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ABSTRACT: The nonstructural protein NS5B of hepatitis C virus (HCV) is an RNA-dependent RNA
polymerase (RdRp), which plays a central role in viral replication. Most of the reported studies on HCV
polymerase in vitro have used a truncated form of the enzyme lacking the C-terminal 21 amino acids
(AC21-NS5B). In this study, we compared the enzymatic properties of the full-length NS5B (FL-NS5B)
and this truncated form. Removal of the;@omain enhanced the enzyme stability. Both enzymes are
capable of performing de novo and primer-dependent RNA syntheses, but each possesses a unique set of
biochemical requirements for optimal RdRp activity. Whereas RNA synthesis by FL-NS5B remained
relatively constant at 22100 mM KCI, synthesis byAC,;-NS5B rapidly decreased at KCI concentrations
greater than 12 mM. The different salt requirement for overall RNA synthesis by these two polymerases
can in part be explained by the effect of monovalent ion concentration at the step of template binding,
where binding byAC,;-NS5B but not FL-NS5B decreased proportionally as the KCI concentration increased
from 25 to 200 mM. Thus, the&Ldomain appears to contribute to NS5BNA template binding, probably
through the hydrophobic stacking interaction between its aromatic amino acids and the nucleotide bases
of the RNA. This interpretation was supported by the observation thattheolypeptide by itself could

also bind to RNA to form binary complexes that were resistant to changes in the KCI concentration.
Though both enzymes exhibited similkg values for each of the four NTPs 5 uM), AC;1-NS5B
generally required lower NTP concentrations than FL-NS5B for optimal synthesis. Interestui@hy,

NS5B became severely inhibited at elevated NTP concentrations, which most likely is due to competitive
binding of the noncomplementary nucleotide to the polymerase catalytic center. Finally, the terminal
transferase activity oAC,1-NS5B was found to be distinct from that of FL-NS5B on several different
RNA templates. Together, these findings indicated that the HCV NShBI@nain, in addition to being

a membrane anchor, functions in template binding, NTP substrate selection, and modulation of terminal
transferase activity.

The principal replicative enzyme of hepatitis C virus edge of the many complex biochemical properties of the
(HCV)! is a 66-kDa NS5B protein derived from the C enzyme.
terminal end of the viral polyproteind( 22, 29, 34, 36). X-ray crystallographic structure of NS5B reveals the
NS5B was initially recognized as an RNA-dependent RNA o nnica) right-handed-like structure with domains represent-
polymerase (RdRp) by the presence of the hallmark GDD g fingers, the palm, and the thumb as seen in other
sequence, a motif mvoIvec_j in binding the R?I_gons es_sennal polymerases§, 27). NS5B possesses an unusual feature in
for all polymerase functions2g). More direct evidence 5t it finger and thumb domains interact extensively,
supporting NS5B RdRp enzymatic activity came from in oq1ting in the O structure rather than the U structure
vitro studies using purified recombinant NS5B expressed typically observed for other polymerases. The only other
either in insect or bacterial celld,(29, 34). In vivo studies known polymerase with this O-shaped architecture igihe
further _conﬁrmed the essennall role. of NS5B in HCV viral RdRp (7). The other novel structural feature of NS5B
rNegchann tlr? C?” cbultures an.d '? ch|mpa?ﬁe?,(3|0). tis a f-hairpin motif protruding from the thumb domain

_has thus far been a major target for tne gevelopmenty, . 4 the active site that locates at the base of the palm

of antiviral therapy, an endeavor requiring detailed knowl- domain. This structure, together with some part of the NS5B
C terminus, has been shown to modulate NS5B initiation
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examined, NS5B requires an existing primer for initiating  Purification of HCV NS5B The recombinant NS5B
RNA synthesis. Such priming either comes from exogenously derived from the NS5B NIH1b strain was purified from the
added primer or intramolecularly from thé éd of RNA, DH5a Escherichia colistrain by the method of Vo et al.
which base pairs with another region on the same molecule(45). The full-length and the &-truncated NS5B contained
(4, 11, 29). On certain RNA templates, NS5B can carry out 591 and 570 native amino acids, respectively, and a tag of
de novo RNA synthesisl(, 20, 35), where it catalyzes two  six histidines at the N terminus of the protein for the purpose
free NTPs to form a dinucleotide product and subsequently of affinity chromatographic purification.

extends it into longer RNA chains. NS5B also synthesizes Preparation of RNA Templatekarge quantities of RNA
RNA in a nontemplated manner, in which it incorporates templates were made from runoff transcription reactions
nucleoside monophosphates onto ther®d of the RNA, a using the T7 promoter containing PCR DNA templates and
reaction akin to that performed by terminal nucleotidyl reagents from the Ambion’s T7 Shortscript In Vitro Tran-
transferases3@). The ability of the HCV polymerase to  scription Kit. These RNA templates were purified from a
synthesize RNA using various RNAs as templates shows a9.5% denaturing polyacrylamide gel (PAG). RNA concentra-
lack of binding selectivity and suggests that other viral and tion was determined spectrophotometrically. The PCR DNA
or host protein factors are required for selective replication templates containing the T7 promoter were prepared using
of the HCV genome. Indeed, HCV NS5B alone exhibits little the oligonucleotide T7-TMOAR/D (3CCTCACCCCAC-
template-binding specificity, except for some RNA aptamers CCACCACCCCGGGCCCAAACAACAACAA ACAAGTC-
isolated from the SELEX procedur§, (45). GACCACCACTCGCGGGATATCACTCAGCATAAT-H

NS5B, expressed either alone or in the context of the entire@nd @ combination of an upstream primef-GGAGTG-
HCV polyprotein, has been demonstrated to be a membrane CGGTGGGTGGTGGG-3 and a downstream primer ‘(3
bound protein, mostly associating with the endoplasmic GTCGACCACCACTCGCGGGATATCACTCAGCATAAT-
reticulum (ER) (7, 41) or lipid raft (42). Hydropathy profiles ~ CTTAAGG-5). The core T7 promoter sequence is underlined.
of the NS5B amino acid sequence reveal the last 21 Transcription from this PCR DNA using the T7 RNA
C-terminal amino acids to be highly hydrophobic, and polymera;e yielded a 62-nucleotide runoff RNA product,
truncation studies demonstrate that these amino acids ard MOA, which was used as a template for NSSB RdRp assay.
responsible for transmembrane anchorage of NQBBAL). To make a complementary RNA, we synthesized a PCR
Fusion of the C-terminal 21 amino acids of NS5B to a Product that contained the T7 promoter at the opposite end
heterologous green fluorescent protein is necessary and®f the transcribed sequence; we also used this T7-PCR DNA
sufficient to target it to the ER membrandlf. For these  template to produce y}*PJGGA RNA primer using
reasons, most in vitro characterization of the HCV poly- [7-*PIGTP and ATP. The primer was purified by excision
merase was done using purified NS5B missing the C-terminal from a 23% denaturing PAGE. _

