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Abstract

Ledipasvir, a direct acting antiviral agent (DAA) targeting the Hepatitis C Virus NS5A pro-
tein, exhibits picomolar activity in replicon cells. While its mechanism of action is unclear,
mutations that confer resistance to ledipasvir in HCV replicon cells are located in NS5A,
suggesting that NS5A is the direct target of ledipasvir. To date co-precipitation and cross-
linking experiments in replicon or NS5A transfected cells have not conclusively shown a di-
rect, specific interaction between NS5A and ledipasvir. Using recombinant, full length
NS5A, we show that ledipasvir binds directly, with high affinity and specificity, to NS5A.
Ledipasvir binding to recombinant NS5A is saturable with a dissociation constant in the low
nanomolar range. A mutant form of NS5A (Y93H) that confers resistance to ledipasvir
shows diminished binding to ledipasvir. The current study shows that ledipasvir inhibits
NS5A through direct binding and that resistance to ledipasvir is the result of a reduction in
binding affinity to NS5A mutants.

Introduction

Hepatitis C Virus (HCV) infection is a leading cause of liver disease and hepatic cancer. An es-
timated 170 million individuals worldwide are infected with HCV [1]. HCV is a positive strand
RNA virus and a member of the Flaviviridae family. The HCV genome encodes a polyprotein
of ~3000 amino acids. The polyprotein is proteolytically cleaved by host and viral proteases to
yield 10 proteins (3 structural proteins: core, E1, E2 and 7 non-structural proteins: p7, NS2,
NS3, NS4A, NS4B, NS5A, NS5B) that are responsible for viral replication and assembly [2].
NS3-5B form a membrane associated complex that is responsible for replication of the HCV
genome. Several direct acting antiviral (DAA) agents have been approved for use in patients
with HCV, including the NS3/NS4A protease inhibitors telaprevir, boceprevir, and simeprevir
and the NS5B polymerase inhibitor sofosbuvir [3]. Recently a new class of DAAs, that includes
ledipasvir (LDV) and daclatasvir (DCV), has been identified that target NS5A [4, 5]. Treatment
of patients with NS5A DAAs results in a rapid decline of viral load levels and it has been
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postulated that the rapid decline is the result of inhibition of RNA replication, virus assembly,
and secretion [6-10].

NS5A is a phosphorylated protein [11] that is essential for viral replication, assembly, and
secretion. NS5A has no known enzymatic activity, but interacts with other HCV proteins and
numerous cellular factors (e.g. PKR, ApoA1l) [12, 13]. In vitro, NS5A has been reported to bind
single stranded RN As, including the HCV 3’ untranslated region (UTR) positive-strand RNA
[14-16]. NS5A is a 447 amino acid, membrane bound, zinc-binding protein. It contains an N-
terminal amphipathic helix that anchors it to cellular membranes, followed by three hydrophil-
ic domains [17]. Crystal structures of domain 1, which contains the zinc-binding motif, have
revealed different dimeric structures [18-20]. Solution studies of domain 1 suggest it is mono-
meric [20], but a recent study performed in cell culture demonstrated intermolecular interac-
tions between NS5A molecules [21].

NS5A has been implicated as the direct target of LDV and other NS5A DA As. Drug associ-
ated resistance mutations (e.g. Y93H, L31V) map to NS5A-domain 1 [4, 22, 23]. Evidence
from co-precipitation and cross-linking experiments in replicon cells using biotin or azide la-
beled inhibitors suggested a potential interaction between NS5A and DAAs [4, 24]. Finally,
treatment of cells expressing the HCV replication complex with DCV resulted in a pronounced
relocalization of NS5A to lipid droplets [25, 26]. Although these data show that NS5A is affect-
ed by LDV, DCV or other DAAs, they could not determine whether this was a result of specific
binding to NS5A.

In the current study, we show that LDV binds directly to NS5A, but not the resistant Y93H
mutant of NS5A. Binding of LDV could be competed with DCV, indicating that these two in-
hibitors bind in a specific manner to the same site on NS5A. These results define NS5A as the
direct target of LDV and reveal the mechanism of resistance against these DAAs is due to re-
duced binding affinity to NS5A.

Results
Purification and Characterization of NS5A

A recombinant form of full length NS5A (genotype 1b, Con 1), containing the N-terminal am-
phipathic helix and a C-terminal His tag (NS5A-6HIS), was produced in SF9 cells using a bacu-
lovirus vector. The membrane bound protein was solubilized with the detergent C12E8 and
purified to homogeneity using Ni affinity, ion exchange, and size exclusion chromatography.
The identity and purity of NS5A-6HIS was confirmed by western blot and mass spectrometry
(data not shown) and judged to be >90% pure by SDS-PAGE (Fig 1A). The Y93H mutant ver-
sion of NS5A (NS5A-Y93H-6HIS) was expressed and purified in a similar manner.

We analyzed NS5A-6HIS and NS5A-Y93H-6HIS by mass spectrometry to determine the
phosphorylation status of the proteins (Fig 1B). NS5A-6HIS or NS5A-Y93H-6HIS was digested
with Lys-C and Trypsin and the peptide mixture was analyzed using accurate-mass nano-
LC-MS/MS. Several phosphorylation sites were identified, including previously identified sites
$222, $225, $229, and $232 [27].

