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VIRAL REPLICATION

Structural basis for RNA replication
by the hepatitis C virus polymerase
Todd C. Appleby,1* Jason K. Perry,1 Eisuke Murakami,1 Ona Barauskas,1 Joy Feng,1

Aesop Cho,1 David Fox III,2 Diana R. Wetmore,2 Mary E. McGrath,1 Adrian S. Ray,1

Michael J. Sofia,1 S. Swaminathan,1 Thomas E. Edwards2*

Nucleotide analog inhibitors have shown clinical success in the treatment of hepatitis
C virus (HCV) infection, despite an incomplete mechanistic understanding of NS5B, the
viral RNA-dependent RNA polymerase. Here we study the details of HCV RNA replication
by determining crystal structures of stalled polymerase ternary complexes with enzymes,
RNA templates, RNA primers, incoming nucleotides, and catalytic metal ions during both
primed initiation and elongation of RNA synthesis. Our analysis revealed that highly
conserved active-site residues in NS5B position the primer for in-line attack on the
incoming nucleotide. A b loop and a C-terminal membrane–anchoring linker occlude the
active-site cavity in the apo state, retract in the primed initiation assembly to enforce
replication of the HCV genome from the 3′ terminus, and vacate the active-site cavity
during elongation. We investigated the incorporation of nucleotide analog inhibitors,
including the clinically active metabolite formed by sofosbuvir, to elucidate key molecular
interactions in the active site.

H
epatitis C virus (HCV) is a positive-sense,
single-stranded RNA virus of the family
Flaviviridae and genusHepacivirus and
is the cause of hepatitis C in humans (1).
Long-term infection with HCV can lead to

end-stage liver disease, including hepatocellular
carcinoma and cirrhosis, making hepatitis C
the leading cause of liver transplantation in the
United States (2). Direct-acting antiviral drugs
were approved in 2011, but they exhibited limited
efficacy and had the potential for adverse side
effects (3). The catalytic core of the viral replica-
tion complex, the NS5B RNA-dependent RNA

polymerase (RdRp), supports a staggering rate of
viral production, estimated to be 1.3 × 1012 vi-
rions produced per day in each infected patient
(4). Because the NS5B polymerase active site is
highly conserved, nucleotide analog inhibitors
offer advantages over other classes of HCV drugs,
including activity across different viral genotypes
and a high barrier to the development of resist-
ance (5, 6). The nucleotide prodrug sofosbuvir
was recently approved for combination treatment
of chronic HCV (7, 8).
One substantial obstacle for the rapid discov-

ery of effective nucleotide-based drugs for HCV
was the lack of molecular detail concerning sub-
strate recognition during replication. NS5B con-
tains several noncanonical polymerase elements,
including a C-terminal membrane anchoring tail
and a thumbdomain b-loop insertion (9–11), that
are implicated in RNA synthesis initiation (12).

To gain insight into the mechanism of HCV RNA
replication and its inhibition by nucleotide ana-
log inhibitors, we determined atomic-resolution
ternary structures of NS5B in both primed ini-
tiation and elongation states.
Because traditional approaches failed to yield

ternary complexes (see the supplementary mate-
rials), we prepared multiple stalled enzyme-RNA-
nucleotide ternary complex structures containing
several designed features. First, we used NS5B
from the JFH-1 genotype 2a isolate of HCV, which
is extraordinarily efficient at RNA synthesis (13).
Second, we exploited a conformational stabiliza-
tion strategy that had been developed for struc-
tural analysis of G protein–coupled receptors (14).
We hypothesized that a triple resistance NS5B
mutant isolated under selective pressure of a
guanosine analog inhibitor that exhibits 1.5 times
the initiation activity of the wild type (15) might
stabilize a specific conformational state along
the initiation pathway. Indeed, this triplemutant
exhibits a substantial structural rearrangement
of the polymerase (15), which is consistent with
the structural rearrangement observed in binary
complexes of a b-loop deletion mutant bound to
primer-template RNA (16). The triplemutant was
able to incorporate native and nucleotide analog
inhibitorswith theRNA samples used in structure
determination (fig. S1). The use of nucleotide
diphosphate substrates rather than nucleotide
triphosphates (fig. S2) generates stalledpolymerase
complexes in a catalytically relevant conforma-
tion. Ternary complexes could be obtained only
with Mn2+, which lowers the Michaelis constant
(Km) of the initiating nucleotide (17) and increases
the activity of NS5B 20-fold relative to Mg2+ (18),
and only with a nucleotide/Mn2+/double-stranded
RNA ratio of 1.0/0.6/0.2. These approaches de-
signed to stabilize the incoming nucleotide al-
lowed for soaking experiments targeting several
distinct assemblies.
Hepatitis C virus NS5B initiatesRNA synthesis

