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We report here the results of a systematic high-resolution X-ray crystallographic analysis of complexes of the
hepatitis C virus (HCV) RNA polymerase with ribonucleoside triphosphates (rNTPs) and divalent metal ions.
An unexpected observation revealed by this study is the existence of a specific rGTP binding site in a shallow
pocket at the molecular surface of the enzyme, 30 A away from the catalytic site. This previously unidentified
rGTP pocket, which lies at the interface between fingers and thumb, may be an allosteric regulatory site and
could play a role in allowing alternative interactions between the two domains during a possible conformational
change of the enzyme required for efficient initiation. The electron density map at 1.7-A resolution clearly
shows the mode of binding of the guanosine moiety to the enzyme. In the catalytic site, density corresponding
to the triphosphates of nucleotides bound to the catalytic metals was apparent in each complex with nucleo-
tides. Moreover, a network of triphosphate densities was detected; these densities superpose to the corre-
sponding moieties of the nucleotides observed in the initiation complex reported for the polymerase of
bacteriophage &6, strengthening the proposal that the two enzymes initiate replication de novo by similar
mechanisms. No equivalent of the protein stacking platform observed for the priming nucleotide in the ¢$6
enzyme is present in HCV polymerase, however, again suggesting that a change in conformation of the thumb

domain takes place upon template binding to allow for efficient de novo initiation of RNA synthesis.

About 3% of the world population is chronically infected
with hepatitis C virus (HCV), an infection that leads to liver
cancer in many patients. There is neither vaccine nor effective
therapy available against this pathogen, and, therefore, there is
an urgent need for efficient means of combating and, ulti-
mately, curing this viral disease. The RNA-dependent RNA
polymerase (RdRp) activity of HCV protein NS5B is an abso-
lute requirement for replication of the virus. This enzyme
exhibits important differences with cellular polymerases and is
therefore a good target for developing specific anti-HCV ther-
apies. The crystal structure of unliganded NS5B has been de-
termined by three groups independently (2, 8, 27); this work
shows that NS5B contains the classic structural domains, de-
noted fingers, palm, and thumb, of other single-chain polynu-
cleotide polymerases (21). The strictly conserved aspartic acids
that chelate the catalytic Mg®" ions are found in the palm, the
fold of which is conserved among all members of the polymer-
ase I and « families (43). In contrast to most other single-chain
polymerases of known structure, the finger and thumb domains
are connected in the HCV enzyme and are therefore not free
to change conformation independently of each other. This is
also the case for other RdRps, as confirmed by the recently
reported structure of the double-stranded RNA bacteriophage
&6 polymerase (12). The overall similarity between the phage
&6 and the HCV polymerases indicates an unexpected evolu-
tionary link between the corresponding genes in these other-
wise unrelated viruses. An additional distinctive feature of
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these two polymerases is their ability to initiate replication
from an RNA template without the need of a primer (de novo
initiation), as reported for HCV (30, 34, 46) and &6 (31). In
addition, it has been shown that high concentrations of ri-
boguanosine triphosphate (rGTP) stimulate RNA synthesis for
both the ¢$6 (35) and HCV (29, 30) enzymes, presumably by
enhancing the efficiency of the initiation process. The cocrys-
tals of the $6 polymerase in complex with a DNA oligonucle-
otide and rGTP provided the first snapshot of an initiation
complex formed by these enzymes (12). Understanding the
details of such a process, which is specific to a particular subset
of RNA viruses (11), can provide a handle for devising specific
drugs that block initiation of viral replication. To obtain more
structural information about the initiation of replication of
HCYV and its rGTP activation, we undertook the determination
of structures of complexes of NS5B with all four ribonucleo-
side triphosphates (rNTPs) and divalent cations (essentially
Mn?* but also Mg®*) to high resolution. For tGTP we ob-
served electron density for a nucleotide bound to a surface
pocket at a distance of about 30 A from the catalytic site. For
all four INTPs (rATP, rGTP, rCTP, and rUTP), we observed
electron density at and near the active site, readily interpret-
able as metal ions and the triphosphate (tP) moieties of three
rNTPs. The latter superpose remarkably well to the tPs of the
bound nucleotides observed in the initiation complex of the $6
polymerase at the C (catalytic), P (priming), and I (interroga-
tion) sites (12). In the absence of template, the corresponding
nucleoside moieties are disordered in our crystals. Further-
more, the location of the tP corresponding to the priming
nucleotide indicates that its nucleoside moiety lies within a
large water-filled cavity of the enzyme. This observation sug-
gests that a conformational change of the protein needs to take
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TABLE 1. Statistics of data collection and refinement
No. of  Avg redun- No. of at rmsd/.
Soaking conditions” Resolution range? Ry’ U Completeness  unique dancy of ; to', o/l.a' org/s at bonds (A)/  R/Rg.
(mM) (A) (%) o1 (%) reflections measure- ' P eml lgd{l water angles (%)?
measured ments molecuie ©)