We further characterized NS5A-6HIS and NS5A-Y93H-6HIS in C12E8 micelles using ana-
Iytical ultracentrifugation and circular dichroism (CD) spectroscopy. The calculated molecular
weight of NS5A-6HIS is 49.5 kD and that of a C12E8 micelle is ~65 kD. We carried out sedi-
mentation velocity and equilibrium measurements using a H,O/D,O ratio that matched the
density of the detergent molecules [28]. According to sedimentation velocity and equilibrium
measurements, detergent solubilized NS5A-6HIS exists primarily as a monomer (80%), with a
small percentage of dimers (6%) and higher order oligomers (14%) (Fig 1C). NS5A-Y93H con-
tained a slightly lower amount of dimer (3%) and higher order oligomer (7%). In comparison,
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Fig 1. Characterization of purified NS5A. (A) Coomassie staining of purified proteins. Recombinant His-tagged proteins were purified as described in
Materials and Methods. 1 pug of NS5A-6HIS and NS5A-Y93H-6HIS were subjected to SDS-PAGE and the protein bands were visualized by Coomassie Blue
stain. Molecular weights for protein standards are indicated. (B) Phosphorylation sites determined by mass spectrometry of purified NS5A-6HIS and
NS5A-Y93H-6HIS. Phosphorylation sites identified in NS5A-6HIS are shaded green; sites identified in NS5A-Y93H-6HIS are shaded red; and sites identified
in both proteins are shaded cyan. (C) Analytical ultracentrifugation analysis of NS5A-6HIS, NS5A-Y93H-6HIS, and NS5A-domain 1. For NS5A-6HIS and
NS5A-Y93H-6HIS, analytical ultracentrifugation was performed in 25 mM Tris pH 7.5, 150 mM NaCl, 0.01% NaN3, 0.5 mM TCEP, 2 uyg/ml Leupeptin, 0.02%
C12ES8, and 21.1% (v/v) D,O. Sedimentation velocity analysis was performed at 42,000 rpm for two protein concentrations (3.3 and 6.6 uM). For NS5A-
domain 1, analytical ultracentrifugation was performed in 25 mM Tris pH 8.0, 250 mM NaCl, 10% glycerol, and 0.5% DMSO. Sedimentation velocity analysis
was performed at 48,000 rpm for 4 protein concentrations (7.5, 12, 15, 30 uM). Representative traces are shown for each protein. (D) Circular dichroism
spectroscopy of NS5A-6HIS and NS5A-Y93H-6HIS. Circular dichroism measurements of NS5A-6HIS or NS5A-Y93H-6HIS (10 uM) were carried out at 20°C.
The average of 3 measurements is shown.

doi:10.1371/journal.pone.0122844.9001

analysis of NS5A-domain 1 showed a similar ratio of monomer:dimer:oligomer to NS5A-
6HIS, consistent with previous studies showing that NS5A-domain 1 is predominately mono-
meric in solution [20]. Fig 1D shows the far UV circular dichroism (CD) spectrum of NS5A-
6HIS and NS5A-Y93H-6HIS in C12E8 micelles. NS5A-6HIS showed characteristics of a mixed
alpha/beta structure. The CD spectrum of NS5A-Y93H-6HIS was similar to wild-type protein.

Specific binding of LDV to NS5A

To monitor LDV binding to NS5A, we developed an in vitro radioligand binding assay (Figs 2
and 3). Tritium labeled LDV (*H-LDV) was incubated with recombinant NS5A-6HIS and the
protein was bound to a Ni-NTA-agarose column. NS5A-6HIS was eluted and protein bound
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Fig 2. Structures of NS5A inhibitors. ECs, represents the 50% effective inhibitory concentration of HCV
RNA replication in the Renilla luciferase replicon genotype 1b, Con1 cell line. ECs, for daclatasvir and
BMS-Biotin (data not shown) were determined as previously described for ledipasvir [10].

doi:10.1371/journal.pone.0122844.9002

*H-LDV was quantified by liquid scintillation counting (Fig 3A). Specific binding of *H-LDV
(defined by subtracting binding in the presence of 100 pM unlabeled LDV from the total bind-
ing) was saturable with a K4 = 58.9 + 6.6 nM and a maximum specific binding B,.x = 0.67 £ 0.2
pmol (for 10 pmol NS5A) (Fig 3B). At saturation, LDV bound to NS5A with a stoichiometry of
one molecule of LDV per~15 NS5A monomers (7.5 dimers). This indicates that the amount of
binding-competent NS5A was likely significantly lower than the nominal protein concentration.
In contrast, binding of H-LDV to NS5A-Y93H-6HIS, a mutant form of NS5A resistant to
drug inhibition [4, 29], was undetectable (Fig 3B). Given the solubility limits of LDV, we were
unable to test binding of *H-LDV above 10 uM and could not determine the K4 of LDV toward
NS5A-Y93H.

We then carried out competitive binding studies to determine the relative affinity of the in-
hibitor DCV toward NS5A (Figs 2 and 4). Various concentrations of unlabeled LDV or DCV
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Fig 3. 3H-LDV binding to NS5A-6HIS. (A) Each reaction, in a final volume of 200 pl, contained 50 nM of
purified NS5A-6HIS and the indicated concentration of *H-LDV in the absence (m) or presence (o) of
unlabeled LDV. Bound ®H-LDV was measured as described in Materials and Methods. Each data point
represents the average of 4-7 assays. (B) Specific binding of *H-LDV to NS5A-6HIS (@) vs. NS5A-Y93H-
6HIS (). Specific binding was defined as the difference between the amount of *H-LDV bound in the
absence (total binding) and presence (non-specific binding) of unlabeled LDV. Each data point represents
the average of at least 3 assays.

doi:10.1371/journal.pone.0122844.9003

were incubated with a fixed concentration of *H-LDV and NS5A and the ability of unlabeled
inhibitor to compete for binding was determined (Fig 4). DCV was less potent than LDV with
an ICs5y = 753.4 vs. 149.0 nM respectively. These results indicate that DCV and LDV bind to
the same site on NS5A.

Co-Precipitation of Biotin-Labeled Inhibitors and NS5A from Replicon
and Transfected Cells

Gao et. al. showed previously that a biotin-labeled NS5A inhibitor (BMS-Biotin, Fig 2) could
be used to co-precipitate NS5A from replicon cells [4]. Surprisingly, the YO3H resistant mutant
of NS5A could also be co-precipitated with BMS-Biotin [4, 24]. We were able to reproduce the
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Fig 4. Competitive binding of H-LDV in the presence of unlabeled inhibitor. Each reaction, in a final
volume of 200 pl, contained 50 nM NS5A-6HIS, 30 nM 3H-LDV and the indicated concentration of unlabeled
LDV (@) or DCV (A). % Bound represents the amount of >H-LDV bound relative to that in the control tube,
which contained no unlabeled inhibitor. Each data point represents the average of at least 3 assays. K; was
calculated using the Cheng-Prusoff equation [30]. EC5, represents the 50% effective inhibitory concentration
of HCV RNA replication in the Renilla luciferase genotype 1b, Con 1 replicon cell line.

doi:10.1371/journal.pone.0122844.9004

NS5A and NS5A-Y93H co-precipitation in genotype 1b, Con 1 replicon cells using the same
biotin-labeled NS5A inhibitor (Fig 5A), but were unable to compete this interaction in replicon
cells using non-biotin tagged NS5A inhibitors (data not shown).