by a primer-independent mechanism. Two slow
steps in the catalytic pathwayhave been identified,
including the formation of an initial dinucleotide
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primer and the transition from the dinucleotide-
primed state to a rapid, processive elongation
state (19, 20). We obtained crystal structures of
ternary complexes containing NS5B, two Mn2+

ions, an RNA template, and a dinucleotide prim-
er by soaking nucleic acid and manganese ions
into a previously elucidated apo crystal form (15)
(see supplementary materials). Stalled ternary

structureswere obtained eitherwith a 5′-pGGRNA
primer and an incoming adenosine diphosphate
(ADP) (2.2 Å resolution), cytidine diphosphate
(CDP) (2.5 Å), or uridine diphosphate (UDP) (2.0Å)
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Fig. 1. NS5B primed initiation assembly. (A) Overall structure of the stalled
NS5B ternary primed initiation complex.The protein is represented by ribbons
and colored by subdomain (pink, fingers; light blue, palm; pale green, thumb),
with the b loop highlighted in yellow and the position of the last visible residue
at the C terminus labeled “C.” The RNA template (5′-UACC; cyan carbons),
5′-pGG dinucleotide primer (magenta carbons), and incoming UDP nucleotide
(green carbons) are represented by sticks and colored according to atom type
(red, oxygen; blue, nitrogen; orange, phosphate). The two catalytic Mn2+ ions

are shown as purple spheres. (B)ϕ6 RdRp de novo initiation assembly,with the
priming nucleotide colored by atom type with brown carbons, the incoming
nucleotide colored by atom type withmagenta carbons, and an active-site loop
shown in yellow. (C) Primed initiation assembly of HCV, which is one catalytic
step after the de novo initiation assembly. Thus, the dinucleotide primer is
colored as in (B) after catalysis, with the next incoming nucleotide colored by
atom type with green carbons. The 2|Fo| – |Fc| electron density map is con-
toured at 1s and superimposed on the refined ligand and b-loop atoms.
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Fig. 2. Recognition of the incoming nucleotide. (A) Stereoscopic view of the
NS5B active site during primed initiation. Select protein atoms are represented by
sticks and are colored by atom type with gray carbons, except for the b-loop
residues, which are highlighted in yellow. RNA bases are labeled according to
standard polymerase numbering conventions. Protein-ligand hydrogen bonds are
shown as gray dashed lines,whereas base-pair hydrogen bonds are shown as red
dashed lines. The proposed path of in-line attack by the 3′-hydroxyl on the a
phosphate of the incoming nucleotide is illustrated by a green dashed line. (B)
Close-up view of the RNA template binding site. (C) Comparison of the 3′ end of
RNA primers, metal ions, and incoming nucleotides from the Norwalk virus

polymerase ternary complex containing cytidine triphosphate (CTP) as the in-
comingnucleotide [PDB ID: 3BSO(23)] and theNS5B ternarycomplexcontaining
UDP as the incoming nucleotide. The Norwalk structure atoms are colored ac-
cording to atom type with yellow carbons and goldmetal ions,whereas the NS5B
ternary complex atoms are colored by atom type with green carbons and purple
metal ions. (D)Commonchemicalmechanismofpolymerases (24). (E)Molecular
mechanism for recognizing ribonucleotide substrates. Protein atoms of the apo
enzyme are colored with gray carbons, whereas protein atoms of the substrate
complex are colored with yellow carbons. Dashed lines represent the hydrogen
bonding network formed upon binding to an incoming ribonucleotide.
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(Fig. 1) or with a 5′-pCC RNA primer and an
incoming UDP (2.15 Å) or guanosine diphos-
phate (GDP) (2.8 Å) (fig. S3 and tables S1 to S3).
These results show that primed assemblies form
via both purine and pyrimidine dinucleotide
primers, with all possible natural ribonucleotides
as incoming substrates.
The 5′-untranslated region of theHCV genome