GTP, 10; MnCl,, 11 25-1.7 (1.73-1.70) 6.9 (42.3) 12.3(2.9) 99.3 (98.5) 68,572 32 4,127/67/655 0.010/1.5 19.3/22.2
UTP, 10; MnCl,, 11 25-1.85 (1.88-1.85) 7.5(38.4) 12.3(3.3) 99.5(99.9) 53,875 3.5 4,143/69/484 0.010/1.5 19.7/22.9
ATP, 10; MnCl,, 11 20-2.0 (2.05-2.00) 8.1 (32.6) 10.2(2.4) 94.0(94.8) 40,377 2.6 4,133/2/481 0.007/1.3  20.2/23.7
CTP, 10; MnCl,, 11 20-1.65 (1.68-1.65) 8.6 (31.2) 13.5(3.9) 99.0 (95.1) 74,850 3.7 4,133/27/591 0.010/1.5 20.0/22.5
GTP, 10; MgCl,, 9 30-1.85 (1.88-1.85) 8.8 (40.1) 14.3(3.7) 99.6 (98.9) 53,606 4.5 4,133/10/426 0.010/1.5 18.8/21.5
GTP, 1; MgCl,, 4 20-2.3 (2.38-2.30) 6.3 (19.0) 15.2(4.2) 100.0 (100.0) 28,205 4.6 4,133/67/341 0.010/1.6  20.9/24.7

“ A slight precipitate in the solutions indicated that the concentrations of nucleotides and/or divalent ions were less than those initially added.

> In parentheses, statistics for the highest-resolution shell.

¢ Ryym was determined by the equation R = S 3 |1hu, — (Iya)|/Swa 3 Iy where 1 is measured intensities, /1, k, and / are the unique indices of all reflections measured

more than once, and j is the index for symmetry-redundant reflections.

4R and Ry, were determined by the equation R = 3,4 |Fops| — k|Fcadl/SnrilFors| Where h, k, and [ are the indices of the reflections used in refinement (R) or of 5%
of the reflections set aside and not used in refinement (Ry,..). The same set of reflections was used for Ry, in all structures. F, are the structure factors deduced
from the measured intensities, and F_,. are the structure factors calculated from the model. k is a scale factor to put F,. on the same scale as the F .

¢ oy, root mean square error of measurement of intensities.
7 rmsd, root mean square deviation.

place to provide for a stacking platform for initiation, such as
the platform provided by Tyr630 in the $6 polymerase. We
describe here the results obtained in each case and discuss the
implications in the light of the superposition to the initiation
complex observed for the ¢6 polymerase.

MATERIALS AND METHODS

Crystallization and diffraction data collection. Crystals of a form of the HCV
RdRp lacking the 55 C-terminal amino acids (HCV-NS5B-ACS5; either as a
native or selenomethionine-derivatized protein) were grown as described previ-
ously (8). This form ends at the C terminus of the thumb domain and therefore
lacks the 21-residue membrane-anchoring region and the 34-amino-acid linker
connecting thumb and membrane anchor. Crystals were soaked for 4 to 15 h at
4°C in a solution containing either rGTP, rUTP, rCTP, or rATP and either
MnCl, or MgCl, (see Table 1 for concentrations) in 0.09 M MES (morpho-
lineethanesulfonic acid) buffer (pH 6.8)-7% (vol/vol) 2-propanol-7.2% (wt/vol)
polyethylene glycol 4000. Crystals were briefly transferred to a cryoprotectant
solution containing 18% (vol/vol) 2-methyl-2,4-pentanediol added to the other
components of the soaking solution and then were flash-cooled by plunging them
into liquid ethane. For rATP and rGTP, a slight precipitate was observed in the
cryoprotectant solution when the nucleotide concentration used was 10 mM,
indicating that the actual concentrations seen by the crystal in these cases were
somewhat lower than those reported in Table 1. Diffraction data were collected
at beam line ID14 of the European Synchrotron Radiation Facility or in-house
on a rotating-anode X-ray generator with focusing mirrors and a Mar345 image
plate detector. Data were processed and reduced with the HKL suite of pro-
grams (36). Analysis of the diffraction data showed that the soaking procedure
induced a change in the crystal space group. The crystals grew in space group
P2,2,2, with cell parameters a = 67 A, b = 97 A, and ¢ = 194 A and two
molecules in the asymmetric unit and shifted to P2,2,2 with cell parameters a =
67.1A,b =965 A, and ¢ = 96.2 A and one molecule in the asymmetric unit upon
being soaked with nucleotides.

Structure determination. Program AMoRe (33) was used for molecular re-
placement (MR) with the structure of unliganded NS5B as a search model (8).
Refinement was carried out with the CNS package (10). An initial positional and
B-factor refinement of the MR solution led to an Ry, (9) value below 28%.
Electron density was apparent at this stage in an Fo-Fc difference map in the
region of the catalytic site. Two peaks near Asp220, -318, and -319 were clearly
attributable to two catalytic metal ions when the metal ion used was Mn?*. For
the rGTP complexes, strong density was also observed near residues 495 to 499,
independently of the metal ion used (Mn?* or Mg®™). After the two manganese
ions were built at the catalytic site and after the amino acid side chains sur-
rounding these ions were manually adjusted, three cycles of refinement and
automatic water molecule picking were performed. Care was taken to avoid
introduction of spurious water molecules either in the region of the catalytic site
or near residues 495 to 499. After addition of ~300 water molecules, the Ry,
had dropped below 25% and the electron density maps improved to the extent

that the nucleotides and/or tP moieties could be readily built. Statistics of data
collection and refinement for complexes with each of the four ribonucleotides
used are provided in Table 1.