Prolonged exposure of replicon cells to NS5A inhibitors leads to decreased replication and
synthesis of NS5A, complicating analysis of NS5A in replicon cells treated with inhibitors.
To circumvent this problem, we transfected Huh7-lunet cells with a plasmid containing
NS5A or NS5A-Y93H under the control of a CMV promoter (pcDNA3-NS5A or pcDNA3-
NS5A-Y93H). Transfected cells were treated with BMS-Biotin and membranes solubilized
with detergent. The solubilized proteins were incubated with streptavidin-agarose and the co-
precipitated NS5A protein was visualized by western blotting using an anti-NS5A antibody.
NS5A and NS5A-Y93H both co-precipitated efficiently with BMS-Biotin (Fig 5B).
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Fig 5. Co-precipitation of BMS-Biotin with NS5A and NS5A-Y93H. (A) Genotype 1b, Con1 replicon cells (wild type or harboring the Y93H mutant of
NS5A) were treated with 1uM DCV or 25 yM BMS-Biotin and incubated for 24 hr. Cells were harvested and the membrane fraction was solubilized with
C12ES8. Solubilized proteins were incubated with streptavidin agarose beads and co-precipitated material was subjected to SDS-PAGE. NS5A was
visualized by immunoblot analysis using an anti-NS5A antibody. (B) Huh7-lunet cells were transfected with pcDNA3-NS5A or pcDNA3-NS5A-Y93H. 24 hr
post transfection, cells were treated with the indicated amount of BMS-Biotin, incubated for 42 hr and processed as in (A).

doi:10.1371/journal.pone.0122844.9005

We then attempted to perform competitive binding studies of BMS-Biotin and NS5A using
LDV or DCV. In order to reduce the amount of BMS-Biotin needed to precipitate NS5A, we
transfected Huh7-lunet cells with a plasmid containing NS5A under the control of the Herpes
Simplex Virus thymidine kinase promoter (pTK-NS5A). The TK promoter resulted in ~100
fold less expression of NS5A (data not shown) compared to the CMV promoter. We treated
the cells with a fixed concentration of BMS-Biotin and various amounts of LDV or DCV. We
observed no significant decrease of co-precipitated NS5A in the presence of increasing concen-
trations of LDV or DCV (Fig 6A and 6B). These results recapitulate previous reports [4, 24],
but were insufficient to conclude that the interaction with BMS-Biotin observed in these exper-
iments are specific to NS5A.

Competitive Binding of BMS-Biotin to NS5A

In order to reconcile the apparent binding of BMS-Biotin to NS5A observed in cell culture by
co-precipitation, we performed in vitro competition studies to determine whether BMS-Biotin
could compete for binding of *H-LDV to NS5A. Various concentrations of BMS-Biotin were
incubated with a fixed concentration of >H-LDV and NS5A-6HIS. BMS-Biotin was unable to
compete for binding of "H-LDV to NS5A (Fig 6C). Given the solubility limits of BMS-Biotin,
we were unable to perform competitive binding studies above 100 uM. At the highest concen-
tration used in this assay, BMS-Biotin did not compete for LDV binding to NS5A.
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Fig 6. BMS-Biotin does not compete for LDV binding to NS5A. (A) Huh7-lunet cells were transfected with pTK-NS5A. 24 hr post transfection, cells were
treated for 42 hr with a fixed concentration of BMS-Biotin and increasing concentrations of LDV or DCV. Cells were harvested and the membrane fraction
was solubilized with C12E8. Solubilized proteins were incubated with streptavidin agarose beads and co-precipitated material was subjected to SDS-PAGE.
NS5A was visualized by immunoblot analysis using an anti-NS5A antibody. (B) The relative intensity of pelleted NS5A, normalized to total NS5A, in (A) was
quantified by densitometry. % Bound represents the amount of NS5A in the pellet relative to that in the control lane, which contained no competitor. (C). Each
reaction, in a final volume of 200 ul, contained 50 nM NS5A-6HIS, 30 nM *H-LDV and the indicated concentration of unlabeled BMS-Biotin (=) or LDV (@®).

% Bound represents the amount of 2H-LDV bound relative to that in the control tube, which contained no unlabeled inhibitor. Each data point represents the

average of at least 3 assays.
doi:10.1371/journal.pone.0122844.g006

Discussion

LDV, a new class of DAAs that target NS5A, has recently emerged as a highly potent drug for
the treatment of HCV infection [5]. While drug-associated resistance mutations have been
identified in NS5A-domain 1, direct evidence of an interaction between this class of DAAs and
NS5A has been elusive. The lack of direct observation of binding and the limited information
regarding NS5A function has left the mechanism of resistance to LDV unclear. Indirect evi-
dence from co-precipitation experiments using a Biotin labeled NS5A inhibitor (BMS-Biotin)
have suggested a potential interaction with NS5A but could not elucidate the mechanism of re-
sistance mutations. In the current study, we have developed an in vitro binding assay that di-
rectly measures LDV binding to NS5A. We show that LDV binds directly to NS5A at a specific,
saturable site, providing direct evidence that NS5A is the target of LDV. We have also shown
that, contrary to the results from co-precipitation experiments using Biotin labeled NS5A in-
hibitors, the NS5A drug resistance mutant Y93H has significantly reduced affinity toward
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LDV. Y93H is the primary NS5A drug resistance mutant selected in genotype 1b patients and
replicon cells [10, 22]. Given the decreased antiviral potency of LDV against genotype 1b repli-
con cells harboring NS5A-Y93H (ECs, ~ 5300 pM), we expect the K4 of LDV to NS5A-Y93H
is >10 uM and outside the detectable limit of our assay.