21 amino acid (@) domain to increase its solubility and ~ NSSB RdRp Assayn a standard 2@i. reaction, 2uM

thus ease of purification. ThougkC,1-NS5B still possesses ~ NS5B was incubated with 2,8M RNA template and 100

in vitro RdRp activity, removal of the & hydrophobic ~ #M NTP in NS5B transcription buffer (50 mM HEPES at
domain either by deletion or a premature stop codon is PH 7.3, 10 mM MgC}, 10 mM -mercaptoethanol, 50 mM
deleterious for viral replication in vivo2g). More impor- ~ KCl, 100 mM betaine, 0.05% Tween-20, and AQ/mL
tantly, replacement of this hydrophobic domain by a related acetylated bovine serum albumin). Deviations from this
transmembrane sequence derived from bovine viral diarrheaStandard assay condition were noted in the figures and figure
virus (BVDV) did not rescue HCV replicatior2). These  Ccaptions when the effects of salt, MgOpH, and Tween-20
findings suggest essential functions of the NS5Bd®main were tested by titrations of each of these components. For
other than being a membrane anchor. Here, we characterize€ novo RNA synthesis,y*P]JGTP (1 mM,~10° cpm/
both the FL-NS5B and\C»-NS5B to further understand ~ Pmole) was used to terminally label the RNA product. For
the enzymatic properties of the HCV polymerase and Primer-dependent RNA synthesig;-PJGGA primer (10
elucidate additional functional roles of the C terminus. Our #M, 1000-2000 cpm/pmol) was used. The reactions were
studies revealed that deletion of the; @omain affected  incubated at 30C for a desired period of time and stopped
template binding, NTP substrate selectivity, and terminal By phenol extraction, and the RNA products were precipitated

transferase (TNTase) activity of the HCV polymerase; thus, Using ethanol in the presence of 0.5 mg/mL glycogen as a
the G; domain is likely functionally involved in the  carrier. The precipitated pellet was dried down and dissolved

pH 8.3, 2.5 mM EDTA, 0.05% xylene cyanol and bromo-
EXPERIMENTAL PROCEDURES phenol blue dyes, 10 mM EDTA, and 80% freshly deionized

formamide). The dissolved RNA samples were heated at 100

Materials. Reagents were purchased from the following °C for 3 min and resolved on a 23% (38:2 acrylamide/
sources: ¢-3?P]NTP and §-3?P]GTP (NEN); HPLC-grade  bisacrylamide) PAG containin8 M urea. Gel electrophoresis
nucleoside triphosphates and glycogen (Pharmacia, nowwas performed using the TBE buffer (89 mM Tris-borate at
Amersham Biosciences); T7 Shortscript In Vitro Transcrip- pH 8.3 and 2.5 mM EDTA). After electrophoresis, the gels
tion Kit (Ambion); betaine (Sigma); oligonucleotides (USC/ were directly exposed to a phosphorimager screen and
Norris Microchemical Core Facility); homopolymeric RNA  scanned using a Molecular Dynamic Phosphorlmager. To
poly(rA), poly(rC), poly(U) (Pharmacia, now Amersham obtain a conversion factor between phosphorimager counts
Biosciences); poly(rG) (Sigma);.&peptide, WFPLCLLLLS- and femtomoles of RNA, known amounts of the labeling
VGVGIYLLPNR (WM Keck Foundation Biotechnology nucleotide solution of a given specific activity were spotted
Resource Laboratory at Yale University). on the same gel and exposed to the phosphorimager screen.
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Ks Determination.The apparenks values for each of the
four NTP were determined for FL-NS5B an&iC,;-NS5B
enzyme by assays using four variants of the TMOA RNA
templates as described previous#g). The NS5B enzyme
concentration used in these experimentsf®) is in the
linear range of the reaction rate (data not shown). Khe
value for UTP determined using homopolymeric template
was done by incubating a 20- reaction containing 6 pmol
of NS5B enzyme, 54 pmol of oligo 44 and 10 pmol of
poly(rA) (465-660 nucleotides) in NS5B transcription buffer
and various concentrations o&F?PJUTP (0.1-20 uM,
~7000 cpm/pmol) at 30C for 40 min. Similar reactions
were done to determine thKs value for GTP, except
[0-32P]GTP (0.5-30 uM, ~17000 cpm/pmole), 10 pmol of
oligoG;z and 1 pmol of poly(rC) (246646 nucleotides) were

used. The RNA product of the reaction was precipitated by 154

addition of 80uL of a YEP (0.5 mg/mL yeast tRNA carrier,
50 mM EDTA, and 50 mM NaPPi) solution and 400 of
100% TCA (trichloroacetic acid), followed by incubation on
ice for 15 min. The TCA-precipitated product was collected
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Ficure 1: SDS-PAGE protein profile of HCV polymerase
purification. FL-NS5B (A) and\C,;-NS5B (B) were purified using
the same procedure as described in the Experimental Procedures,

1234567

on a Whatman glass membrane (GF/C), washed with 5 mL first by affinity Ni—NTA chromatography (lanes-3), followed

of an ice-cotl 1 M HCI and 0.1 M NaPPi solution, rinsed
with ethanol, dried, and counted in the scintillation counter.

Assay for TNTase Acity. A total of 2 uM NS5B was
preincubated with 2.xM TMOA RNA template in a 20-
uL reaction. The reaction was initiated by adding a single
[a-*2P]NTP (0.1 mM, 5000 cpm/pmole) and incubated at
30°C for 60 min. The 5end®?P-labeled RNA markers were
made from runoff transcription using the PCR templates
containing the T7 promoter, T7 RNA polymerase, and
[y-%2P]GTP. The RNA products were analyzed on 23%
denaturing PAG and quantified as described above.