Sequence alignments. The alignments displayed in Fig. 4 and 5 were made
using the facilities of the Réseau National Hépatites web server (http://hcvpub
.ibcp.fr). For Fig. 4, one sequence each of HCV-NS5B proteins from genotypes
la, 1b, 2, 3, 4, 5, and 6 was retrieved from the server and the seven sequences
were aligned with CLUSTALW (45). To get a reliable alignment between HCV-
NS5B and more-distant polymerases (see Fig. 5), a PSI-BLAST (3) search was
performed with the sequence of the HCV BK strain used in this study and all
polymerase sequences from the SWISSPROT database. Five sequences of Fla-
viviridae polymerases and two from Bromoviridae were kept and the PSI-BLAST
alignment was then manually adjusted by using the secondary structure of HCV-
NS5B as a guide.

Graphic representation for figures. Figures 1 to 3 were made with Bobscript
(14) and Molscript (26) and were rendered with Raster3D (32). Figures 4 and 5
were made with ESPript (15) by using the web server interface (http:/prodes
.toulouse.inra.fr/ESPript).

Data deposition. Coordinates and structure factors for the first two structures
described in Table 1 have been deposited with the Protein Data Bank. Coordi-
nates and structure factors for the other structures in Table 1 will be made
available on our website (http://www.cnrs-gif.fr/gv).

RESULTS

The surface rGTP site. The surface binding site observed in
crystals soaked with rGTP lies at about 30 A from the catalytic
site, next to the region of interaction between fingertips and
thumb (Fig. 1a). The nucleotide contacts residues from the
loop between a-helices S and T of the thumb and from «-helix
A, at the tip of the Al loop of the fingertips (we use the
secondary structure nomenclature defined in reference 8
throughout). Six amino acids of NS5B make direct or water-
mediated contacts to the nucleotide (Table 2; see Fig. 4), four
from the thumb domain (Pro495 and -496 from the aS-aT loop
and Val499 and Arg503 from a-helix T) and two from the
fingertips (Arg32 and Ser29 in a-helix A). The polymerase
makes direct contacts only with the nucleoside moiety of the
bound nucleotide. The tP moiety is less well ordered and ex-
hibits two alternative conformations (which have been mod-
eled as shown in Fig. 1b). The ring of Pro495 and the side chain
of Val499 provide a hydrophobic platform against which the
guanine base lies flat, with lateral contacts to the side chain
ring of Pro496, which is roughly perpendicular to the plane of
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FIG. 1. (a and b) The rGTP complex. (a) Overall view, with the finger, palm, and thumb domains colored red, yellow, and blue, respectively.
Arrows, B-strands; cylinders, a-helices; thin tubes, connecting loops. The Fo-Fc simulated annealing electron density omit map is displayed at a
contour level of 3.5¢ as a green net at the surface and C sites. Secondary structure elements next to the surface site (a-helices A, S, and T and
loops A1 and A2) are labeled as described previously (8). This view is from the back of the enzyme, with respect to the views defined in reference
8. (b) Stereo view of the putative rGTP activator site. The complex has been rotated 90° around a vertical axis with respect to the view shown in
panel a, so that Arg32 (at the base of helix A) now lies in the background. The residues involved in contacts with rGTP are displayed in
ball-and-stick representation. Two alternative conformations for the sugar and tP of the nucleotide exhibiting about 50% occupancy are
represented (with phosphates labeled «, B, and y and o', B’, and vy’ denoting the two conformations). Atoms are color coded as follows: carbon,
black; nitrogen, blue; oxygen, red; phosphorus, orange; manganese, grey. Broken light blue lines, hydrogen bonds. A thin grey continuous line
between one of the guanidinium nitrogens of Arg32 and the N2 position of the guanine base denotes a water-mediated hydrogen bond between
the two donors (see text). mc, main chain; w, water molecule. (¢) rUTP complex, overall view. The difference electron density with respect to the
unliganded enzyme (Fo-Fc simulated annealing omit map contoured at 30 is displayed as a green net in the region of the C and P sites. Secondary
structure elements relevant to the binding of nucleotides at the C and P sites are labeled.

the base. The side chain of Arg32 is in position to make a ing that the second hydrogen bond is water mediated, as ex-
bidentate hydrogen bond to the 2" OH group of the ribose and pected since both the guanidinium and the guanine nitrogens
to the N2 position of the guanine base (Fig. 1b). In the latter are proton donors. The side chain atoms of Arg32 exhibit fairly
case, the distance between the two nitrogens is 3.6 A, indicat- high temperature factors in all of our structures, suggesting
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TABLE 2. Summary of all interactions observed between HCV
polymerase and nucleotides