Biotin labeled inhibitors have been used in several studies to implicate NS5A as the direct
target of NS5A DA As. However, there was a lack of direct evidence that the interactions ob-
served by co-precipitation were specific or relevant to LDV and other NS5A DAAs. BMS-
Biotin did not discriminate between NS5A and the drug associated resistant mutant YO3H and
unlabeled inhibitors could not compete for the interaction between BMS-Biotin and NS5A in
transfected cells. Using our in vitro binding assay, we show that BMS-Biotin is unable to com-
pete for binding of LDV to NS5A. Taken together, these results suggest that the interactions
observed between BMS-Biotin and NS5A in cell culture may reflect binding to an alternative
site or are the result of non-specific interactions with NS5A and NS5A-Y93H.

Ascher et. al. recently published a study showing DCV binding to bacterially expressed
NS5A-domain 1 [31]. We were unable to observe binding of LDV to NS5A-domain 1 by a vari-
ety of biophysical techniques (data not shown). The full length NS5A used in this study con-
tained the N-terminal amphipathic helix and was phosphorylated at several previously
reported sites, in contrast to bacterially expressed NS5A-domain 1. Regions outside of domain
1 are important for NS5A function and are affected by NS5A inhibitors. The N-terminal am-
phipathic helix is important for HCV replication [32] and a number of drug resistant muta-
tions are located at the N-terminus of NS5A-domain 1, adjacent to the amphipathic helix.
Differential phosphorylation regulates NS5A function and affects its interaction with other
proteins [33]. NS5A exists in basally phosphorylated and hyper-phosphorylated forms [11]
and treatment of cells with NS5A inhibitors prevents hyper-phosphorylation [34]. The
N-terminal amphipathic helix and phosphorylation state of NS5A may influence its structure,
function, and binding to LDV and other NS5A DA As. The differences observed in vitro for the
binding of LDV to different forms of NS5A may reflect differences in experimental conditions,
protein constructs, or post-translational modifications.

The concentration of NS5A in replicon cells has been estimated to be 0.6 to 600 nM [25]
and 1 molecule of DCV can inhibit ~10,000 molecules of NS5A [12]. NS5A localization
changes upon exposure to NS5A inhibitors and large aggregates containing both NS5A inhibi-
tor and NS5A have been observed in replicon cells [21, 25]. The symmetric structure of DCV
and the dimeric form of NS5A observed in crystal structures has led to the suggestion that one
molecule of DCV binds to two molecules of NS5A [4, 18-20, 24]. Assuming two molecules of
NS5A bind to one molecule of LDV, the stoichiometry observed in our in vitro binding assay
suggests that LDV binds to the oligomeric fraction of NS5A. The current data support a model
where LDV binds preferentially to higher order oligomers that while containing multiple LDV
binding sites, only require a single site to be occupied to affect the oligomerization and function
of NS5A. This could prevent reassociation of NS5A with the HCV replication complex and
lead to the localization changes observed in cell culture. This model would explain why the af-
finity of LDV to purified NS5A was ~10000 fold weaker than the antiviral potency (ECsy = 4
pM). The effects of the oligomeric state, phosphorylation, genotypes, and other resistance mu-
tations of NS5A on LDV binding are under current investigation.

Materials and Methods
Materials and Plasmids

*H-LDV (12.3 Ci/mmol) was obtained from Vitrax. LDV, Daclatasvir, and BMS-Biotin were
synthesized by Gilead Sciences, Inc. and prepared in DMSO.
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We generated a recombinant baculovirus encoding full length, wild-type NS5A containing a
C-terminal 6HIS tag (NS5A-6HIS) by amplifying the nucleotide sequence for residues 1-447
of NS5A (genotype 1b, Conl) by PCR. The PCR fragment was digested with Stul and HindIII
and ligated into pFastBacl (Invitrogen). Baculovirus encoding the Y93H version of NS5A
(NS5A-Y93H-6HIS) was generated by site-directed mutagenesis (Stratagene).

PcDNA3-NS5A, encoding full length NS5A, was generated by amplifying the nucleotide se-
quence for residues 1-447 of NS5A (genotype 1b, Conl) by PCR. The PCR fragment was di-
gested with Xbal and EcoRV and ligated into pcDNA3.1(-) (Invitrogen). pcDNA3-NS5A-Y93H
was generated by site-directed mutagenesis (Stratagene). pTK-NS5A was constructed by digest-
ing pcDNA3-NS5A with Xbal and EcoRV to isolate a 1.5 kb fragment encoding NS5A. The 1.5
kb fragment was treated with T4 polymerase and ligated into pTK.

Buffers and Media

Buffer A contained 25 mM Tris pH 7.5, 150 mM NaCl, 0.01% NaNj3, 0.5 mM TCEP, 2 pug/ml
Leupeptin, and 0.02% C12E8. Buffer B contained buffer A supplemented with 21.1% (v/v)
D,O0. Buffer C contained 25 mM Tris pH 7.5, 150 mM NaCl, 2 pug/ml Leupeptin, 0.5 mM
TCEP, 0.01% NaN3, 0.001% C12E8, 1% ethanol, and 1% DMSO. Medium A contained Dul-
belcco's modified Eagle Medium, 1X GlutaMAX-I (Invitrogen), 10% fetal bovine serum
(Hyclone), 1 unit/ml penicillin (Invitrogen), 1 ug/ml streptomycin (Invitrogen), and 0.1 mM
nonessential amino acids (Invitrogen).

Protein Expression and Purification

NS5A-6HIS baculovirus was used to infect SF9 cells (Invitrogen) at 1.5x10° cells/ml in ESF-921
medium (Expression Systems Limited). After incubation for 60 hr at 27°C, cells were pelleted
by centrifugation, flash frozen in liquid nitrogen, and stored at -80°C. The frozen cell pellet
from 1L cell culture was resuspended in 150 ml PBS containing 2 EDTA free protease inhibitor
tablets (Roche) and 0.5 mM TCEP and lysed using a dounce homogenizer. Cellular membranes
were isolated by centrifugation (100,000 x g pellet), resuspended in 150 ml buffer A supple-
mented with 1% C12ES8, stirred for 2 hr at 4°C, and centrifuged at 100,000 x g for 1 hr at 4°C.