RNA Binding and Dissociation Assays.a standard 20-
uL reaction, 1 pmol of NS5B was incubated with 0.5 pmol
of 32P-labeled gel-purified RNA (10 06632 000 cpm/pmol)
in NS5B transcription buffer in various KCI concentrations.
A total of 2 pmol of3?P-labeled RNA and 4 nmol of £
peptide were used in the KCI titration experiment. The
reaction was incubated at 3@ for 3 min, filtered via a

by phosphocellulose ion-exchange chromatography (lanes 6 and
7). The protein fractions were resolved on 8% PAG and visualized
by Coomassie blue staining. Lane 1, protein marker; lane 2, whole-
cell mixture; lane 3, Ni-NTA cell lysate loading fraction; lane 4,
Ni—NTA flow-through fraction; lane 5, NiNTA-eluted fraction;

lane 6, phosphocellulose flow-through fraction; lane 7, phospho-
cellulose-eluted fraction.

was incubated at 3TC for 2 min, filtered via a nitrocellulose
membrane under vacuum, washed with 1 mL of NS5B
transcription buffer, dried, and counted. The apparent binding
constantKy, was determined as the concentration of enzyme
that gave half the level of saturated binding.

RESULTS

Rationale. Basic biochemical knowledge of the steps
involved in the complex process of RNA synthesis by the
HCV polymerase is essential to the development of its
effective theurapeutic inhibitors. Here, we performed com-
parative studies of two forms of the HCV polymerase, a full-

nitrocellulose membrane under vacuum, washed with 1 mL |ength and a truncated NS5B missing the last 21 C-terminal

of NS5B transcription buffer, dried, and counted. For
dissociation kinetic studies, the NS5B protein and e
labeled RNA were first incubated together at 3D for 2
min to reach binding equilibrium (data not shown). The

amino acids. Our aim is to further understand the enzymatic
properties of the HCV polymerase, especially to uncover
additional functions of the & terminal domain. The reason
for the latter lies in the observation that deletion of NS5B

reaction volume was then diluted 10-fold in the presence of C,, terminus is deleterious to HCV replication in viv2g),

60-fold excess, by mass, of unlabeled competitor poly(U)
RNA. This condition mimicked an irreversible first-order

yet most of the in vitro polymerase assays involving HCV
NS5B were performed usingC,;-NS5B. AlthoughAC;;-

dissociation kinetic reaction because any dissociated NSS5BNS5B exhibits in vitro RdRp activity, so far it has been

was prevented from reassociating with t#e-labeled RNA

unclear whether there exist any enzymatic differences

by the excess poly(U). Indeed, in a control reaction in which petween this truncated enzyme and the FL-NS5B. To
the poly(U) was mixed with thé®P-labeled RNA prior to  compare their in vitro RdRp enzymatic activities, we
the addition of the NS5B enzyme, only background binding expressed the bacterial recombinant proteins, FL-NS5B and
of 3%P-labeled RNA was noted (data not shown). Aliquots AC,;-NS5B and purified them by NiNTA affinity chro-

of the reaction were filtered through a nitrocellulose mem- matography (lanes 35 of Figure 1), followed by ion-
brane at various time points to trap the bound complexes onexchange phosphocellulose chromatography (lanes 6 and 7
the membrane and filter through the unbound labeled RNA. of Figure 1). Both proteins were subjected to identical
The membrane was washed with 1 mL of NS5B transcription expression and purification procedures, giving rise to the final
buffer, dried, and counted. For saturation binding experi- purity of more than 90% as judged by Coomassie blue-
ments, NS5B in the amount of 25, 50, 100, 200, 500, 1000, stained SDSPAGE (Figure 1).

and 2000 fmol were titrated against a constant 50 fmol of  Comparison of RdRp Actty of FL-NS5B and\C,;-NS5B.
32P-labeled RNA in a 2@l reaction. The reaction mixture ~ We first examined the RdRp activities of the two NS5B
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Ficure 2: Kinetics of RNA synthesis by HCV full-length and truncated polymerase. (A) Gel analysis of RNA products from de novo
(lanes £9) or primer-dependent synthesis (lanes-18) by FL-NS5B (lanes 25 and 11}-14) andAC,;-NS5B (lanes 69 and 15-18).

RNA products from 0-, 5-, 15-, 30-, and 60-min time points are shown. (B) Kinetic profiles of the synthesis of 62-nucleotide full-length
RNA product from primer-dependent (top) or de novo synthesis (bottom) by the full-lemythnd truncated4) NS5B. (C) Relative
enzyme-specific activities of full-length and truncated NS5B at different KCI concentrations and modes of initiation.

enzymes to determine if they exhibit any differences in their was used for primer-dependent synthesis, higher rates of de
ability to synthesize RNA. We employed an in vitro RdRp novo than primer-dependent synthesis were observed for both
assay in which a 62-nucleotide synthetic TMOA RNA (top enzymes (Figure 2C). However, the relative rates of primer-
of Figure 2) served as a template for the HCV polymerase dependent versus de novo synthesis closely depend on the
to generate a full-length complementary RNA product either GTP and GGA primer concentrations used (Figure 5B and
through de novo RNA synthesis withf2P]GTP (lanes +9 data not shown).

of Figure 2A) or primer-dependent synthesis usipg¥P]- At 25 mM KCI, both NS5B forms displayed a similar
GGA as a primer (lanes 118 of Figure 2A). As previously initial rate of full-length RNA synthesis, either via de novo
demonstrated4), this simple well-defined HCV RdRp assay (first 5 min of the bottom graph of Figure 2B) or primer-
system allows us to examine two different initiation modes dependent synthesis (first 15 min of the top graph of Figure
of RNA synthesis. Both enzymes are capable of de novo 2B). As synthesis reached a steady-state level later in the
(lanes -9 of Figure 2A), and primer-dependent synthesis reaction, the rate of synthesis by FL-NS5B was lower than
(lanes 16-18 of Figure 2A), generating a single runoff 62- that by AC,;-NS5B (Figure 2B). These trends, however,
nucleotide full-length RNA product and a number of shorter reversed when a higher KCI concentration (75 mM) was used
RNA products in the 26-nucleotide range. The nature of (Figure 2C and Figure 3C), indicating that recycling of FL-
these short products, be they abortive products or productsNS5B for synthesis is poor at low salt (25 mM KCI), a likely
initiated from sites other than the RNA terminus, remained  result of enzyme aggregation in the presence of the hydro-
to be investigated. It is notable that both enzymes generatedohobic G; domain in a low ionic environment. This idea
identical patterns of RNA products, with no detectable was supported by an additional observation that addition of
intermediate RNA products between the shoti62nucleo- detergent (0.05% Tween 20) to the reaction enhanced RNA
tides and the 62 nucleotide full length, suggesting that both synthesis by FL-NS5B much more (8-fold) thA;;-NS5B

the full-length and the truncated forms are processive (3-fold) (Table 1 and data not shown). Stimulation of RNA
polymerases, at least for the RNA templates 62 nucleotidessynthesis by the presence of 0.05% Tween-20 could be due
long. Our recent results using a longer template (320 to the lessening of FL-NS5B protein aggregation at low KCI
nucleotides) and heparin as a trapping agent suggest thabr the prevention of the hydrophobic protein from sticking
HCV polymerase is also processive on this longer template to the sides of the reaction tube.