Nucleotide

site Residue Nature of interactions
Surface Ser29 1 water-mediated hydrogen bond to ribose;
main-chain interaction
Arg32 1 hydrogen bond to ribose, 1 water-
mediated hydrogen bond to base
Pro495 van der Waals contacts with base
Pro496 van der Waals contacts with base
Val499 van der Waals contacts with base
Arg503 1 water-mediated hydrogen bond to base
C Asp220  Coordination of metals A and B
Asp318 Coordination of metals A and B
Asp319 Coordination of metal A
P Argl58 2 hydrogen bonds to « phosphate”
Ser367 1 hydrogen bond to B phosphate
Arg386 2 hydrogen bonds to 3 phosphate
Thr390 1 hydrogen bond to vy phosphate”
Arg394 1 hydrogen bond to « phosphate o*
I Arg4d8 Electrostatic”
Lys51 Electrostatic”
Lys151 Electrostatic®
Lys155 Electrostatic”
Argl58  Electrostatic”
rUTP ¢ Leul59 2 hydrogen bonds to base; main-chain
interaction
Asp225 1 hydrogen bond to ribose

“ a and vy phosphates were assigned with respect to the expected position of
the nucleoside moiety, which is not ordered in our structures. .

® Distance between the charged residue and the tP is in the range 3.5 to 3.8 A,
indicating a strong electrostatic interaction but no hydrogen bonding. .

¢ Distance between the charged residue and the tP is in the range 4 to 5 A,
indicating a weak electrostatic interaction.

4 The nucleoside moiety, and these interactions, were observed at the C site
only with rUTP. In this case, the tP moiety is also shifted compared to the other
structures (see text for details).

that this surface residue is mobile. Our maps show density for
its guanidinium group only in the complexes with rGTP, indi-
cating that the binding of the nucleotide restricts the mobility
of the Arg32 side chain. In contrast, the electron density for the
side chain of Arg503 is very well defined in all structures. Its
guanidinium group makes a bidentate hydrogen bond to the
N2 of the base (again, via a water molecule) and to the main-
chain carbonyl of Ser 29 (at the C terminus of helix A). The
water molecule mediating the bond to the N2 of the guanine is
also hydrogen bonded to the main-chain carbonyl of residue
29, giving rise to a network of interactions involving fingers,
thumb, and rGTP. This nucleotide-binding site is fully occu-
pied at 10 mM rGTP, and its occupancy is still 0.7 to 0.8 at 1
mM rGTP, whether the metal ion is Mn*" or Mg (see Table
1 for three of the five complexes made at various rGTP and
Mn?*" or Mg”>* concentrations). Furthermore, this site is spe-
cific for rGTP: soaking the crystals with rATP, rCTP, or rUTP,
even at 10 mM concentration (Table 1), revealed no binding at
this site. These results were reproduced three times with rATP
and verified once with rCTP and rUTP. Arg32 seems to be an
important specificity determinant. Its bidentate hydrogen bond
to the ribose and the base can only exist with rGTP, since the
orientation of the base is defined by its interactions with the
two proline rings (P495 and P496) and Val499. The side chains
lining this surface rGTP site appear to be strictly conserved
among HCV genotypes (Table 2; see Fig. 4), with the notable
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exception of position 499, which displays restricted variability
(see Discussion).

The C and I rNTP sites. X-ray diffraction analysis of crystals
soaked with INTPs and Mn** or Mg ions under the condi-
tions described in Materials and Methods revealed extra den-
sity at and near the catalytic site of the enzyme (Fig. Ic).
Except for rUTP (see below), only densities corresponding to
the tP moieties of rNTPs were present in the difference maps,
indicating that the nucleoside moieties are disordered in the
absence of template. In addition to the tP of a nucleotide at the
catalytic site, densities for two other tPs were present in each
complex. The refined occupancies were between 0.6 and 0.85,
depending on the particular complex. While the occupancies of
the tPs observed at the P and I sites were the same indepen-
dently of the divalent cation, that of the C site was much lower
when Mg?" was used instead of Mn*". Crystallographic re-
finement was therefore pursued first for the models corre-
sponding to complexes obtained in the presence of Mn?™,
which are described in detail below. It was verified that the
refined models obtained superpose well to electron density
maps obtained from crystals soaked with INTP and Mg?", in
particular concerning the weaker density at the C site.

