition and produced stable currents. We thus used p7(2a) and its mutants for
performing systematic measurements of p7-mediated currents.
We first found that oocytes injected with p7(2a) cRNA exhibited large, outward current that is
distinct from the small, non-specific currents from the NC oocytes (Supplementary Fig. 10a).
Moreover, p7(2a)-mediated current in the ooctye is sensitive to Na+/K+ composition in the ORi solution
(Supplementary Fig. 10b), consistent with earlier reports that the p7 channel is permeable to cations
such as Na+ and K+8,9.
We then injected cRNA of the N-terminal HA-tagged p7(2a) into the oocytes and examined
protein expression and localization by confocal microscopy. The oocytes expressing HA-tagged p7(2a)
showed currents similar to those expressing p7(2a). After current recording, the oocytes that expressed
HA-tagged p7(2a) were fixed with 5% paraformaldehyde and immuno-labeled with anti-HA (1:100
dilution) antibody (Sigma). The immuno-labeled oocytes were then monitored using a TCS SP2
confocal microscope (Leica Microsystems). The fluorescent images clearly show p7(2a) expression and
localization in the cell membrane (Supplementary Fig. 11).
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Supplementary Table 1 NMR and refinement statistics for the p7(5a) hexamer
p7(5a) hexamer
NMR distance and dihedral constraints
Distance constraints
Intramonomer
Short-range (|i – j| ≤ 4)
Long-range (|i – j| ≥ 5)
Intermonomer
Total dihedral angle restraints
φ (TALOS)
ψ (TALOS)
Total RDCs
Backbone NH
Structure statistics a
Violations (mean ± s.d.)
Distance constraints (Å)
Dihedral angle constraints (º)
RDC constraints (Hz)
Deviations from idealized geometry
Bond lengths (Å)
Bond angles (º)
Impropers (º)
Average pairwise r.m.s. deviation (Å) b
Heavy
Backbone
	
  

a

224 x 6
224 x 6
0
24 x 6
78 x 6
39 x 6
39 x 6
49 x 6
49 x 6

0.065 ± 0.003
3.033 ± 0.064
2.721 ± 0.023
0.004 ± 0.000
0.697 ± 0.006
0.685 ± 0.008
1.180
0.739

Statistics are calculated and averaged over an ensemble of the 15 lowest energy structures.

b

The precision of the atomic coordinates is defined as the average r.m.s. difference between the 15 final
structures and their mean coordinates. The calculation only includes the structured regions of the
protein: residues 5-16, 20-41, and 48-58.
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Genotype
5a*
1a
1b
1c
2a
2b
2c
3a
3b
4a
5a
6a
6b
6d
7a

EUH1480
H77
BK
HC-G9
JFH-1
HC-J8
BEBE1
NZL1
Tr-Kj
ED43
EUH1480
EUHK2
Th580
VN235
QC69

1
10
20
30
40
50
60
|
|
|
|
|
|
|
GAKNVIVLNAASAAGNHGFFWGLLVVTLAWHVKGRLVPGATYLSLGVWPLLLVRLLRPHRALA
ALENLVILNAASLAGTHGLVSFLVFFCFAWYLKGKWVPGAVYTFYGMWPLLLLLLALPQRAYA
ALENLVVLNSASVAGAHGILSFLVFFCAAWYIKGRLVPGATYALYGVWPLLLLLLALPPRAYA
ALENLIVLNAASLVGTHGIVPFFIFFCAAWYLKGKWAPGLAYSVYGMWPLLLLLLALPQRAYA
ALEKLVVLHAASAANCHGLLYFAIFFVAAWHIRGRVVPLTTYCLTGLWPFCLLLMALPRQAYA
ALEKLIILHSASAASANGPLWFFIFFTAAWYLKGRVVPVATYSVLGLWSFLLLVLALPQQAYA
ALEKLVILHAASAASSNGLLYFILFFVAAWCIKGRAVPMVTYTLLGCWSFVLLLMALPHQAYA
ALENLVTLNAVAAAGTHGIGWYLVAFCAAWYVRGKLVPLVTYSLTGLWSLALLVLLLPQRAYA
AMENLVMLNALSAAGQQGYVWYLVAFCAAWHIRGKLVPLITYGLTGLWPLALLDLLLPQRAYA
ALSNLININAASAAGAQGFWYAILFICIVWHVKGRFPAAAAYAACGLWPCFLLLLMLPERAYA
TCKNVIVLNAAAAAGNHGFFWGLLVVCLAWHVKGRLVPGATYLCLGVWPLLLVRLLRPHRALA
AVERLVVLNAASAAGTAGWWWAVLFLCCVWYVKGRLVPACTYMALGMWPLLLTILALPPRAYA
ALERLVVLNAASAAGTAGWCWTLIFLCCVWHVKGRLVPACTYTALGMWPILLVILALPQRAYA
ALENLIVLNAASAASSQGWIYCLVFICCAWYIKGRVVPGATYAILHLWPLLLLVLALPQRAYA
ALENLIHLNAASLAGTHGIWWLLLVFCASWHLRGRVVPLVTYGICGMWPFFLMLLSLPPRAYA