(data not shown). In these reactions, where 1 mNPP]GTP Biochemical Requirements for Optimal RdRp Aityi of

was used for de novo synthesis and 0.01 mMFP]GGA FL-NS5B andAC,;-NS5B.We further examined the effects
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Ficure 3: Biochemical requirement for optimal RNA synthesis by full-length NS5B (top) and truncated NS5B (bottom). Effect of temperature
(A), MgCl; concentration (B), KCI concentration (C), and pH (D) on the synthesis of the 62-nucleotide full-length RNA product from the

TMOA template. The reactions were done as described in the Experimental Procedures.

Table 1: Optimal Reaction Condition for RNA Synthesis

reaction condition FL-NS5B AC,-NS5B
temperature 30C 30-37°C
pH 7 7

KCI 25—75 mM <12.5mM
MgCl, 10 mM 10 mM
Tween-20 (0.05%) 8 3x

synthesis proportionally decreased. Similar results were
obtained when NaCl was used (data not shown). As described
shortly below, the reduction of RNA synthesis BC;;-
NS5B at high salt largely reflects the effect of poor template
binding by this enzyme in an elevated ionic environment.

While removal of the @ domain affected the monovalent
ion requirement of NS5B, it did not appear to alter the
divalent metal cation requirement. RNA synthesis showed a

of some basic reaction components essential for the enzy-sharp maximum of activity at 10 mM Mggfor both forms

matic activities of most RNA polymerases, including tem- of NS5B (Figure 3B). Synthesis increased rapidly as the
perature, monovalent cations, divalent cations, pH, and NTP\jqCl, concentration increased from 1 to 10 mM, above
substrate concentration. We investigated the effect of eachyhich the effect became inhibitory. Both enzymes showed

of these components on the de novo RNA synthesis by NS5B

using the TMOA template. Both FL- antiC,;- NS5B RdRp
activities increased~1.5-fold as the temperature of the
reaction increased from 20 to 3@ (Figure 3A). As the
reaction temperature increased to X7, synthesis by the
full-length enzyme sharply dropped, while synthesis by the
AC,; enzyme remained roughly at the level obtained at 30
°C. The RdRp activity of both forms was almost completely
lost at 42°C. Incubation of the free enzyme on ice also
inactivated the FL-NS5B much more readily than f@,;-
NS5B enzyme (data not shown). Thus, removal of the C
domain enhances the stability of the enzyme.

The effect of monovalent cations on the overall RNA
synthesis by FL-NS5B andC,;-NS5B is shown in Figure
3C. Synthesis by FL-NS5B remained constant within the 25
100 mM KClI range, above which synthesis steadily declined
until it almost completely disappeared at 200 mM KCI. In
contrast, maximum synthesis WC,;-NS5B occurred at 12
mM KCI or less and, as KCI increased above 12 mM,

an absolute requirement for the divalent metal ion because
the absence of Mg resulted in no detectable RNA synthesis.

The effect of pH on RNA synthesis by both NS5B
enzymes is shown in Figure 3D. RNA synthesis by both
enzymes shows a fairly sharp pH optimum, which centered
at pH 7. Above pH 7.5, RNA synthesis by both enzymes
dropped rapidly, particularly more so by FL-NS5B. For
example, RNA synthesis by th&C,; enzyme at pH 8 is
38% and pH 9 is 25% of that at pH 7, while synthesis by
the FL enzyme at pH 8 is 25% and pH 9 is 13% of that at
pH 7. The dependence of RNA synthesis on pH in this pH
range is probably due to an ionization of one or more amino
acid residue(s) in the NS5B protein, which alters template
and/or substrate binding, and not an ionization of the
substrate because magnesium-nucleoside triphosphate com-
plexes have noloin this range. A comparison of the optimal
reaction condition for each of these two NS5B enzymes is
summarized in Table 1.
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Ficure 4: Template binding by HCV NS5B and the&ynthetic peptide. All binding experiments shown here used filter binding assays
described in the Experimental Procedures. (A) Effect of KCI concentration on template binding by HCV full-length and truncated polymerase.
Binding between TMOA RNA template and HCV polymerase at various KCI concentrations was allowed to reach binding equilibrium at
30 °C for 3 min, and the complexes were collected on a nitrocellulose membrane. (B) Saturation binding experiment using the TMOA
template and varied concentrations of HCV NS5B. The binding conktafdr each enzyme was extrapolated from the binding curve as

the NS5B concentration that gave half-maximal binding. (C) Dissociation kinetics of complexes of NS5B and TMOA RNA. Preformed
NS5B—TMOA complexes were diluted 10-fold in volume with the excess competitor poly(U) to determine the rate of dissociaton. The
axis is the time in seconds after dilution, and ytexis is femtomoles of the existing NS5 MOA complex. (D) Effect of KCI concentration

on template binding by the synthetigeptide and TMOA RNAM) or R20-15 RNA ®). (E) Saturation binding experiment to determine

Kg value for binding between £ peptide and TMOA RNAM) or R20-15 RNA ). (F) Apparenty values of binding of NS5B and &

peptide to different RNA templates in different KCI concentratidfisvalues in nanomolars are shown for truncated and full-length NS5B
and in micromolars for the £ peptide.