The C site. The electron density maps obtained from crystals
soaked with rCTP, rGTP, and rATP in the presence of Mn*"
displayed clear density for the tP moiety of a nucleotide bound
to two metal ions (labeled A and B in all the figures). The
metals lie 3.6 A apart and are coordinated by Asp220, -318,
and -319 (Table 2) from conserved polymerase motifs A and C
(39). Metal B is coordinated by all three phosphates of the
nucleotide, and metal A interacts with the a-phosphate only,
likely in position to contact the 3’ OH of the ultimate nucle-
otide of the nascent RNA chain during polymerization. The
side chains of Asp220 and Asp318 bridge the two metals,
whereas that of Asp319 interacts only with metal A. Superim-
posing the crystal structures of NS5B with that of human im-
munodeficiency virus type 1 reverse transcriptase (RT), based
on the palm and fingertips, brings the tP density observed at
the C site into superposition with the corresponding portion of
the dNTP of the RT-template-primer-dTTP quaternary com-
plex (20). The corresponding superposition to the ¢6 polymer-
ase results in an almost perfect match of the tP density ob-
served in our structures with that of the nucleotide at the C site
of the $6 polymerase initiation complex (12). In addition, the
latter superposition also identifies sites P and I, as discussed
below.

Surprisingly, soaking the crystals with rUTP revealed density
for the complete nucleotide bound at the active site, as dis-
played in the stereo diagram of Fig. 2a. The base is ordered
because it interacts with the polypeptide main chain, with its
N3 and O4 positions hydrogen bonded to the main-chain car-
bonyl and nitrogen atoms, respectively, of Leul59. This inter-
action is not expected to take place in the presence of tem-
plate, where N3 an O4 would be involved in Watson-Crick base
pairing to the matching base facing the catalytic site. On the
other hand, the 2" OH of the ribose hydrogen bonds to the side
chain of Asp225 in motif A, an interaction which is expected to
remain valid in the presence of template and which is likely to
confer specificity for ribonucleotides. The tP moiety is also
shifted with respect to the normal nucleotide-binding mode at
the catalytic site, in such a way that the B and y phosphates
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FIG. 2. The rUTP complex. Secondary structure elements are color coded as in Fig. 1a and labeled as in Fig. 1c. (a) Close-up view of the region
around the catalytic site of the enzyme (stereo view). The orientation is as in Fig. 1c, and the representation of atoms is as in Fig. 1b. Amino acids
involved in binding the nucleotides are labeled. To the right is the nucleotide bound to the C site, with the uracil base hydrogen bonded to the
polypeptide main chain. To the left is the tP moiety of the nucleotide bound at the P site. Hydrogen bonds are represented as in Fig. 1b. Divalent
metals (Mn**) are displayed as gray spheres; *A and *B identify the catalytic ions (see text). mc, main chain. (b) Stereo view displaying the C, P,
and I sites (green) in the enzyme’s active-site region in the rUTP complex. Shown is a view from the thumb. Labeling is as described in the legend
to panel a. Arrow, access route of nucleotides through the NTP tunnel defined previously (8).

occupy the former positions of the « and B phosphates, re-
spectively (Fig. 3b).

In summary, nucleotides can bind to the catalytic site of
NS5B through their tP moieties even in the absence of tem-
plate. For rUTP, fortuitous interactions of the base with the

polypeptide main chain combine with interactions that are
biologically relevant (the 2' OH of the ribose with the side
chain of Asp225). These interactions lead to a binding mode in
which the tP moiety is shifted with respect to the expected
binding in the productive nucleotide incorporation mode.
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P |

FIG. 3. Model for an HCV initiation complex derived from the $6 polymerase quaternary complex. The images were made after superposition
of the equivalent atoms of the HCV and the phage ¢6 polymerase (using the equivalent atoms in the fingers and palm defined previously [12]).
(a) Stick representation of the template strand (light green) and the two rGTPs (dark green) of the $6 polymerase initiation complex, along with
the rUTP complex (the I site has been removed for clarity). The color code by domains of the protein is the same as that of Fig. 1a; the orientation
is the standard front view of the enzyme. The Mn?* ions are displayed as for Fig. 1 and 2. The C and P sites are labeled in green, with the atoms
observed in the rUTP complex displayed as described in Fig. 1a. Flap, B-hairpin 17-18 of the thumb (8). A1 and A2, loops connecting fingers and
thumb at the back of the enzyme. (b) Stereo diagram displaying a close-up view of the P site. Tyr630 of the $6 polymerase, stacking against the
priming base, is displayed in stick representation. Atoms of the rUTP complex are displayed as in Fig. 2a.

The P site. The stereo plot of Fig. 2a displays all the ligands
(listed in Table 2) to the nucleotide in the P site. Arg158 (from
the A2 loop of the fingers, in motif F identified recently [27])
makes a bidentate hydrogen bond to the a phosphate, which is
also contacted by Arg394 (helix «O, thumb). Ser367 in motif E
and Arg386, which lie at the base of B-hairpin 15-16 (Fig. 1c),
hydrogen bond to the B phosphate, and Thr390 hydrogen
bonds to the y phosphate. A Mn?* ion was detected between

the tPs from the P and C sites, likely screening electrostatic
repulsion between the two adjacent nucleotides. Of the five
residues interacting with the tP at the P site, three (R158, S367,
and R386) appear strictly conserved among all HCV genotypes
(not shown). Interestingly, these amino acids are also con-
served throughout the Flaviviridae family (with the notable
exception of GB virus A [GBV-A] and GBV-C), and this
conservation extends to the polymerases of other positive-
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stranded RNA viruses known to initiate replication de novo,
such as brome mosaic virus (BMV) (23), as shown in Fig. 5.