contains an internal ribosomal entry site, ne-

cessitating replication at the exact 3′ end of the
viral genome before copyback of the (–) strand
into a (+) strand. The NS5B thumb domain b-
loop insertion has been proposed to position the
3′ terminus of the genomic template during
initiation (12), yet the b loop and the C-terminal
membrane–anchoring linker appear in a con-
formation too deep within the active site to be
compatible with binding to the RNA template

and incoming nucleotides (9–11). In the five
primed initiation ternary assemblies presented
here, the fingertips and thumb domains have
undergone substantial rearrangements to accom-
modate the nucleic acid (fig. S4). Furthermore,
the b loop retracted 5 Å relative to several apo
HCV polymerase genotype 2a structures (13, 15),
providing space for RNA replication initia-
tion (Fig. 1A) (fig. S4). These structures reveal
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as in Fig. 1A. The sequence and position of the truncated b loop (16) are
highlighted in yellow. The self-complementary RNA is depicted with the
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gray.The incoming UDP nucleotide is represented in green.The two catalytic
Mn2+ ions are shown as purple spheres. (B) Close-up view of the active site.
Substrates are colored as in (A), and select protein residues are represented

by sticks, colored by beige carbons, and labeled accordingly. The hydrogen
bonding network involved in 2′-hydroxyl recognition of the incoming nu-
cleotide is indicated with dashed lines. (C to E) Close-in views comparing
the active sites with (C) UDP (gray carbons), (D) 2′-OH/2′-CH3-UDP (yellow
carbons), or (E) 2′-F/2′-CH3-UDP (diphosphate metabolite of sofosbuvir;
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Fig. 4. Model of HCV replication by NS5B. Schematic of representative
steps during RNA synthesis by HCV NS5B RdRp. In the apo form, a portion
of the RNA binding groove is occluded by both the C terminus (blue line) and
the b loop (yellow). During de novo initiation, the RNA template and in-
coming and priming nucleotides enter the active site. Catalysis results in
the formation of an initial dinucleotide primer (first slow step). The next

nucleotide is incorporated into the dinucleotide primed initiation assembly.
De novo initiation and primed initiation are often referred to collectively as
“initiation,” although they are distinct states. Further conformational changes
result in movement of the b loop and C terminus out of the RNA binding
groove (second slow step), allowing the enzyme to transition into a pro-
cessive elongation state.
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molecular details of a platform for RNA synthesis
in which the tip of the b loop now buttresses
the end of the short RNA duplex. A similar
global arrangement has been observed previ-
ously in the de novo initiation assembly of RNA
bacteriophageϕ6RdRp (21) (Fig. 1B), which illus-
trates the catalytic event preceding the primed
initiation state of HCV (Fig. 1C). These b-loop
interactions appear critical for setting the regis-
ter to ensure that the polymerase initiates tran-
scription at the 3′ end of the viral genome. In
general, the b-loop residues exhibit increased
temperature factors and contain weaker electron
density compared with the apo enzyme, indi-
cating that the b loop starts to become disordered
during primed initiation (fig. S5). In addition to
retraction of the b loop, the C terminus vacated
the active-site cavity now occupied by nucleic acid
and appeared disordered beyond residue T552
(22) in the primed assemblies. These movements
generate space to accommodate only twoWatson-
Crick pairs upstream of the incoming nucleotide,
suggesting that further conformational changes
are required to accommodate additional phos-
photransfer and translocation events. This in-
cludes, at a minimum, an opening of the thumb
domain via reorientation of the b loop. Thus,
these structures demonstrate the polymerase as-
sembly before the second slow step in RNA repli-
cation (19).
Mutational analysis of NS5B revealed R386