RNA Template Binding by FL-NS5B amC,;-NS5B. only slightly affected the binding of FL-NS5B to TMOA
Reduction of the overall RNA synthesis by the truncated RNA (Figure 4A). Similar results were obtained for R20-15
NS5B in the presence of a higher KCI concentration may RNA binding by the two NS5B enzymes, except that higher
be due to the salt effect at one or a combination of steps KCI concentrations (200300 mM) were needed to see the
during the RNA synthesis cycle. In this study, we focused effect (data not shown). Binding constants determined from
on examing the effect of salt concentration on the step of the saturation binding experiments (parts B and F of Figure
template binding by using two RNA templates, TMOA and 4) also showed that the truncated enzyme binds RNA with
R20-15. TMOA is a 62-nucleotide minimally structured lower affinity than its full-length counterpart at elevated KCI
RNA, consisting of a single loop and a 6-bp stem joined by concentrations.

a 3 single-stranded sequence. R20-15 is an 87-nucleotide These data suggest thAC,;-NS5B binds RNA mostly
highly structured SELEX RNA aptamer that binds NS5B via polar interactions, while FL-NS5B binds RNA through
strongly and selectivelydf). We employed the filter-binding ~ both polar and nonpolar interactions. This interpretation was
assay to follow the formation of the binary complex between further confirmed by the KCI effect on dissociation kinetics
NS5B and®?P-labeled RNA at various KCI concentrations. of the NS5B-RNA binary complex, where the NS5E8RNA
Association of both NS5B enzymes to either TMOA or R20- complexes were first formed at 25 mM KCI, and then their
15 RNA occurred extremely rapidly, reaching binding kinetics of dissociation were followed by diluting the reaction
equilibrium as soon as they are mixed together even’@ 0  volume 10-fold in the presence of 75 mM KCI and poly(U)
(data not shown). At low KCI concentrations25 mM), competitor. Initially, dissociation was rapid in which the
FL-NS5B displays slightly higher RNA-binding affinity than — majority of the complexes was disrupted within the first
AC,;-NS5B (parts A and F of Figure 4). However, as KCI minute, suggesting that this group of complexes is fairly
concentrations increased up to 150 mM, bindingAd,;- unstable and held mostly by ionic interactions between the
NS5B to TMOA RNA decreased proportionally until no enzyme and RNA (Figure 4C). Over the next several minutes,
complex formation was observed at KCl concentrations however, a much lower rate of dissociation occurred,
above 150 mM. In contrast, titration of 2200 mM KCI indicating that this group of complexes is more stable. The
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Table 2: Ks Value Comparison of FL-NS5B andC,-NS5B profoundly different, 0.6-0.7 uM for the heteropolymeric
RNA and 24-26 uM for the homopolyadenylate. Such a
K, M) disparity reflects the different NTP affinities of NS5B at
Template/primer  Nucleotide FL AC,, different RNA template sequences.
5 GOA o To further investigate how the NTP concentration influ-
3.CCUUR... ATP 50:08 57119 ences the overall de novo RNA synthesis from the TMOA
template by the two NS5B enzymes, we performed titration
3’.’:88&(\6“ 49:13 54114 of each of the four NTPs up to millimolar concentration
range, while keeping the other three nucleotides at a constant
§:Iggﬁ‘cff\crr 3.5+ 1.7 29+12 concentration of 0.1 mM. RNA synthesis by FL-NS5B
showed broad UTP and CTP optima, ranging from 100 to
fzfggﬁ‘,\(\u‘rp 0.6+0.1 0.7+ 0.2 1000 uM (top graphs of panels C and D of Figure 5). In
contrast,AC;;-NS5B showed much sharper UTP and CTP
oligo 1G optima, where synthesis peaked at a much lower concentra-
poly rC) GTP 2001 22:01 tion range of 16-100 uM. Both enzymes required much
;’f,if(&) uTP 24+6 2647 greater GTP and ATP concentrations than CTP or UTP for

optimal RNA synthesis, with synthesis by FL-NS5B peaking
- o at 3000uM ATP and 500QuM GTP and synthesis bxCy
latter complexes are probably stabilized by nonionic forces enzyme reaching a maximum at 5081 ATP and 300Q«M
becguse they were not_ sepsﬂwe to changes in the ionicgTp (parts A and B of Figure 5). Experiments in which a
environment. As shown in Figure 4C, elevated KCI concen- ~gmpination of ATP. CTP. and UTP were titrated also
trations disrupted the binary complexesA€,-NS5B and  reyealed that RNA synthesis by the truncated enzyme
RNA much more readily than those of FL-NS5B. Thus, the gecreased at NTP concentrations above 0.5 mM, while
Cy1 hydrophobic domain appears to assist NS5B in RNA gynihesis by the full-length enzyme remained relatively
binding through certain nonpolar interactions. _ . unaffected at concentrations of NTP up to 3 mM (data not
Many single-stranded nucleic acid binding proteins bind shown). Thus, optimal synthesis bYC,-NS5B requires

their target templates via hydrophobic stacking interactions markedly lower NTP concentrations than that by FL-NS5B
between their aromatic amino acids and the bases of the(TabIe 3).

nucleotides of the template,(15, 32). Intriguingly, the
NS5B G; domain, RARPRWFMLCLLLLSVGVGI YLL-
PNR, shown here as the underlined sequence), also contain
three aromatic amino acids flanked by the basic amino acid
arginines, presumably for neutralization of the negatively

charged phosphate groups of D/RNA. This prompted us to . . ) . .
test whether the synthetic,Cpolypeptide can bind RNA. centration requirement. Interestingly, UTP is required as the

Indeed, the & polypeptide by itself could interact with either fifth nucleqtide substrate, yet ngither of the two NS5B fo”'?s
the TMOA or R20-15 RNA template, though binding affinity negdeq high UTP. concentrations for eff|C|.ent synthesis,
of this polypeptide was much lower than that of the FL- indicating that a high concentration of the first@ NTP