In the initiation complex of the $6 polymerase, the base of
the nucleotide at the P site stacks against a tyrosine residue
(b6-Tyr630). This side chain acts as a protein platform to hold
the base in the right orientation so that it can make a Watson-
Crick base pair with the 3’ base of the template (Fig. 3b). The
polymerization reaction is thus primed by a single nucleotide.
In NS5B, there is a water-filled cavity in this region and the
nucleoside moiety is disordered in the absence of both tem-
plate and platform.

The I site. The stereo plot shown in Fig. 2b displays all three
observed tPs in the case of the rUTP complex. The I site is
found further toward the NTP tunnel, and the tP of this nu-
cleotide exhibits no direct hydrogen bonding to side chains, in
contrast to the P site (Table 2). It is held in place instead by
electrostatic interactions only, in keeping with the notion that
this site holds the nucleotides transiently, allowing template
interrogation. A rapid turnover in this region and across the
NTP tunnel during elongation is indeed expected to occur. The
five side chains interacting with this nucleotide, Arg48, Lys51,
Lys151, Lys155, and Argl58, appear strictly conserved in all
HCV genotypes (not shown).

DISCUSSION

The results reported here provide a detailed high-resolution
picture of the binding of rNTPs to the HCV polymerase in the
absence of template. For the crystallographic analyses, we
mostly used saturating conditions of ligands (Table 1) in order
to maximize the occupancy and facilitate the interpretation of
the electron density maps. Under these conditions, we were
able to make the following important and unexpected obser-
vations: (i) the presence of a specific binding site for rGTP at
the surface of the enzyme (a site occupied also at nucleotide
and metal concentrations closer to the physiological condi-
tions); (ii) an alternative rUTP binding site, in the absence of
template, superposing partially with the binding site at the
catalytic center; and (iii) the presence in the active site area of
electron density for the tP moieties of three nucleotides that
match precisely the locations of the nucleotides observed in the
initiation complex of the bacteriophage ¢6 polymerase.

The biological significance of the low-affinity surface rGTP
site is currently not understood. From our crystallographic
analysis we know that this site is 70 to 80% occupied at 1 mM
rGTP. This observation suggests that the dissociation constant
of rGTP is in the 0.25-t0-0.45 mM range under our experimen-
tal conditions, that is, conditions compatible with the stability
and cryoprotection of crystals, as indicated in Materials and
Methods. In the cytoplasm of an infected cell, different envi-
ronmental conditions may well affect the binding, but the af-
finity of rGTP for this site is likely to be of the same order of
magnitude, given that the physiological ionic strength and pH
are similar to the ones used for stabilizing the crystals. In sharp
contrast, soaking the crystals with rATP, rCTP, or rUTP, even
at a 10 mM concentration, does not lead to binding at the
surface site, demonstrating the specificity for rGTP. Several
studies have shown a specific effect of high rGTP concentra-
tions on the efficiency of RNA synthesis by NS5B (29, 30). Luo
et al. (30) have concluded that the rGTP effect is likely to be
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related to its incorporation as an initiating nucleotide, which
they interpret as being rate limiting for RNA synthesis. We
have reassessed the reported data both on stimulation of NS5B
and de novo synthesis (24, 29, 30, 34, 46), bearing in mind two
possibilities: first, that the two phenomena may be linked and,
second, that the remote surface site might play a role in acti-
vating de novo initiation, with an overall stimulation of RNA
synthesis as a result. No definite conclusions can be drawn at
the moment, however, as different studies are not directly
comparable due to major differences both in biochemical assay
conditions and ways of analyzing the products. However, a
possibly important observation is that amino acid 499, an in-
tegral part of the surface rGTP binding site, is variable among
HCV isolates. NS5B residue 499 is a valine in most isolates of
genotype 1b, as in the BK isolate used in this study and in those
of Lohmann et al. (29) and Zhong et al. (46); it is an alanine in
most isolates with the other genotypes (Fig. 4). However, some
isolates of genotype 1b sport an alanine or a threonine at this
position, as with the enzymes used by Luo et al. (30) and Oh et
al. (34), respectively. These differences might explain some of
the discrepancies reported in different studies, which suggest
that variants with Ala at position 499 are more easily activated
by rGTP. However, given that the polymerases used in the
reported experiments differed at other positions besides posi-
tion 499, it is clear that parallel biochemical studies with mu-
tants differing only in amino acids observed as binding to the
surface nucleotide are needed to clarify the possible effects of
rGTP binding to this surface site.