of the primer grip motif to be important for
dinucleotide-initiated RNA synthesis (12), and
the primed-state assemblies show that both R386
and R394 of the primer grip helix form salt
bridges with the 5′-phosphate of the dinucleotide
primer (Fig. 2A). The conserved catalytic residues
D220, D318, and D319 coordinate the two catalyt-
ic Mn2+ ions, which in turn coordinate the a and
b phosphates of the incoming nucleotide. Con-
served basic residues R48 and R158 coordinate
the a and b phosphates opposite the metal ions.
The incoming nucleotide forms a Watson-Crick
interaction with the pairing residue of the tem-
plate strand, which packs against conserved hy-
drophobic residues I160 and Y162 (Fig. 2B). The
3′-hydroxyl of the dinucleotide primer forms an
inner-sphere coordination with a catalytic metal
ion in an in-line conformation with the scissile
bond of the incoming nucleotide, nearly identical
to that observed for the Norwalk virus RdRp (23)
(Fig. 2C). Thus, the nucleotide diphosphates ex-
hibit enzymatically competent conformations con-
sistent with the common polymerasemechanism
(24) (Fig. 2D).
In HIV-1 reverse transcriptase, Y115 provides

specificity for deoxynucleotide triphosphates by
serving as a steric gate to prevent the binding of
ribonucleotide triphosphates (rNTPs) (25), and it
was predicted that the structurally homologous
residue in HCV, conserved D225, would be in-
volved in recognition of the 2′-hydroxyl of incom-
ing rNTPs (9–11). In theNS5B ternary complexes,
the main chain of conserved S282 flips, allowing
its side chain to swing out and hydrogen bond
with the 2′-hydroxyl of the substrate and the car-
boxylic acid of D225, whichmoves away from the

nucleotide substrate during binding (Fig. 2E).
The 2′-hydroxyl of the incoming ribonucleotide
also forms a direct hydrogen bond with the side
chain amine of N291 on the opposite face of the
ribose ring. This network of hydrogen bonds, to-
gether with complementary base-pairing to the
template, provides the structural basis for recog-
nition of the correct ribonucleotide substrate.
Crystal structures of a b-loop deletion con-

struct of the HCV NS5B polymerase were solved
as apo (2.5 Å resolution) or via soaking (see
supplementary materials and methods) with a
symmetrical RNA primer-template pair (16) and
an incoming UDP (2.8 Å), CDP (2.75 Å), ADP
(2.7 Å), or GDP (2.9 Å) (Fig. 3, figs. S6 to S8, and
tables S4 to S6). These ternary complexes prob-
ably represent the highly processive elongation
phase of viral genome replication after the tran-
sition from the primed state in the second slow
step of polymerization (19). These high-resolution
elongation state structures were obtained via
soaking into the same crystal form as the triple-
mutant structures with the intact b loop but
could only be obtained with a construct contain-
ing both the triple mutant (15) and the b-loop
deletion (16) (see supplementary materials).
Overall, there is excellent overlap between the
catalytic residues, the 3′ end of the primer, and
the incoming nucleotide when comparing the
elongation complexes with the primed initiation
assemblies, including the same in-line confor-
mation of the 3′-hydroxyl of the primer with the
scissile bond. The thumb domain moved away
from the palm and fingers domains by an addi-
tional 1.5 Å for similar Ca atoms, demonstrating
a slightly more relaxed state of the polymerase
during elongation. In addition, the C-terminal
residues downstream of A534 have evacuated the
RNA binding groove and become disordered, pre-
venting overlap with the template strand. Thus,
these structures provide further evidence for con-
certed movements of the b loop, the thumb do-
main, and the C terminus once RNA elongation
begins. Moreover, they provide the structural basis
for the hypothesis that these elements provide
a “swinging gate” that allows the polymerase to
initiate at the terminus of the RNA genome and
then transition to a processive elongation state,
thereby replicating the complete genome (12).
The crystal structures presented here lead us