NS5B or AC,.-NS5B (parts E and F of Figure 4). In the substrate is important for initiation of de novo RNA synthesis
control reaction in which similar concentrations of BSA were by the HCV polymerase. This interpretation was further

tested for binding to these RNAs, only background signals supported by the observation that only low concent_rations
were detected (data not shown). As predicted, formation of °f GTP and ATnglelooﬂw were needed for optimal
the complex between RNA and.Cpolypeptide was not ~ SyNthesis whem{>*P]JGGA primer was used to bypass de
affected significantly by changes in KCI concentrations NOVO initiation (top of Figure 2 and data not shown).
(Figure 4D), further supporting the idea that it interacts with Consistent with findings from earlier report, 81), these
RNA through nonpolar contacts. results suggest that HCV p(_)lymera_sg requires a much higher
NTP Requirement: C Terminus Is Required To SuppressNTP su'bstrate concen'tratlon for |n'|t|at|ng de novo RNA
the Effect of Substrate Inhibition at High NTP Concentra- Synthesis than elongating RNA chain.
tions. To test whether the absence of thg @omain affects Above the optimal NTP concentration, RNA syntheses by
the affinity of NTP binding, we determined the apparknt ~ both FL- andAC,;-NS5B became inhibited. This phenom-
of each of the four NTPs for the two NS5B enzymes. The enon is known as NTP substrate inhibition, which has been
initial steady-state rates were determined at various concenthought to occur when the excess incorrect nucleotide enters
trations for each of the four NTPs as describ4@) (and the the active site of the polymerase and interferes with the
Ks value for each nucleotide was determined (Table 2). Both binding of the correct complementary nucleotide substrate
NS5B enzymes displayed simildts for each of the four (10, 40). Figure 5 clearly shows that thAC,; enzyme
NTPs, with theKs values ranging from 1 to XM when encountered substrate inhibition at a much lower NTP
heteropolymeric RNA sequences were used in the RdRpconcentration than the full-length enzyme. For example,
assay. Thes&s values fall within the range oKs values while synthesis by FL-NS5B remained relatively unaffected
reported for NS5B previoush8]. Thus, the absence of the by CTP or UTP concentrations up to 30M, synthesis
C,1 domain does not affect the affinity of NS5B for its NTP by the truncated enzyme became inhibited at CTP or UTP
substrate. IntriguinglyKs values for UTP determined from  concentrations above 1@M and mostly diminished at 3000
heteropolymeric RNA and that from poly(rA)/oligoU were uM. Similarly, synthesis by FL-NS5B increased with ATP

GTP and ATP are required for the formation of the first
Jour nucleotides of the RNA product from de novo synthesis
using the TMOA template starting at its 8rminus (see
the top of Figure 2); this fact most likely explains the higher
GTP and ATP concentrations than the UTP or CTP con-
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Ficure 5: NTP requirement for optimal RNA synthesis by full-length (top) and truncated (bottom) NS5B. Effect of varying ATP (A), GTP

(B), CTP (C), and UTP (D) on the synthesis of the 62-nucleotide full-length RNA product from the TMOA template. These titration
experiments were done as described in the Experimental Procedures, where the concentration of one nucleotide triphosphate was changed,
while the concentrations of the other three nucleotides were kept at a constant 0.1 mM.

cantly inhibited, particularly more so with the truncated
NS5B (Figure 6B) than its full-length counterpart (Figure
6A). This inhibition was significantly relieved as GTP

Table 3: Optimal NTP Concentration for RNA Synthesis
optimal concentratiory{M)

NTP FL-NS5B AC2rNSSB concentrations increased in the reaction catalyzed by FL-
ATP 3000 500 NS5B (Figure 6A). In contrast, ATP or CTP inhibition of
gg iggg 3028 GMP incorporation byAC,-NS5B was only marginally
UTP 1000 100 relieved by higher GTP concentrations, further confirming

that the removal of the £ domain of NS5B affects NTP
concentrations up to 300@M, and only beyond this selectivity and leads to substrate inhibition at high NTP

concentration did inhibition occur; the truncated enzyme, on concentrations.
the other hand, became inhibited at ATP concentrations only  Cz1 Domain Also Influences TNTase Adty of NS5B.In
above 50Q«M. It is interesting that, although both enzymes addition to templated RNA synthesis, HCV NS5B can add
showed identicaKs values for NTP, they did not share the NMP to the 3 end of an RNA template in a nontemplated
same NTP concentration requirement for optimal synthesis. manner. Ranjith-Kumar and co-workers have demonstrated
However Ks values only reflect general affinity, not selectiv- that this TNTase-like activity is an inherent function of the
ity. HCV polymerase, which requires the same GDD maotif
Earlier studies ofE. coli DdRp have shown that excess involved in normal templated synthesis. Because the NS5B
noncomplementary nucleoside triphosphates inhibited syn-Cz; domain appears to be involved in the normal templated
thesis of polynucleotides when templates of restricted baseRNA synthesis, we tested whether it is also involved in the
composition were employedl@, 40). We adopted this NS5B TNTase activity. For this, reactions were done by
strategy to further confirm the substrate inhibition effect using incubating singlex-32P-labeled NTP (rATP, rGTP, rCTP,
the poly(rC)/oligo(rG) as the template/primer for the HCV or rUTP) with purified, NTP-free RNA templates and NS5B.
polymerase. In this assay, incorporation of labeled GMP was While both polymerases can add up to-3® nucleosides
measured in the absence or presence of the unlabeledn the 3terminus of RNA (Figure 7 and Figure 8), theC,;-
noncomplementary substrate competitor ATP or CTP. As NS5B enzyme displayed altered TNTase activities on several
shown in Figure 6, the rate of GMP incorporation by both different RNAs. Adenylyl transferase activity of the full-
forms of NS5B reached a maximum at GTP concentrations length enzyme was much higher than that by the truncated
above 5-10 uM in the absence of the nhoncomplementary NS5B when TMOA RNA was used (lane 2 versus lane 6 of
NTP competitor. In the presence of high concentrations (5 Figure 7A). In contrast, GMP addition by the truncated
mM) of ATP or CTP, GMP incorporation became signifi- enzyme was slightly higher than that by the full-length NS5B
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Ficure 6: Inhibitory effect of noncomplementary nucleotides on RNA synthesis by the full-length (A) and truncated (B) NS5B using the
homopolymeric (C) templateaf®?P]GMP incorporation was measured at various GTP concentrations in the absence of a noncomplementary
NTP (@), in the presence of 5 mM noncomplementary unlabeled ATR ¢r 5 mM noncomplementary unlabeled CT#&)(Thex axis is

the micromolar concentration of GTP, and thaxis is the GMP incorporation in picomoles of GTP per minute per microgram of NS5B.
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Ficure 7: Terminal nucleotidyl transferase activity of the full-length versus truncated NS5B. Nucleotide addition atehmiBus of
62-nucleotide TMOA RNA (A) or 87-nucleotide R20-15 RNA (B) by FL-NS5B (lanes5? and AC,;-NS5B (lanes 6-9). NS5B was
incubated with the RNA template in the presence of 0.1 mM of each of theof§eP-labeled NTP. The RNA marker is shown in lane 1.
Quantitation of the amount of incorporation of each NMP is shown next to each gel profile. &tie is the amount of NMP addition in
arbitrary ImageQuant units.