If the involvement of the surface site in de novo initiation is
established by biochemical data, the question of the underlying
mechanism remains to be addressed. One possibility is an
allosteric regulation, with rGTP binding at this site helping to
induce a conformational change of the enzyme that would be
important for initiation. However, we see no change of con-
formation in the crystal of the enzyme with bound rGTP. It is
possible that the presence of both template in the RNA bind-
ing groove (2, 8, 27) and rGTP at the surface site is necessary
for such a conformational change, and more structural studies
are obviously needed in order to test this hypothesis. An al-
ternative possibility is that the surface site may provide an
oligomerization surface for NS5B and that the oligomeric form
would adopt the correct conformation required for efficient
initiation. Interestingly, a very recent report (40) points to a
possible dimerization of NS5B needed for RdRp. This report
identifies two surface amino acids, Glul8 and His502, as being
essential for dimerization and activity. His502, in a-helix T,
comes immediately before Arg503, which is part of the surface
rGTP site (Fig. 1b and 4). A possible role for rGTP could be,
therefore, the stabilization of a putative catalytic NS5B dimer.
For the poliovirus polymerase (protein 3D¥CL), it has been
proposed that multimerization of the enzyme might be impor-
tant for polymerase function (17, 18, 37). Furthermore, it has
also been reported that rGTP binding to 3DF°T results in a
dramatic protection of the enzyme from heat denaturation and
activity loss (42) and that rGTP concentrations of about 2 mM
are needed for maximum protection. A separate nucleotide-
binding site, not implicated in the polymerase activity of
3DPCL, indeed maps to the surface of the enzyme and involves
either 3DPC-Lys278 or -283 (41), which align with amino
acids 272 and 278, respectively, of NS5B, along B-strand 9 in
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FIG. 4. Partial sequence alignment of seven polymerase sequences from HCV with the six major genotypes, with two representatives of HCV
with genotype 1 (la and 1b). Strictly conserved residues are represented as white on a black background. V¥, residues involved in binding the

nucleotide at the surface site. A, S, and T, a-helices; arrow (1), B-strand.

the fingertips. Mutations in 3D°" that eliminate this binding
site result in an enzyme that is as active as the wild type when
tested in vitro but, when introduced into an infectious clone,
lead to a virus with extremely poor growth which quickly re-
verts to the wild-type nucleotide-binding phenotype (41). The
location of this nucleotide-binding site, in a region that was
disordered in the crystal structure of 3D"°" (17) (determined
in the absence of bound rGTP), is away, however, from the
finger-thumb connection in which the observed surface rGTP
site of NS5B lies. The surface sites in the two enzymes are
therefore not equivalent and may play different roles, in keep-
ing with the different mechanism of initiation of poliovirus
replication (38).

In addition to revealing the rGTP binding site at the surface
of the enzyme, our data demonstrate that nucleotides bind at
the active site in the absence of RNA template. The affinity of
the HCV polymerase for nucleotides is therefore sufficiently
high, in particular when the divalent cation is Mn*", to allow
for detailed crystallographic analyses. In contrast to most other
polymerases, in which a large rearrangement of the fingers
domain is necessary to bring together the amino acid side
chains that are needed to contact the nucleotides (13, 20),
NS5B has a preformed active site (2, 8, 27). Comparison of our
results with the published structures of catalytically competent
complexes of homologous polymerases, therefore, becomes
particularly informative.

The finding that rUTP binds at the catalytic site with the
base hydrogen bonded to the polypeptide main chain is, al-
though artificial in the sense that rUTP cannot bind in such a
way in the presence of template, important for the conception
of new specific antiviral drugs. It is conceivable that rUTP
analogs that bind to the C site in this alternative mode with
higher affinity, acting as competitive inhibitors of the enzyme,
can be obtained. Because the relevant interactions involve only
the polypeptide main chain, the catalytic metal ions, and the
strictly conserved Asp225 it is conceivable that the virus would
not easily find mutations to escape inhibition by such com-

pounds. Indeed, mutations of Asp225 have been shown to
completely inactivate the enzyme (28).

A final important observation is the presence of three dis-
tinct nucleotide-binding sites in the catalytic center of the
enzyme, albeit with the sugars and bases disordered (except for
rUTP, as explained above). The superposition of the observed
densities of the tP moieties of rCTP, rGTP, and rATP to the
nucleotides that were observed in the initiation complex of the
&6 polymerase is remarkable. Particularly interesting is the fact
that three of the amino acids in NS5B that bind the tP moiety
of the nucleotide at the P site are strictly conserved among
HCV with different genotypes (not shown) and in most other
members of the Flaviviridae (Fig. 5). Argl58 lies in the previ-
ously identified motif E of RdRp (27), in the fingers. The other
conserved residues involved, Ser367 and Arg386, are in the
thumb, at the base of B-hairpin 15-16 (Fig. lc, 2a, and 5).
Arg386 has been shown by Hong and collaborators to be crit-
ical for extension of a dinucleotide primer by NS5B (19), which
led these authors to suggest that it might also be involved in de
novo initiation. The conservation of the three above-men-
tioned amino acids among polymerases of positive-stranded
RNA viruses was recognized by Koonin (25), who labeled the
conserved RdRp motifs I to VIII. Argl58 lies in motif II, and
Ser367 and Arg386 lie in motifs VII and VIII, respectively.
Inspection of the alignment presented by Koonin shows that
the combination of Ser and Arg in motifs VII and VIII sepa-
rated by about 19 amino acids, as is the case in NS5B, is a
conserved feature of polymerases of many other viruses, in-
cluding members of the three supergroups of RdRp identified
in that work (25). Enzymes such as poliovirus 3D"°", which is
known to use a genome-linked protein primer for initiation
(38), and coliphage QB RdRp, which needs a host protein
cofactor for initiation (6, 7), do not display the conserved Ser
and Arg residues. On the other hand, the polymerase of 6,
which is a more distant, double-stranded RNA phage, does not
display the conservation in motifs VII and VIII either, even
though it directs de novo initiation. The structure of the initi-
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FIG. 5. Partial sequence alignment of polymerases of HCV (strain BK), GBV-B (the closest known relative of HCV), flaviviruses (tick-borne
encephalitis virus [TBEV] and West Nile virus [WNV]), pestiviruses (BVDV and classical swine fever virus [CSFV]), and bromoviruses (BMV and
tomato aspermy virus [TAV]). Secondary structure elements are indicated for the HCV polymerase, with a-helices labeled with capital letters and
B-strands labeled with numbers. A, residues involved in binding the nucleotide at the priming site. Strictly conserved residues are represented as