The supernatant, containing solubilized NS5A-6HIS, was applied to a 5ml Ni-NTA column
(GE Healthcare) equilibrated in buffer A. The column was washed with 50 ml of buffer A con-
taining 20 mM imidazole and NS5A-6HIS was eluted with 50 ml of buffer A containing 250
mM imidazole. Fractions containing NS5A-6HIS were pooled and concentrated to 10 ml in
buffer A, and applied to an 8 ml monoQ column (GE Healthcare). NS5A-6HIS was eluted
using a linear gradient from 150 mM to 1M NaCl. Fractions containing NS5A-6HIS were
pooled, concentrated to 1 ml, and further purified by size exclusion chromatography using a 24
ml superose 6 column (GE Healthcare) equilibrated in buffer A. Protein was judged to be
>90% pure by SDS-PAGE. Fractions containing NS5A-6HIS were concentrated, flash frozen
in liquid nitrogen, and stored at -80°C prior to use. NS5A-Y93H-6HIS was expressed and puri-
fied as described above for wild type protein. NS5A-domain 1, encoding residues 25-215 of
NS5A, was expressed and purified as previously described [20].

Mass Spectrometry

Mass spectrometry of intact protein samples was performed with an Agilent 6210 Time of
Flight Mass Spectrometer with a 4GHz upgrade and an Agilent 1200 Rapid Resolution HPLC.
The samples were analyzed on an Agilent Zorbax 300 Extend C18 Rapid Resolution column at
70°C, using reverse phase chromatography with a gradient from 20 to 90% acetonitrile
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containing 0.1% formic acid. Data were analyzed using Agilent Masshunter B.06 Qualitative
Analysis with the Bioconfirm upgrade.

1 nmol of NS5A protein in 1 mM TCEP, 20 mM iodoacetamide, 8M urea was incubated
with 1 ug of Lys-C (Roche) and incubated for 4 hr at 37°C. The digests were diluted 4 fold and
incubated with 5 pg of trypsin for 12 hr at 37°C. The digests were acidified with 0.1% formic
acid and desalted with C-18 spin columns (Thermo Scientific). The eluted peptides were dried
and resuspended in 10 uL of acetonitrile and 0.01% formic acid. The mixture of peptides was
analyzed using accurate-mass nano-LC-MS/MS with an Agilent 6530 Quadrupole Time of
Flight mass spectrometer. Chromatographic separation of peptides was performed with an
Agilent 1260 Capillary/Nano-HPLC system coupled to a chip cube with a Phosphochip (Agi-
lent Technologies) using a 0 to 90% acetonitrile gradient containing 0.1% formic acid. Data
were analyzed by searching a customized protein database containing the sequence of NS5A
using SpectrumMill (Agilent).

Analytical Ultracentrifugation

Sedimentation velocity experiments of NS5A-6HIS and NS5A-Y93H-6HIS solubilized in
C12E8 micelles were performed at 20°C in a ProteomeLab XL-A analytical ultracentrifuge.
Samples of 400 pl of buffer B or various concentrations of NS5A-6HIS (3.3 and 6.6 pM) diluted
in buffer B were loaded into a dual sector charcoal-filled epon centerpiece. The samples were
centrifuged at 42,000 rpm in an An50-Ti rotor and sedimentation was monitored by absor-
bance spectrophotometry at a wavelength of 280 nm. Data were analyzed with the program
SEDFIT, which generates a continuous c(s) distribution for the sedimenting species [35]. The
program SEDNTERP was used to estimate the partial specific volume of the proteins as well as
the density and viscosity of the buffer solutions. Sedimentation velocity experiments of NS5A-
domain 1 were performed as described above for full-length protein with the following modifi-
cations. NS5A-domain 1 (7.5, 12, 15, and 30 uM) in 25 mM Tris pH 8.0, 250 mM NaCl, 10%
glycerol, and 0.5% DMSO, was centrifuged at 48,000 rpm.

Sedimentation equilibrium of NS5A-6HIS solubilized in C12E8 micelles was performed at
20°C in a ProteomeLab XL-A analytical ultracentrifuge. The contribution of detergent micelles
to the buoyant molecular mass of detergent-solubilized NS5A-6HIS was eliminated by adjust-
ing the solvent density to equal that of the detergent [24]. The partial specific volume of C12E8
was assumed to be 0.973 ml/g. Sedimentation equilibrium data were collected using three pro-
tein concentrations (2, 4, and 8 uM) and three rotor speeds (14000, 17000, and 25000 rpm).
Data were analyzed using a non-linear least squares model.

Circular Dichroism Spectroscopy

Circular dichroism spectroscopy was carried out on a Jasco J-815 CD spectrometer using
a 0.2 mm path length cuvette. Far-UV (190-250 nm) CD spectra of 10 pM NS5A-6HIS and
NS5A-Y93H-6HIS were measured at 20°C and corrected for solvent (buffer A).

3H-LDV Binding Assay

*H-LDV (12.3 Ci/mmol) was prepared in ethanol and stored at -20°C prior to use. For binding
reactions, 50 nM NS5A-6HIS was mixed with varying concentrations of >H-LDV in the ab-
sence or presence of 100 M of unlabeled LDV. Each reaction, in a final volume of 200 pl of
buffer C, was incubated for 4 hr at room temperature and then loaded onto a 2-ml column
packed with 0.25 ml of Ni-NTA-agarose beads. Each column was washed with 5 ml of buffer
A and *H-LDV bound protein was eluted with 1.5 ml of buffer A containing 300 mM imidaz-
ole. The amount of eluted *H-LDV was quantified by liquid scintillation counting. Specific
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binding was defined as the difference between the amount of >H-LDV bound in the absence
(total binding) and presence (non-specific binding) of unlabeled LDV. Data were fit to a single
site binding model to obtain the dissociation constant (K4) and maximum specific binding
(Bumax): Bound = B, *[L]/(Kq + [L]), where [L] is the concentration of *H-LDV.