(lane 3 versus lane 7 of Figure 7A). Both enzymes also addedtemplates (Figure 8). The TNTase activity of NS5B did not
CMP and UMP at the'3end of TMOA, but these reactions add the 4 NMP equally, and the efficiency of each NTP
occurred at a reduced level as compared to their purinedepended on the template sequence. For example, neither
nucleotide counterparts. NS5B form displayed GMP TNTase activity at theehd
Both NS5B proteins also catalyzed AMP incorporation at of R20-15 RNA (lanes 3 and 7 of Figure 7B), but both
the 3 end of two other RNA templates, R20-15 (lanes 2 enzymes showed robust guanylyl transferase activity on the
and 6 of Figure 7B) and GGA template (Figure 8B), but TMOA template. This is consistent with the findings reported
AMP addition by the truncated enzyme consistently occurred earlier, which showed that TNTase specificity depends on
at a much lower extent than that by the full-length NS5B. the sequence at theé 8nd of the RNA 88). Overall, the
Titration of high ATP concentrations did not rescue the low full-length enzyme exhibited greater TNTase activities than
AMP TNTase activity ofAC,;-NS5B on two different RNA the truncated NS5B, suggesting that the @main also has
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Ficure 8: Effect of increasing the ATP concentration on AMP addition at thter8ninus of 62-nucleotide TMOA RNA (A) or 3-nucleotide
GGA RNA primer (B) by FL-NS5B and\C,;-NS5B. NS5B was incubated with the RNA template in the presence of increasitg]f

ATP concentrations as stated. Quantitation of AMP incorporation

is shown on the right. (A) Lane 7 is the RNA size marker. (B) lanes 4

and 8 are templated-dependent AMP incorporation at 0.1 mM ATP in the presence of the TMOA template, in which the GGA RNA oligo
annealed at the TMOA'3erminus and served as a primer (see bottom of B). Lareésdnd 5-7 are AMP incorporation by NS5B at the
3 end of GGA primer in the absence of the TMOA templatf. denotes reactions with the primer only, ah@ denotes reactions with

both the template and primer.

some functional role in the TNTase activity of the HCV
polymerase.

DISCUSSION

Most of the in vitro polymerase assays for HCV so far
have used an HCV polymerase lacking the C-terminal 21
amino acids. It is not clear whether this truncated form
reflects the authentic enzymatic activity of the native full-

length NS5B. Furthermore, it has been shown that truncation

of more than 21 amino acids (30 amino acids) of the
HCV NS5B C-terminal region vastly improved its RdRp
activity (3—15-fold) (1, 12, 28). These findings suggest that

the C-terminal sequences are not essential for the enzymatic

activity but may have regulatory functions. However, most

conditions. TheAC,;-NS5B polymerase generally needed
lower concentrations of monovalent ion and NTP substrates
than FL-NS5B for maximal synthesis, though both enzymes
shared similar divalent metal ion (10 mM Mg&land pH
optima (pH 7). We found thakC,;-NS5B displayed reduced
template binding at high concentrations of monovalent ions,
had lower RNA synthesis at elevated NTP concentrations,
and possessed altered TNTase activity. In addition, we found
that the presence of the,{Jpeptide affected the stability of
the enzyme. Reconstitution experiments in which the NS5B
C21 polypeptide was mixed with thAC,,-NS5B enzyme
either before or after addition of an RNA template did not
reverse these effects (data not shown).

Our studies revealed the potential existence of two distinct

of these studies were done without consideration of the classes of NS5BRNA binary complexes. One class ap-

possible differences in biochemical requirements for optimal
RdRp activity among different polymerase forms. In addition,

peared to be stabilized mostly by ionic interactions and
readily dissociated upon treatment with higher KCI concen-

the percentage of active enzyme molecules in each poly-trations. The other class of complexes is resistant to changes

merase preparation might be different for different forms of
polymerase. Thus, it was difficult to evaluate from the

in KCI concentration and thus must be held together largely
by nonionic forces. Interestingly, our findings also suggest

published studies the functional significance of the C-terminal that the hydrophobic £ domain contributes substantially

regions. In this study, we used the purified FL-NS5B and
AC,;-NS5B enzyme fractions that contain a similar percent-
age of active molecules+(1%) (data not shown) using an
RdRp assay in which RNA synthesis was limited to a single
round by addition of heparin as a competitor after initiation
had occurred. We showed that FL-NS5B ah@,,-NS5B

to both the ionic and nonionic interactions between NS5B
and RNA. First, the binary complexes &AfC;;-NS5B—RNA
dissociate much more rapidly than the FL-NSSBNA
complexes as the ionic strength of the reaction increased.
Second, the & domain by itself can bind RNA to form
complexes that are resistant to concentration changes of KCI.

are both capable of either de novo or primer-dependent RNA Aromatic ring stacking interactions between the nucleotide

synthesis at similar efficiency, but their optimal RdRp
activities varied significantly with different biochemical

bases and aromatic amino acid side chains have been
demonstrated to be important for single-stranded nucleic acid
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and protein interaction®(32). These aromatic residues are
often clustered or flanked by basic amino acids, which
presumably serve in charge neutralizati@B)( Intriguingly,
there exists in the £ domain three aromatic amino acids,
tryptophan, phenylalanine, and tyrosine, flanked by the basic
arginine residues. Our results suggest that these amino acid
also interact with the bases of the RNA template in a manner
similar to other single-stranded nucleic acid interacting
proteins. Template-binding properties of full-length poly-

Biochemistry, Vol. 43, No. 32, 2004.0589

We found that elevated NTP concentratiorrs3(mM)
severely inhibited RNA synthesis yC,;-NS5B synthesis
but only marginally inhibited the synthesis by FL-NS5B.
Thus, the G; domain of NS5B also seems to be involved in
NTP selection, possibly through one or a combination of
steps proposed in the induced-fit model discussed above. The
C,1 domain may constitute part of the structural geometry
of the NS5B active site necessary for optimal NTP selectiv-
ity, or it may function in assisting the removal of incorrect

merase variants carrying mutations at these aromatic aminoNTP once they are bound to the active center. Alternatively,

acids will be investigated in our future studies.

