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ABSTRACT. Here we report a detailed characterization of the biochemical and kinetic properties of the
hepatitis C virus (HCV, genotype-1b, J4 consensus) RNA-dependent RNA polymerase NS5B, by
performing comprehensive RNA binding, nucleotide incorporation, and protein/protein oligomerization
studies. By applying equilibrium fluorescence titrations, we determined a surprisingly high dissociation
constant Kq) of approximately 250 nM for single-stranded as well as for partially double-stranded RNA.

A detailed analysis of the nucleic acid binding mechanism using pre-steady-state techniques revealed the
association reaction to be nearly diffusion controlled. It occurs in a single step with a second-order rate
constant K.n) of 0.273 nM™* s71. The dissociation of the nucleic aeigholymerase complex is fast with

a dissociation rate constari£) of 59.3 s1. With short, partially double-stranded RNAs, no nucleotide
incorporation could be observed, while de novo RNA synthesis with short RNA templates showed
nucleotide incorporation and end-to-end template switching events. Single-turnover, single-nucleotide
incorporation studies (representing here the initiation and not processive polymerization) using dinucleotide
primers revealed a very slow incorporation rakg, of 0.0007 s and aKq of the binary enzyme

nucleic acid complex for the incoming ATP of 27u®1. Using dynamic laser light scattering, it could be
shown for the first time that oligomerization of HCV NS5B is a dynamic and monovalent salt concentration
dependent process. While NS5B is highly oligomeric at low salt concentrations, monomers were only
observed at NaCl concentrations above 300 mM. Binding of short RNA substrates led to a further increase
in oligomerization, whereas GTP did not show any effect on protein/protein interactions. Furthermore,
nucleotide incorporation studies indicate the oligomerization state does not correlate with enzymatic
activities as previously proposed.

The World Health Organization has estimated about 3%  Prerequisite for the rational design of such inhibitors is a
of the world’s human population to be infected with the profound knowledge of the target protein in combination with
hepatitis C virus (HCV)(1). In most HCV carriers, the initial  appropriate biochemical test systems and suitable crystal
infection develops into a chronic hepatitis which eventually forms for structural studies on inhibitor complexes. Although
leads to cirrhosis and hepatocellular carcino@)aChronic numerous reports concerned with the biochemical properties
HCV infections are now the leading indication for Ilver_ of this viral polymerase have been published, many aspects
Liflzﬁﬁmﬁgt/ai%:ggrg ;?nstthli C(\j/e\;ilgﬁ)ﬁg a\\l/vatl)ilr;cljj.lem:rr: i:’Sabout the detailed mechanism of action remain obscure. This

y 9 ' P groblem can be in part attributed to the fact that the HCV

are expensive, poorly tolerated, and have limited success rate | has b h to fulfill its task ¢ of
as they are not generally effective against all clinically polymerase has been shown 1o Tullill 1ts task as part of a
relevant HCV genotypes. Clearly, there is an urgent need membrane-associated multiprotein complex, a situation not

for the development of better strategies to block viral necessarily resembled by in vitro studies using recombinant

replication. One promising approach is the inhibition of the protein. In terms of structural characterization, the situation
viral RNA-dependent RNA polymerase (RdRp) NS5B, which IS much more encouraging. Several X-ray structures of this
is the core enzyme of the HCV replicase complex. enzyme from various HCV isolates and genotypes have been
solved independently. The most thoroughly studied form of
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active site cavity. This unusual closed structure has also beerimidazol gradient. The NS5821 containing fractions were

described for many other closely and distantly related viral
RNA polymerases: bovine viral diarrhea virus (BVDV)
NS5B ), bacteriophagep6 polymerase 10), reovirus

pooled and dialyzed against buffer C (50 mM Tris/HCI pH
7.6, 150 mM NacCl, 10% glycerol, and 10 mM dithiotreitol).
A further purification step included a poly(U) column