Supplementary Figure 1. Alignment of multiple p7 sequences from the known HCV genotypes
shows substantial sequence variability. Residue positions shaded in yellow and in cyan correspond to
identity and conservative substitution, respectively. The first sequence, labeled 5a*, is the modified 5a
sequence used for our structural studies. In this sequence, Thr1 is replaced with Gly, Ala12 is replaced
with Ser, and the three cysteines at positions 2, 27, and 44 are replaced with Ala, Thr, and Ser,
respectively. None of the five residue positions is conserved.
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Supplementary Figure 2. NMR spectra of p7(5a) hexamer reconstituted in DPC micelles at pH
6.5.
a, Two-dimensional 1H-15N TROSY-HSQC spectrum of

15

N-,

13

C-, 2H-labeled p7(5a) hexamer

reconstituted in DPC micelles at pH 6.5 (recorded at 1H frequency of 900 MHz). The labels are residuespecific assignments of the amide resonances.
b, Completely assigned NMR spectrum of the methyl groups of the p75a hexamer reconstituted in
deuterated DPC micelles at pH 6.5 and 30 °C. The 1H-13C HMQC (non-constant-time

13

C evolution)

experiment was performed at 1H frequency of 900 MHz using a protein sample that is (1H, 13C)-labeled
at the methyl positions of alanines, valines and leucines but is otherwise deuterated and 12C-labeled.
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Supplementary Figure 3. Negative-stain EM analysis of the p7(5a) NMR sample
a, Typical image of the p7(5a) oligomers from our NMR sample negatively stained with uranyl formate
at low magnification. Bar corresponds to 50 nm in length.
b, 2D-FFT of the image with rings marking the nodes used to estimate the contrast transfer function.
c, Reciprocal plot of intensities, showing that our images contain information to at least 18 Å (cross hair
estimation).
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d, Representative subset of raw images (~500) that were automatically selected using four handpicked
templates.
e, Representative class averages corresponding to ‘top’ and ‘side’ projections (column 3) are compared
to the projection images of the 16 Å map calculated from our NMR structure (column 1) and to the
projection images of the previously reported 16 Å EM map of p7(2a) (JFH-1 strain) in DHPC micelles10.
The projection images that fit the best to the class averages in column 3 are shown in this figure and the
corresponding normalized cross-correlation values are labeled below the images. The raw particle image
set for each of the class average is present in column 4.
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Supplementary Figure 4. Isothermal titration calorimetry analysis of rimantadine binding to the
p7(5a) hexamer.
a, The p7(5a) construct used for NMR measurements.