For competition reactions, 50 nM NS5A-6HIS was mixed with a fixed concentration of
H-LDV (30 nM) and varying concentrations of unlabeled LDV, DCV, or BMS-Biotin (in DMSO).
Each reaction, in a final volume of 200 pl of buffer C, was incubated at room temperature for 4 hr
and processed as described above. Data were fit to a single site competitive binding model to obtain
the concentration of half-maximal binding (ICs): %Bound = By, + (Bimax-Bmin)/(1 + [S]/ICs0),
where %Bound is the fraction of >H-LDV bound relative to control with no competitor, B,,,;, and
Binax are parameters related to %Bound when fully inhibited and uninhibited respectively, and [S]
is the concentration of competitor. The inhibitor dissociation constant (K;) was determined using
the Cheng-Prusoff equation [30] and the K4 determined from the saturation binding experiment:
K, = ICso/(1 + PH-LDV]/Ky).

Co-Precipitation of BMS-Biotin and NS5A from Replicon or Transfected
Cells

On day 0, Huh7-lunet cells stably expressing the genotype 1b, Con 1 replicon or the genotype
1b, Conl replicon containing mutant NS5A-Y93H [36] were plated in medium A at a density
of 12x10° cells per T175 flask and cultured at 37°C. On Day 2, cells were switched to medium
A containing 1 pM DCV or 25 uM BMS-Biotin. After incubation for 24 hr, cells were washed
with PBS, trypsinized, and harvested by centrifugation.

On day 0, Huh7-lunet cells were plated in Medium A without antibiotics at a density of
1x10° cells per T75 flask and cultured at 37°C. On day 1, cells were transfected with the indicat-
ed plasmid using Lipofectamine LTX (Invitrogen). On day 2, cells were switched to medium
containing BMS-Biotin and varying amounts of LDV or DCV. After incubation for 42 hr, cells
were washed with PBS and harvested by centrifugation.

Cells were lysed by passage through a 27-gauge needle, and membranes were isolated by
centrifugation (100,000 x g pellet). Membranes were solubilized with PBS containing 0.1%
C12E8 and solubilized protein was isolated by centrifugation (100,000 x g supernatant).
BMS-Biotin was precipitated from the soluble fraction by incubation with streptavidin-agarose
beads (Pierce). The pelleted beads were washed and co-precipitated material was eluted with
SDS loading buffer. Samples were subjected to SDS-PAGE and immunoblot analysis using an
anti-NS5A monoclonal antibody (Apath LLC).

Acknowledgments

We thank Magdeleine Hung and Wanchi Fung for providing purified NS5A-domain 1; Lore-
dana Serafini for assistance with mass spectrometry; Perry Weissenberg for assistance with cir-
cular dichroism; and Chin Tay, Joe Papalia, and Linda Higgins for helpful discussion.

Author Contributions

Conceived and designed the experiments: HJK KC ANM KMB JOL GC XL RS. Performed the
experiments: HJK WX KC ANM KMB GC. Analyzed the data: HJIK KC ANM KMB GC. Con-
tributed reagents/materials/analysis tools: TK DK. Wrote the paper: HJK KC ANM KMB JOL
GCRS.

PLOS ONE | DOI:10.1371/journal.pone.0122844  April 9, 2015 12/14



@ PLOS | one

Ledipasvir Binds to NS5A

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ghany MG, Strader DB, Thomas DL, Seeff LB. Diagnosis, management, and treatment of hepatitis C:
an update. Hepatology. 2009; 49(4): 1335-74. doi: 10.1002/hep.22759 PMID: 19330875

Dubuisson J. Hepatitis C virus proteins. World journal of gastroenterology: WJG. 2007; 13(17): 2406—15.
PMID: 17552023

Pawlotsky JM. New hepatitis C therapies: the toolbox, strategies, and challenges. Gastroenterology.
2014; 146(5): 1176-92. doi: 10.1053/j.gastro.2014.03.003 PMID: 24631495

Gao M, Nettles RE, Belema M, Snyder LB, Nguyen VN, Fridell RA, et al. Chemical genetics strategy
identifies an HCV NS5A inhibitor with a potent clinical effect. Nature. 2010; 465(7294): 96—100. doi: 10.
1038/nature08960 PMID: 20410884

Link JO, Taylor JG, Xu L, Mitchell M, Guo H, Liu H, et al. Discovery of ledipasvir (GS-5885): a potent,
once-daily oral NS5A inhibitor for the treatment of hepatitis C virus infection. J Med Chem. 2014; 57(5):
2033-46. doi: 10.1021/jm401499g PMID: 24320933

Kowdley KV, Gordon SC, Reddy KR, Rossaro L, Bernstein DE, Lawitz E, et al. Ledipasvir and sofosbu-
vir for 8 or 12 weeks for chronic HCV without cirrhosis. The New England journal of medicine. 2014;
370(20): 1879-88. doi: 10.1056/NEJMoa1402355 PMID: 24720702

Afdhal N, Zeuzem S, Kwo P, Chojkier M, Gitlin N, Puoti M, et al. Ledipasvir and sofosbuvir for untreated
HCV genotype 1 infection. The New England journal of medicine. 2014; 370(20): 1889-98. doi: 10.
1056/NEJMoa1402454 PMID: 24725239

Afdhal N, Reddy KR, Nelson DR, Lawitz E, Gordon SC, Schiff E, et al. Ledipasvir and sofosbuvir for
previously treated HCV genotype 1 infection. The New England journal of medicine. 2014; 370(16):
1483-93. doi: 10.1056/NEJMoa1316366 PMID: 24725238

Guedj J, Dahari H, Rong L, Sansone ND, Nettles RE, Cotler SJ, et al. Modeling shows that the NS5A in-
hibitor daclatasvir has two modes of action and yields a shorter estimate of the hepatitis C virus half-life.
Proceedings of the National Academy of Sciences of the United States of America. 2013; 110(10):
3991-6. doi: 10.1073/pnas.1203110110 PMID: 23431163