lambda3 proteinX1), and foot-and-mouth disease virus 3D (Amersham Biosciences). Elution of the protein was per-
polymerase12). A novel structural motif of HCV NS5B is  formed with a NaCl gradient and yielded 99% pure protein.
af-hairpin extending from the thumb domain into the active The NS5B\21-containing fractions were pooled and dialyzed
site cleft. This motif has been proposed to represent a stericagainst buffer D (50 mM Tris/HCI pH 7.6, 300 mM NacCl,

barrier for the binding of partially double-stranded nucleic 10% glycerol and 10 mM dithiotreitol). Enzyme concentra-

acid substrates5j. A possible function of thigs-hairpin,
conserved in all flaviviridae polymerases, might be proper
positioning of the 3end of the bound RNA for effective
initiation of RNA synthesis §, 13). In this context, the

tion was routinely determined using an extinction coefficient
at 280 nm of 80650 M! cm ™t in buffer E (6 M guanidinium
hydrochloride and 20 mM sodium phosphate pH 6.5).

Buffers.All experiments were carried out at 28, unless

flexible C-terminus of the polymerase has been proposed toindicated otherwise, in buffer F containing 50 mM HEPES

be involved in the regulation of the initiation process
(14—16). Initiation of RNA synthesis in vitro by the HCV

pH 7.5, 4 mM MgC}, 1 mM MnCk, 0.5% Triton X-100,
and 10 mM dithiotreitol. Annealing buffer consisted of 25

polymerase may occur via different mechanisms. It has beenmm cacodylate buffer pH 6.5, 25 mM NaCl, and 5 mM
reported NS5B can utilize short RNA primers to start RNA  MgCl,. Optimized conditions for primer-dependent synthesis
synthesis 13, 17—20). Furthermore, it has been shown that were 50 mM HEPES, pH 7.5, 2 mM Mg&0.2 mM MnCh,

the enzyme is also capable of initiating RNA synthesis in .59 Triton X-100, and 10 mM dithiotreitol.

the absence of any RNA primer performing copy back and/ \cleotides and OligonucleotideNTPs were purchased

or de novo synthesid§, 21-25). However, in general NSS5B g5 Roche (Mannheim, Germany) and dinucleotides (GpU

displays low template binding specificity and has been |, 4 GpC) were from Sigmaaf*2P]-UTP (10uCi/uL, 3000
reported to utilize structured and unstructured RNA from Ci/mmol) was purchased from Amersham Biosciences
different sources as substrate for the initiation of RNA (Freiburg, Germany).

synthesis 13, 17, 18, 21, 22, 26-28). Oligonucleotides were purchased from IBA (i@iogen,

Several biochemical studies of viral RdRps and reverse Germany) and purified using denaturing PAGE (15% acryl-
transcriptases indicate that dimerization and/or oligomeriza- amide 7 M urea) followed by elution from the gel using the

tion are critical concerr)ing the en;ymatic properties of those gchieicher & Schuell Biotrap unit. The sequence of the 13/
enzymes 29—33). In this context, it has been reported that 1g_mer RNA/RNA p/t used for the binding studies was 5
HCV NS5B shows a tendency to oligomerize and suggested 5cAGCGAGCAUCU and 5CUAAGAUGCUCGCUGC
that this oligomerization regulates the polymerase activity respectively. The'send of the 16-mer template was labeled
(34-36). with a FAM fluorophor. The sequence of the 19-mer RNA
In this study, we present the first comprehensive bio- was 3-UGUUAUAAUUAUUGUAUAC.
chemical characterization of HC-J4 NSAB1, a C-termi- Primer oligonucleotides for the nucleotide incorporation
nally truncated polymerase based on the consensus Sequencgydies were send-labeled with T4 polynucleotide kinase
of pCV-J4L6S. Steady-state and pre-steady-state kinetic,g described3(). Primer and template oligonucleotides were
analyses were performed aiming to unravel mechanistic gnnealed by heating equimolar amounts in annealing buffer
details of RNA binding and nucleotide incorporation cata- 5; gg °C, followed by cooling to room temperature over

lyzed by this viral RdRp. Using dinucleotide primers, We geyeral hours in a heating block. The completeness of the
have established a nucleotide incorporation assay suitablegaction was checked by native PAGE.

of deriving quantitative data on the polymerase reaction
pathway. Furthermore, we present experimental evidence
regarding the controversially discussed issue of oligomer-
ization of HCV RNA polymerase and possible implications
of this phenomenon on in vitro studies of this fascinating
and pharmaceutically relevant enzyme.