b, The p7(5a) construct used for NMR

measurements with single mutation F20L. The protein samples used for ITC are diluted version of the
NMR sample, which consists of 25 mM MES (pH 6.5), 3 mM DPC, and 20 µM p7 (monomer). The
drug stock solution contains 20 mM rimantadine in 25 mM MES (pH 6.5) and 3 mM DPC. The titration
protocol involved injecting 0.5 µL drug stock solution to 250 µL protein solution for the first 4
additions, 1 µL for the middle 12 additions, and 2 µL for the last 12 additions. The top graphs in (a) and
(b) show raw data in terms of µcal/second plotted against time in minutes. The bottom graphs show
normalized integration data in terms of kcal/mole of injectant plotted against molar ratio. Data fitting
involved adjusting the effective drug concentration to reach 1:1 p7 monomer:drug stoichiometry. The
two horizontal axes are linked, so that the integrated area for each peak appears directly below the
corresponding peak in the raw data. Experiments were performed at 30 °C using Microcal ITC200 (GE
Healthcare).
c, Titrating rimantadine into empty DPC micelles. Twenty injections of ligand solution were added to
detergent solution in the ITC cell. Ligand solution contains: 25 mM MES, 3 mM DPC, 20 mM
rimantadine, pH 6.5. ITC sample cell contains: 25 mM MES, 3 mM DPC, pH 6.5. The volume for the
first injection is 0.2 µl, the rest is 2 µl each.
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Supplementary Figure 5. Rimantadine binding significantly perturbed the chemical shifts of the
p7(5a) oligomer.
a, Rimantadine titration using 1H-15N TROSY-HSQC as readout. Left panel: Uniformly (15N/13C)labeled p7(5a) (monomer concentration at 0.25 mM) reconstituted in 80 mM DPC was titrated with 0
(red), 1 (green), 2 (blue), 4 (light blue), and 8 mM (pink) rimantadine. Spectra were recorded on a 750
MHz spectrometer. The resolved peaks are labeled with assignments and the arrows indicate the
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movement of peaks. Right panel: Overlay of the TROSY-HSQC spectra of (15N/2H)-labeled p7(5a)
(monomer concentration at 0.5 mM) reconstituted in 150 mM DPC in the absence of drug (red) and in
the presence of 5 mM rimantadine (blue). Spectra were recorded on a 900 MHz spectrometer. The same
chemical shift changes were observed for 10 mM amantadine.
b, The same samples in (a, left panel) above were used to record

13

C-HSQC spectra on a 750 MHz

spectrometer. Shown in the boxes are gamma methyl resonances of valines 25, 26, and 53 (upper panel)
and delta methyl resonances of Ile6. Since there is only one isoleucine in the protein, the weak peak
(labeled Ile6 δ1’) in the drug-free spectrum is from a minor population of the protein. Note that in the
titration experiments, the effective drug concentration for protein binding can be very different from
what was added to the solution due to the presence of a large amount of detergent (see Supplementary
Methods for discussion).
c, Rimantadine titration at very low protein and detergent concentration. Left panel: Overlay of two
regions of the 1H-13C HSQC spectra (non constant-time 13C evolution) recorded at different rimantadine
concentrations showing specific shifting of Val25 γ2 and Val53 γ1 methyl resonances. In this titration,
the sample contains 38 µM p7 (monomer) and 3 mM DPC. The p7 is (1H-/13C)-labeled at the methyl
positions of alanines, valines and leucines but is otherwise (2H-/12C) labeled. The drug stock solution is
the same as in the ITC experiments. The titration protocol involved addition of 0, 10, 20, 30, 40, 60, and
120 µL drug stock solution to 250 µL protein solution. Right panel: Plots of chemical shift change vs.
rimantadine concentration for Val25 γ2 and Val53 γ1 methyl resonances. The chemical shift change, Δδ,
is defined as Δδ = [(ΔδH)2 + (wCΔδC)2]1/2, where the weighing factor, wC, was calculated for a given atom
type and amino acid based on the ratio of standard deviations of the chemical shifts stored in
BioMagResBank11,12. Fitting of titration data to standard equilibrium binding equation (after performing
the same drug concentration adjustment as in the ITC experiments) yielded apparent Kd of 96.5 and 46.9
µM for Val25 γ2 and Val53 γ1 methyl groups, respectively.
d, A more complete analysis of the rimantadine titration data in c. Left panel: Overlay of the complete
methyl regions of the 1H-13C HSQC spectra recorded at different rimantadine concentrations. Right
panel: Plot of chemical shift change between the first and the last titration points as a function of
residue number. Since titration was performed using the ALV labeled protein, the shift changes are
shown for only alanines, leucines, and valines of which the methyl resonances are sufficiently resolved
for the analysis.
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Supplementary Figure 6. Rimantadine binds to the same site in p7(5a) as amantadine. The
representative strips are taken from the 3D 15N-edited NOESY-TROSY (NOE mixing time of 300 ms)
spectrum that was recorded at 1H frequency of 750 MHz and 30 °C using a sample containing 15N-, 2Hlabeled protein and 5 mM rimantadine (pH 6.5). The crosspeaks from 1-2 ppm are NOEs between the
backbone amide protons of the p7(5a) hexamer and the protons of rimantadine.
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Supplementary Figure 7.