Lawitz EJ, Gruener D, Hill JM, Marbury T, Moorehead L, Mathias A, et al. A phase 1, randomized,
placebo-controlled, 3-day, dose-ranging study of GS-5885, an NS5A inhibitor, in patients with genotype
1 hepatitis C. J Hepatol. 2012; 57(1): 24-31. doi: 10.1016/j.jhep.2011.12.029 PMID: 22314425

Kaneko T, Tanji Y, Satoh S, Hijikata M, Asabe S, Kimura K, et al. Production of two phosphoproteins
from the NS5A region of the hepatitis C viral genome. Biochem Biophys Res Commun. 1994; 205(1):
320-6. PMID: 7999043

Belda O, Targett-Adams P. Small molecule inhibitors of the hepatitis C virus-encoded NS5A protein.
Virus Res. 2012; 170(1-2): 1-14. doi: 10.1016/j.virusres.2012.10.009 PMID: 23073179

Macdonald A, Harris M. Hepatitis C virus NS5A: tales of a promiscuous protein. J Gen Virol. 2004;
85(Pt 9): 2485-502. PMID: 15302943

Hwang J, Huang L, Cordek DG, Vaughan R, Reynolds SL, Kihara G, et al. Hepatitis C virus nonstructur-
al protein 5A: biochemical characterization of a novel structural class of RNA-binding proteins. J Virol.
2010; 84(24): 12480-91. doi: 10.1128/JVI.01319-10 PMID: 20926572

Foster TL, Belyaeva T, Stonehouse NJ, Pearson AR, Harris M. All three domains of the hepatitis
C virus nonstructural NS5A protein contribute to RNA binding. J Virol. 2010; 84(18): 9267—-77. doi: 10.
1128/JVI1.00616-10 PMID: 20592076

Huang L, Hwang J, Sharma SD, Hargittai MR, Chen Y, Arnold JJ, et al. Hepatitis C virus nonstructural
protein 5A (NS5A) is an RNA-binding protein. J Biol Chem. 2005; 280(43): 36417—28. PMID: 16126720

Tellinghuisen TL, Marcotrigiano J, Gorbalenya AE, Rice CM. The NS5A protein of hepatitis C virus is a
zinc metalloprotein. J Biol Chem. 2004; 279(47): 48576-87. PMID: 15339921

Lambert SM, Langley DR, Garnett JA, Angell R, Hedgethorne K, Meanwell NA, et al. The crystal struc-
ture of NS5A domain 1 from genotype 1a reveals new clues to the mechanism of action for dimeric
HCV inhibitors. Protein Sci. 2014; 23(6): 723—-34. doi: 10.1002/pro.2456 PMID: 24639329

Love RA, Brodsky O, Hickey MJ, Wells PA, Cronin CN. Crystal structure of a novel dimeric form of
NS5A domain | protein from hepatitis C virus. J Virol. 2009; 83(9): 4395—403. doi: 10.1128/JV1.02352-
08 PMID: 19244328

Tellinghuisen TL, Marcotrigiano J, Rice CM. Structure of the zinc-binding domain of an essential com-
ponent of the hepatitis C virus replicase. Nature. 2005; 435(7040): 374-9. PMID: 15902263

Bhattacharya D, Ansari IH, Hamatake R, Walker J, Kazmierski WM, Striker R. Pharmacological disrup-
tion of hepatitis C NS5A protein intra- and intermolecular conformations. J Gen Virol. 2014; 95(Pt 2):
363-72. doi: 10.1099/vir.0.054569-0 PMID: 23997183

PLOS ONE | DOI:10.1371/journal.pone.0122844  April 9, 2015 13/14


http://dx.doi.org/10.1002/hep.22759
http://www.ncbi.nlm.nih.gov/pubmed/19330875
http://www.ncbi.nlm.nih.gov/pubmed/17552023
http://dx.doi.org/10.1053/j.gastro.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24631495
http://dx.doi.org/10.1038/nature08960
http://dx.doi.org/10.1038/nature08960
http://www.ncbi.nlm.nih.gov/pubmed/20410884
http://dx.doi.org/10.1021/jm401499g
http://www.ncbi.nlm.nih.gov/pubmed/24320933
http://dx.doi.org/10.1056/NEJMoa1402355
http://www.ncbi.nlm.nih.gov/pubmed/24720702
http://dx.doi.org/10.1056/NEJMoa1402454
http://dx.doi.org/10.1056/NEJMoa1402454
http://www.ncbi.nlm.nih.gov/pubmed/24725239
http://dx.doi.org/10.1056/NEJMoa1316366
http://www.ncbi.nlm.nih.gov/pubmed/24725238
http://dx.doi.org/10.1073/pnas.1203110110
http://www.ncbi.nlm.nih.gov/pubmed/23431163
http://dx.doi.org/10.1016/j.jhep.2011.12.029
http://www.ncbi.nlm.nih.gov/pubmed/22314425
http://www.ncbi.nlm.nih.gov/pubmed/7999043
http://dx.doi.org/10.1016/j.virusres.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23073179
http://www.ncbi.nlm.nih.gov/pubmed/15302943
http://dx.doi.org/10.1128/JVI.01319-10
http://www.ncbi.nlm.nih.gov/pubmed/20926572
http://dx.doi.org/10.1128/JVI.00616-10
http://dx.doi.org/10.1128/JVI.00616-10
http://www.ncbi.nlm.nih.gov/pubmed/20592076
http://www.ncbi.nlm.nih.gov/pubmed/16126720
http://www.ncbi.nlm.nih.gov/pubmed/15339921
http://dx.doi.org/10.1002/pro.2456
http://www.ncbi.nlm.nih.gov/pubmed/24639329
http://dx.doi.org/10.1128/JVI.02352-08
http://dx.doi.org/10.1128/JVI.02352-08
http://www.ncbi.nlm.nih.gov/pubmed/19244328
http://www.ncbi.nlm.nih.gov/pubmed/15902263
http://dx.doi.org/10.1099/vir.0.054569-0
http://www.ncbi.nlm.nih.gov/pubmed/23997183

@ PLOS | one

Ledipasvir Binds to NS5A

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cheng G, Peng B, Corsa A, Yu M, Nash M, Lee YJ, et al. Antiviral Activity and Resistance Profile of the
Novel Hcv Ns5a Inhibitor Gs-5885. J Hepatol. 2012; 56: S464-S.