white on a black background. Residues more than 50% conserved are boxed, with the most commonly found amino acids in bold.
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ation complex of the $6 enzyme indeed shows that, in spite of
the remarkable spatial superposition of the nucleotides, the tP
moiety of the priming nucleotide is contacted by side chains
from regions of the protein that do not have a counterpart in
NS5B. The conservation pattern detected in motifs VII and
VIII is therefore likely to be related to the particular structure
used in binding the priming nucleotide by RdRps from a subset
of positive-stranded RNA viruses and may be used to define a
new class of enzymes that direct de novo initiation. The align-
ment presented by Koonin suggests that polymerases from the
corona- and toroviruses, as well as plant viruses such as poty-
and luteoviruses, may also belong to this new class. Indeed, the
19 intervening amino acids between the two conserved residues
make a B-hairpin in NS5B, (one of two B-hairpins in an oth-
erwise a-helical thumb domain [2, 8, 27]). Both B-hairpins are
absent in the poliovirus thumb, which is a smaller, exclusively
a-helical domain (17). It is worth noting, however, that even
the poliovirus enzyme, which is known to initiate replication in
vivo with protein template VPg (38), has been shown to be
capable of de novo initiation under special in vitro conditions
(requiring 5 mM Mn?* [4, 5]). This observation is a warning
that detecting de novo initiation in vitro does not by itself
prove that this process is biologically relevant. Incidentally, our
observation that the C site is more occupied when the divalent
ion is Mn?" is suggestive of a stabilizing effect of this ion,
favoring the binding of both initiating nucleotides in the active-
site region. This may lead, for HCV-NS5B also, to de novo
initiation via a nonphysiological mechanism in some in vitro
conditions. Nevertheless, our observations point to a con-
served motif involved in binding the “priming” nucleotide. The
sequence alignment of Fig. 5 shows that this R-19X-S motif is
also present in the polymerase of BMV, which was shown to
efficiently initiate RNA replication de novo (23, 44). The fact
that this motif is shared not only by RdRps from the Flaviviri-
dae family but also by those from viruses from other viral
families, including BMV, the properties of which have been
very well characterized biochemically, is a strong argument in
favor of the relevance of the NS5B P site in vivo. Furthermore,
the conservation of the R-19X-S motif suggests that poly-
merases from the Flaviviridae family, including pestiviruses and
flaviviruses, are likely to initiate RNA replication de novo with
properties similar to those of the BMV enzyme. Indeed, the
polymerase of the pestivirus bovine viral diarrhea virus
(BVDV) has been shown to direct primer-independent synthe-
sis of RNA (22), and two very recent reports show that the
polymerases of the flaviviruses Kunjin (16) and dengue 2 (1)
also direct de novo initiation of RNA synthesis.

An important piece of information provided by the super-
position of our structures to the initiation complex of the ¢6
polymerase is the identification of the orientation of the nu-
cleotides in the active site, i.e., which one is the a phosphate
and which is the y phosphate (Fig. 3). Concerning the nucle-
otide at site P, this information also reveals the presence of a
big solvent cavity in the region where the nucleoside moiety
should lie. This observation strongly suggests that a different
conformation of the NS5B thumb is needed for efficient initi-
ation, in which the protein, through an element similar to the
protein platform provided by residue Tyr630 of the ¢6 poly-
merase, would hold the base in place to make Watson-Crick
interactions with the 3’ base of the template. Since fingers and
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thumb are connected via the Al loop, a change of conforma-
tion of the thumb will also affect the fingers. In this context, the
presence of a surface rGTP site precisely at the finger-thumb
connection is suggestive of a possible role of rGTP either in
triggering the conformational change or in stabilizing the ac-
tive conformation. These results thus point to specific bio-
chemical and structural studies to tackle the determination of
the precise mechanism of initiation of RNA synthesis by the
HCV polymerase and to help clarify the role of rGTP in this
process.
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