Sequence alignment of the key residues in the amantadine or

rimantadine binding site. The left panel shows the structure of the drug binding site. The right panel
shows the alignment of drug pocket residues of p7 variants from the seven HCV genotypes. Residues in
red are involved in forming the drug-binding pocket. Residues in yellow shade, Leu52 and Leu55, are
highly conserved. In addition, residue positions 26 and 53 are occupied mostly by hydrophobic amino
acids.
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Supplementary Figure 8. Analysis of intermonomer NOEs in the p7(5b) hexamer.
a, The use of mixed isotope-labeled monomers allowed for the assignment of intermonomer NOEs.
The representative strips are taken from the 3D 15N-edited NOESY-TROSY (NOE mixing time of 300
ms) spectrum that was recorded at 1H frequency of 900 MHz and 30 °C using a sample containing 50%
15

N-, 2H-labeled protein and 50% uniformly 13C-labeled protein (pH 6.5). The crosspeaks in the aliphatic

regions are intermonomer NOEs between the backbone amide and the sidechain methyl protons.
b, Sideview and overview of the hexamer structure showing all intermonomer NOE-derived distance
restraints (red lines) used in structure determination.
c, A matrix representation for showing intermonomer NOE restraints in more details. Each of the six
diagonal boxes represents a monomer sequence. All 24 × 6 distance restraints are plotted in the matrix.
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Supplementary Figure 9. HPLC purification of p7(5a) peptide. After CNBr digestion, sample was a
mixture of trpLE, p7(5a), trpLE-p7(5a) fusion protein, and some other products from non-specific
degradation. The p7(5a) was purified from this mixture by HPLC using a C18 column. Left panel:
HPLC elution profile after applying a shallow gradient from 100% Buffer A (40% acetonitrile, 0.1%
trifluoroacetic acid (TFA)) to 40% Buffer A and 60% Buffer B (60% acetonitrile, 0.1% TFA). Right
panel: SDS-PAGE of the elution fractions showing the purity of the p7(5a) fractions in the last two
lanes on the right.
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Supplementary Figure 10.

Characterization of p7(2a)-mediated current across ooctye plasma

membrane.
a, Injection of p7(2a) cRNA induced distinct current in oocytes. Left panel shows the standard protocol
used in the two-electrode voltage-clamp recording. Right panel compares the current-voltage
relationship of oocyte injected with p7(2a) cRNA to that of oocyte injected with water (NC). Each point
represents the steady-state current (average current between 200-400 ms) at the corresponding voltage
step. Data are presented as mean ± SEM (n=12).
b, p7(2a)-mediated current is sensitive to K+ concentration in the ORi solution. ORi-A: 90 mM NaCl, 2
mM KCl, 2 mM CaCl2, and 5 mM MOPS, pH 7.4. ORi-B: 2 mM NaCl, 100 mM KCl, 2 mM CaCl2, and
5 mM MOPS, pH 7.4. Current recordings of the water-injected oocyte are shown in the left panel and
that of the p7(2a)-cRNA-injected oocyte shown in the right panel. Data are presented as mean ± SEM
(n=3).
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Supplementary Figure 11.

Confocal microscopy of oocytes immuno-labeled with anti-HA

antibody, showing that HA-tagged p7(2a) and its mutants are expressed and localized in the
plasma membrane of the oocytes. The images were taken using a TCS SP2 confocal microscope. The
white bar represents 200 µm in length. To quantity total amount of protein expression in the plasma
membrane, we used the image analyzing software ImageJ developed by NIH (http://rsbweb.nih.gov/ij/).
In this analysis, we selected pixels that cover the plasma membrane region in ImageJ. The program then
plotted histogram of color intensities and calculated the total intensity in terms of grayscale values (WT:
151094; H9A: 122608; R35D: 163777).
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