to propose a model of the structural events in-
volved inHCV genome replication (Fig. 4). At the
outset, the b loop and the C-terminal membrane–
anchoring linker are buried within the encircled
active-site cavity. In the first of two slow steps in
HCV RNA replication (19), the 3′ end of the viral
RNA template and the incoming nucleotides
enter the active site, possibly with accompanying
conformational changes, and the initial phosphoryl
transfer step generates a dinucleotide primer.
This de novo initiation step immediately precedes
the primed initiation assembly captured here. At
this early stage, the complex remains unstable,
which may account for the observed large quan-
tity of two- to four-nucleotide-long abortive tran-
scripts (26, 27). As the dinucleotide primer is
extended by another one to three nucleotides, the

build-up of tension displaces the b loop and the
remaining C-terminal residues, further opening
the cavity and allowing the RNA duplex to exit
during the second slow step in replication (19).
With both the b-hairpin loop and the C terminus
expelled from the active-site cavity, the poly-
merase transitions into the highly processive elon-
gation mode also captured here.
By using an extensive hydrogen bond network

to recognize the 2′-hydroxyl of the incoming nu-
cleotide (Fig. 3C), HCV NS5B displays stringent
selectivity for ribonucleotides. Consequently, 2′-
deoxyribonucleotide chain terminators such as
azidothymidine are ineffective againstHCV,whereas
2′-modifiednucleotides are effectiveHCVantivirals
(6). The nucleotide analog inhibitor sofosbuvir
is a 2′-F-2′-C-methyluridine monophosphate pro-
drug (28–30) and is approved for the treatment
of chronic HCV infection (7, 8). Efficacy of chain-
terminating nucleotide analogs requires viral
RdRps to recognize and successfully incorporate
the inhibitors into thegrowingRNAstrand. Togain
insight into the molecular details of 2′-modified
nucleotide analog recognition, we determined
elongation-phase ternary complexes of both 2′-OH/
2′-CH3-UDPand 2′-F/2′-CH3-UDPat 2.65 and2.9Å
resolution, respectively (table S7). The stalled ter-
nary complex with 2′-OH/2′-CH3-UDP as the in-
coming nucleotide was essentially identical to the
UDP-bound elongation assembly, with S282 under-
going the same conformational change to interact
directly with the 2′-hydroxyl group and hydrogen
bond with D225 (Fig. 3D). Although the addition
of the 2′-C-methyl group of the inhibitor places it
within 3.1 Å of the S282Og, previous biochemical
studies using 2′-C-methyl nucleotides reveal that
these analogs are readily incorporated into the
growing chainwithKm values approaching those
of the natural ribonucleotide substrates (31). In
contrast, the trapped elongation assembly con-
taining 2′-F/2′-CH3-UDP (i.e., sofosbuvir diphos-
phate) as the incoming nucleotide reveals that
the hydrogen bonding network is disrupted (Fig.
3E). D225 is oriented away from the incoming
nucleotide, but S282 remains in the same con-
formation as in the apo enzyme. The loss of the
hydrogen bonding network involving S282 re-
sults in a substantially higherKm for 2′-F/2′-CH3–
modified nucleotides. Nevertheless, recognition
of the 2′-F by N291 and Watson-Crick pairing
with the template allow sofosbuvir to form the
in-line conformation necessary for incorporation
into the growing chain, thereby promoting non-
obligate chain termination. Key contacts formed
by S282 with the incoming nucleotide and the
surrounding environment give insight into the
in vitro selection of a threonine as a potential
resistance mutation to some 2′-CH3–modified nu-
cleotides (32, 33), although S282→T282 has been
infrequently observed in the clinic (34). In par-
ticular, a steric clash between the T282 side chain
and the 2′-CH3 would be predicted based on the
structure determined with 2′-OH/2′-CH3-UDP.
The results presented here define the structural

requirements for HCV genomic replication from
primed initiation to elongation and demonstrate
the structural basis for inhibitor recognition. The
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primed initiation state explains much of the
known biochemistry behind the slow steps in
the enzymatic pathway and highlights the dif-
ferences between Flaviviridae RdRps and other
polymerases. These structural and mechanistic
differences have been exploited for the develop-
ment of HCV nucleotide therapeutics that fea-
ture pangenomic activity and a high barrier to
the development of drug resistance. Thus, they
may provide an avenue for the development of
therapeutics against related viruses.
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TIGHT JUNCTIONS