Fluorescence TitrationsFluorescence titrations were
performed using an SLM Smart 8100 spectrofluorimeter
equipped with a PH-PC 9635 photomultiplier. Fluorescence
of FAM was excited at 492 nm, and the emission was
monitored at 516 nm (slit widths 1 and 16 nm, respectively).
Data were evaluated using the program Grafit (Erithacus
Software). The relative fluorescence was plotted against the
corresponding protein concentration, and the dissociation
constant was calculated using a quadratic equation. All
experiments were carried out at 26.

To determine the binding affinity via competition experi-
ments, a preformed complex of labeled 16-mer RNA (40
nM) and NS5B\21 (141 nM) was titrated with unlabeled
RNAs. The competitive titrations were evaluated by using
X-100 and 10 mMg-mercaptoethanol) and lyzed by soni- the program Scientist (MicroMath Scientific Software),
cation with 1 mM phenylmethylsulfonyl fluoride added. After which allows the user to define the system under investiga-
centrifugation of the sample, the supernatant was loaded ontdion as a series of parallel equations defining (in this case)
a Ni-NTA column (Qiagen) equilibrated with buffer B (50 each discrete equilibrium, the relationship between the total
mM sodium phosphate pH 8.0; 500 mM NaCl; 20 mM and free concentrations of the components, and the way in
imidazol; 10 mM S-mercaptoethanol) and eluted via an which the observable signal is generated.

EXPERIMENTAL PROCEDURES

Protein. NS5BA21 (derived from the HC-J4 isolate)(
was expressed in thEscherichia colistrain BL21(DES3).
Cells were grown at 30C in 10 L LB media, induced at an
ODggo 0f 0.7 by adding 0.4 mM IPTG and harvested after 4
h at 25°C. Cells were resuspended in buffer A (100 mM
Tris/HCI pH 8.0, 300 mM NaCl, 10 mM MgG]| 0.1% Triton
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Rapid Kinetics of RNANS5B\21 Interaction.Analysis 8000
of concentration dependent RNA-NSAB1 association was
performed using a Hi-Tech SF-61 MX Multi-Mixing stopped-
flow spectrofluorimeter. The temperature in the sample-
handling unit was maintained at 2&. 40 nM FAM 16-
mer RNA was rapidly mixed with varying concentrations
of NS5BA21 (150-400 nM), and the time courses of the
fluorescence change were observed via a cutoff filter (530
nm) after excitation of the FAM fluorophor at 492 nm. Data
were averaged over 10 experiments and analyzed using a
single-exponential equation. All concentrations reported are 5000, 1 0 L 11 1T
final concentrations after mixing in the stopped-flow cell. o 500 1000 1500
Data were evaluated using the program Grafit (Erithacus HCV polymerase (nM)
Software). Ficure 1: Fluorescence titration of partially double-stranded RNA

The dissociation kinetic was analyzed under conditions With NS5BA21. A 13/16-mer p/t (40 nM) was titrated with

; _ NS5BA21 while monitoring the FAM fluorescence of the labeled
described above. A preformed complex of 40 nM FAM 16 template (excited at 492 nm and observed at 516 nm). The curve

mer RNA (see above) and 200 nM NSABL was rapidly  ghows the best fit of the data to a quadratic equation yielding a
mixed with 20 uM of poly(C)-RNA. Data analysis was dissociation constank) of 103 nM ( 7).
performed as described above.