The role of the @ domain, which spans amino acids 570
591 of NS5B, in template binding is also interesting in light
of recent reportsl| 28) on the amino acid residues between
545 and 570, which occupy the putative RNA-binding cleft
of the HCV NS5B. Together with our studies, these results
suggest that the C-terminal amino acid sequence from 545
to 591 constitutes part of the NS58RNA-binding site. A
number of protein factors involved in gene expression also
possess nucleic acid binding domains within their C termini.
These include the microbial transcription factor NusG, whose
X-ray crystal structure revealed the C terminus with a KOW
sequence motif embedded in a structurally conserved RNA-
binding element44). The C terminus of the mammalian
heterogeneous nuclear ribonucleoprotein Al also contains
number of aromatic amino acids and binds single-stranded
RNA (23). Recent analysis of the tomato bushy stunt virus
replicase also showed that one of its RNA-binding domains
resides in the C terminus, and this region also contains
aromatic amino acids flanked by basic residug4, 37).

Thus, the HCV polymerase probably belongs to a broad class

of enzymes that interact with single-stranded nucleic acid
through a C-terminal tail.

RNA synthesis by HCV polymerase is inhibited at elevated
concentrations of NTP. Such inhibition could be due to
chelation of Mg" metal ions at elevated NTP concentrations
(1—5 mM). This possibility can be ruled out because a much
higher concentration of Mgg(10 mM) was present in our
reaction. A more likely explanation of this substrate inhibition
effect comes from the model of NTP geometric selection
and induced fit proposed for other polymeras24, @40).
According to this model, nucleotide selectivity of the
polymerase generally proceeds by weak binding of all
possible substrates at a common active site on the enzyme
followed by a conformational change to form a much
stronger complex only when the correct NTP aligns itself
opposite the complementary template base, and finally
formation of the phosphodiester bond. Kinetic and structural
studies revealed that DNA polymerases bind correct dNTPs
with about 16-1000-fold higher affinity than they bind
incorrect dNTPs and that formation of the phosphodiester

a

the G; domain may regulate the catalysis of phosphodiester
bond formation, such that in the absence of thedomain,

the enzyme would misincorporate incorrect NMP into the
RNA product. Further kinetic and structural analyses are
needed to resolve these possibilities. In sum, this model best
explains the inhibitory effect at high NTP concentrations
associated with the deletion of the,;Gdomain and the
probable functional role of thesZdomain in NTP selection.

A recent report by Ranjith-Kumar and co-workers proposed
that the amino acids 431 from the C-terminal tail of NS5B
interacts with the3 loop to regulate GTP selection and de
novo RNA synthesis39). The physical proximity of the £
sequence to these C-terminal amino acids may further support
the idea that the £ domain itself constitutes part of the
active site of the HCV polymerase.

Besides its probable function in template binding and NTP
selectivity, the G; domain also modulates the TNTase of
HCV polymerase. This is evident from the observation that,
while both the FL-NS5B an&C,;-NS5B possess TNTase
activity, the truncated polymerase generally exhibits lower
TNTase activities on several RNA templates, particularly the
addition of AMP. Recent studies clearly show that the
TNTase activity is an inherent property of the BVDV and
HCV polymerases and requires the same RdRp GDD motif
(38). Other viral polymerases, including BMV, turnip crinkle
virus, and poliovirus replicases, have also been reported to
add nucleotides to the 8erminus of either the template or
product RNA B, 13, 43). In fact, a number of DdRps have
been reported to add nontemplated nucleotides to'tha®
of the RNA @, 19, 33). Thus, the ubiquitous association of
the TNTase activity with many viral RARps may suggest
certain inherent biological functions. It is possible that
TNTase-mediated addition of extra nucleotides at trend
of the viral genome helps protect it from damage by cellular
exonucleases. Alternatively, TNTase activity may serve to
repair a 3terminal deletion of genomic or antigenomic viral
RNA. Finally, when extra nucleotides are added at the 3
end, TNTase activity may regulate de novo RNA-chain
initiation because, for HCV polymerase, tHeeBd initiation
is preferred over internal initiatiorl, 48).

It has long been thought that the sole function of the
hydrophobic G, domain of the HCV polymerase is to anchor

bond occurs at a much faster rate for correct nucleotides thanthis enzyme to the membrane. Though NS5B is a membrane-

incorrect onesd4). Substrate inhibition occurs when a high
concentration of incorrect nucleotides effectively competes
with the correct complementary nucleotide for binding to
the enzyme active cented@. When this happens, the

associated protein by itself, it has never been directly
demonstrated to submerge in the membrane layer in the
replication complex in vivo. It is conceivable that other

proteins are involved to anchor the replication machinery to

polymerase either misincorporates the incorrect nucleotide,the membranous site in which NS5B situates away from the
probably at a much slower rate, or removes the incorrect membrane. Our studies presented here are consistent with
nucleotide to make room for the correct substrate. Either way, the finding that replacement of the HCV NS5B;®ydro-

the overall synthesis slows down or becomes inhibited if the phobic domain by a related transmembrane sequence derived
NTP concentration becomes too high. from BVDV failed to support HCV replication, suggesting
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the sequence-specific requirement of this domaig).(

Altogether, the experimental data suggest that this domain
constitutes part of the enzyme active center, where it is

involved in interacting with the RNA template, selecting the

correct NTP substrate, and modulating RNA synthesis. On
the other hand, if NS5B is anchored to the membrane via its

C,; domain in the replication complex, then RNA synthesis
by NS5B would occur at least partially submerged in the
membrane compartment. Thus, the; @omain can both

interact with the membrane and serve as a structural

constituent of the polymerase active center. Alternatively,

the Gy segment is not a constituent of the polymerase active-
site architecture; rather, the observed effects associated with 13.

the deletion of the & domain were due the disturbance of
the structural integrity of NS5B. Further investigation, e.g.,
X-ray crystal structural determination of the full-length

enzyme, will be necessary to distinguish between these two 14-

possibilities. Regardless of which mechanism is involved,
our findings provided some explanation as to why deletion
of NS5B G is deleterious for HCV replication in vivo. The
absence of this domain would not only interfere with the
membrane localization of the enzyme, but also affect its
interaction with the RNA template in a relatively high
intracellular salt concentration of the mammalian cell60
mM) (25). In the presence of a high millimolar range of
physiological NTP concentrations, removal of the NS5B C
domain would also lead to inhibition of RNA synthesis as
well as TNTase activity, which may be essential for HCV
replication.
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