Wong KA, Worth A, Martin R, Svarovskaia E, Brainard DM, Lawitz E, et al. Characterization of Hepatitis
C virus resistance from a multiple-dose clinical trial of the novel NS5A inhibitor GS-5885. Antimicrob
Agents Chemother. 2013; 57(12): 6333—40. doi: 10.1128/AAC.02193-12 PMID: 23877691

O'Boyle li DR, Sun JH, Nower PT, Lemm JA, Fridell RA, Wang C, et al. Characterizations of HCV NS5A
replication complex inhibitors. Virology. 2013; 444(1-2): 343-54. doi: 10.1016/j.virol.2013.07.004
PMID: 23906709

Targett-Adams P, Graham EJ, Middleton J, Palmer A, Shaw SM, Lavender H, et al. Small molecules
targeting hepatitis C virus-encoded NS5A cause subcellular redistribution of their target: insights into
compound modes of action. J Virol. 2011; 85(13): 6353—68. doi: 10.1128/JV1.00215-11 PMID:
21507963

Lee C, Ma H, Hang JQ, Leveque V, Sklan EH, Elazar M, et al. The hepatitis C virus NS5A inhibitor
(BMS-790052) alters the subcellular localization of the NS5A non-structural viral protein. Virology.
2011; 414(1): 10-8. doi: 10.1016/j.virol.2011.03.026 PMID: 21513964

Appel N, Pietschmann T, Bartenschlager R. Mutational analysis of hepatitis C virus nonstructural pro-
tein 5A: potential role of differential phosphorylation in RNA replication and identification of a genetically
flexible domain. J Virol. 2005; 79(5): 3187—94. PMID: 15709040

Tanford C, Reynolds JA. Characterization of membrane proteins in detergent solutions. Biochim Bio-
phys Acta. 1976; 457(2): 133—70. PMID: 135582

Fridell RA, Qiu D, Valera L, Wang C, Rose RE, Gao M. Distinct functions of NS5A in hepatitis C virus
RNA replication uncovered by studies with the NS5A inhibitor BMS-790052. J Virol. 2011; 85(14):
7312-20. doi: 10.1128/JV1.00253-11 PMID: 21593143

Cheng Y, Prusoff WH. Relationship between the inhibition constant (K1) and the concentration of inhibi-
tor which causes 50 per cent inhibition (150) of an enzymatic reaction. Biochem Pharmacol. 1973;
22(23): 3099-108. PMID: 4202581

Ascher DB, Wielens J, Nero TL, Doughty L, Morton CJ, Parker MW. Potent hepatitis C inhibitors bind di-
rectly to NS5A and reduce its affinity for RNA. Sci Rep. 2014; 4: 4765. doi: 10.1038/srep04765 PMID:
24755925

Penin F, Brass V, Appel N, Ramboarina S, Montserret R, Ficheux D, et al. Structure and function of the
membrane anchor domain of hepatitis C virus nonstructural protein 5A. J Biol Chem. 2004; 279(39):
40835-43. PMID: 15247283

Evans MJ, Rice CM, Goff SP. Phosphorylation of hepatitis C virus nonstructural protein 5A modulates
its protein interactions and viral RNA replication. Proceedings of the National Academy of Sciences of
the United States of America. 2004; 101(35): 13038—43. PMID: 15326295

Qiu D, Lemm JA, O'Boyle DR 2nd, Sun JH, Nower PT, Nguyen V, et al. The effects of NS5A inhibitors
on NS5A phosphorylation, polyprotein processing and localization. J Gen Virol. 2011; 92(Pt 11):
2502—11. doi: 10.1099/vir.0.034801-0 PMID: 21795470

Schuck P. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation
and lamm equation modeling. Biophys J. 2000; 78(3): 1606—19. PMID: 10692345

Robinson M, Yang H, Sun SC, Peng B, Tian Y, Pagratis N, et al. Novel hepatitis C virus reporter repli-
con cell lines enable efficient antiviral screening against genotype 1a. Antimicrob Agents Chemother.
2010; 54(8): 3099-106. doi: 10.1128/AAC.00289-10 PMID: 20516274

PLOS ONE | DOI:10.1371/journal.pone.0122844  April 9, 2015 14/14


http://dx.doi.org/10.1128/AAC.02193-12
http://www.ncbi.nlm.nih.gov/pubmed/23877691
http://dx.doi.org/10.1016/j.virol.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23906709
http://dx.doi.org/10.1128/JVI.00215-11
http://www.ncbi.nlm.nih.gov/pubmed/21507963
http://dx.doi.org/10.1016/j.virol.2011.03.026
http://www.ncbi.nlm.nih.gov/pubmed/21513964
http://www.ncbi.nlm.nih.gov/pubmed/15709040
http://www.ncbi.nlm.nih.gov/pubmed/135582
http://dx.doi.org/10.1128/JVI.00253-11
http://www.ncbi.nlm.nih.gov/pubmed/21593143
http://www.ncbi.nlm.nih.gov/pubmed/4202581
http://dx.doi.org/10.1038/srep04765
http://www.ncbi.nlm.nih.gov/pubmed/24755925
http://www.ncbi.nlm.nih.gov/pubmed/15247283
http://www.ncbi.nlm.nih.gov/pubmed/15326295
http://dx.doi.org/10.1099/vir.0.034801-0
http://www.ncbi.nlm.nih.gov/pubmed/21795470
http://www.ncbi.nlm.nih.gov/pubmed/10692345
http://dx.doi.org/10.1128/AAC.00289-10
http://www.ncbi.nlm.nih.gov/pubmed/20516274