Structural insight into tight junction
disassembly by Clostridium
perfringens enterotoxin
Yasunori Saitoh,1,2* Hiroshi Suzuki,1*† Kazutoshi Tani,1* Kouki Nishikawa,1

Katsumasa Irie,1,2 Yuki Ogura,3 Atsushi Tamura,3

Sachiko Tsukita,3 Yoshinori Fujiyoshi1,2‡

The C-terminal region of Clostridium perfringens enterotoxin (C-CPE) can bind to specific
claudins, resulting in the disintegration of tight junctions (TJs) and an increase in the
paracellular permeability across epithelial cell sheets. Here we present the structure of
mammalian claudin-19 in complex with C-CPE at 3.7 Å resolution. The structure shows that
C-CPE forms extensive hydrophobic and hydrophilic interactions with the two extracellular
segments of claudin-19. The claudin-19/C-CPE complex shows no density of a short
extracellular helix that is critical for claudins to assemble into TJ strands. The helix
displacement may thus underlie C-CPE–mediated disassembly of TJs.

I
nfection with Clostridium perfringens type A
by eating contaminated food is a common
cause of food poisoning in humans and ani-
mals. In the intestines, this bacterium pro-
duces Clostridium perfringens enterotoxins

(CPEs) that trigger foodborne illness (1). Upon
binding to their receptor, the complexes aggre-
gate on the intestinal cell surface and form a
large oligomer that inserts into the membrane
and forms an ion pathway. The resulting Ca2+

influx triggers cell death (2, 3). The receptors
for CPE, initially named CPE-R and RVP-1 (4, 5),
were later recognized as claudin-4 and -3, re-
spectively (6), based on their sequence simi-

larity with claudin-1 and -2, known constituents
of cell-to-cell tight junctional complexes (7, 8).
The carboxyl-terminal half of CPE (C-CPE) me-
diates the interaction with specific claudins
(9, 10), which reversibly modulates the para-
cellular permeability of tight junctions (TJs),
whereas its amino-terminal half is responsible
for pore formation and thus for cellular cyto-
toxicity (11).
Claudins have a common structural topology

consisting of four transmembrane (TM) segments;
a large first extracellular segment (ECS1), which
contains the claudin consensus motif; and a
shorter second extracellular segment (ECS2)

(12–14). The adhesion and polymerization prop-
erties of claudins enable them to form linear
polymers, called TJ strands, which connect ad-
jacent cells and form the structural backbone of
TJs (15). TJs serve mainly as barriers that re-
strict the diffusion of solutes through intercellu-
lar spaces in epithelial and endothelial cell sheets
(16), thus separating internal tissue compart-
ments from external environments tomaintain
the homeostasis of our bodies (8).
To understand the structural basis for how

C-CPE recognizes specific claudins, we expressed
all mouse claudin subtypes in Sf9 insect cells and
assessed their capacity to bind C-CPE by using
fluorescent-detection size-exclusion chromatog-
raphy (FSEC) (17). Mouse claudin-19 showed con-
siderable affinity for C-CPE (fig. S1A) (18). When
expressed in a mammalian epithelial-like cell
line, mouse claudin-19 formed TJs in the plasma
membranes of cell-to-cell contact regions (Fig. 1A).
Although a previous study reported that a syn-
thetic ECS2 peptide of claudin-19 had no affinity
for CPE (9), a 24-hour incubation with C-CPE
resulted in a significant delocalization of the
claudin-19 signal away from the junctional bor-
ders (Fig. 1A), suggesting that binding of C-CPE
causes claudin-19 to dissociate from TJs. The
disruption of TJs by incubating cells expressing
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