Oligomerization StudiesOligomerization of NS5B21 of a given p/t concentration (40 nM) with increasing amounts
was analyzed using a dynamic light scattering device of NS5BA21 resulting in a decrease of the fluorescence
(DynaPro MS/X, Protein Solutions, UK). This device is signal of about 35%. By fitting the experimental data to a
capable of analyzing a size range of particles from 1 nm to quadratic equation, an equilibrium constakg)(of 103 nM
1 um. All buffers and protein solutions were either carefully (& 7) for the p/t binding was determined. Fluorescence
filtered or centrifuged and degassed to prevent scatteringtitrations in the presence of GTP (1 mM) known to increase
from suspended particles and bubbles. All measurementsthe enzyme activity considerabl2®) did not show any
were performed at 26C. differences compared to titrations performed in the absence

Single Nucleotide Incorporation Studie§or single- ~ Of GTP (data not shown).
turnover, single-nucleotide incorporation experiments, a _ Intéraction of NS5B21 with Single-Stranded RNA under
preformed complex of p/t-NS5821 (208 nM dinucleotide- ~ Steady-State Condition&inding experiments with solely
primer, 940 nM template, and 181 NS5BA21) was rapidly ~ Single-stranded RNA were performed, to determine if the
mixed with an excess of INTP (250M) and stopped after ~ Weak binding affinity of the RNA/RNA p/t substrate
various times. Data were fitted to a single-exponential burst described above, arises from the double strand. A titration
equation. The effective transient nucleotide incorporation rate Of @ FAM-labeled 16-mer RNA with NS5821 is shown in
(Keol) is derived from the exponential fit. Figure 2a. The analysis of the experimental data yielded a
Kg of 99 nM (£ 15). Interestingly, they determined for
single-stranded RNA is in unpredictably good agreement with
the K4 obtained with the partially double-stranded RNA
substrate. Competition experiments with unlabeled RNA
were performed to exclude that the observed signal might
be affected by unspecific interactions between the fluores-
fence label and the protein. Accordingly, a preformed
complex of 40 nM FAM-labeled 16-mer RNA and 141 nM
NS5BA21 was titrated with unlabeled 16-mer RNA (Figure
2b) or unlabeled 13/16-mer RNA/RNA (data not shown).
Data were fitted to a multi-equilibrium model, yielding
binding affinities of 245 nM £ 21) and 251 nM £ 41),
respectively. Additionally, we performed filter-binding ex-
periments using radiolabeled RNAs. Ag#dgds in the range
of 250 nM were obtained (data not shown). These indirectly
derived dissociation constants of unlabeled RNAs are ap-
proximately 2.5-fold higher than th€y's determined for the
labeled substrate, indicating the FAM label might have some
effect on binding. Analogous experiments in the presence
of high GTP concentrations (up to 1 mM) did not show any
RESULTS significant effect on the binding parameters (data not shown).

Detailed Characterization of RNA Binding under Pre-

Interaction of NS5B21 with a RNA/RNA p/t under Steady-State ConditionsStopped-flow experiments were
Steady-State Conditiongquilibrium titrations using a FAM performed to characterize the RNArotein interaction in
fluorophor as probe attached to theehd of the template  more detail. First, we examined if the RNAS5BA21
were performed, to determine the affinity of NSABL to a association occurs in a concentration-dependent manner. To
13/16-mer RNA/RNA p/t. Figure 1 shows a titration curve address this question, equal volumes of RNA solution (40

N
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Kd =103 nM

fluorescence

The affinity of ATP was determined by the dependence
of the transient rate on the ATP concentration. To measure
the affinity of the ATP to a preformed p/t-NS321 complex
(208 nM GpU-primer, 940 nM 19mer template, and A8
NS5BA21), the complex was rapidly mixed with various
concentrations of ATP and quenched aftgrof the maximal
transient rate. The corresponding rates were then calculate
from the concentration of elongated primer by converting
the exponential equation into = —In[1 — ([P+1]¢/[Plo)l/
t(s). [P]o corresponds to the concentration of the NAZ2R-

p/t complex available for incorporation = 0, andt equals

the reaction timet(, of the maximal transient rate). The
rates observed were plotted against the ATP concentration,
and the dissociation constaisj was calculated by fitting

the data to a hyperbola.

Products were analyzed by denaturing PAGE (22% poly-
acrylamide/7 M urea) and quantified by scanning the dried
gel using a phosphorimager (Fuji FLA 5000). Data were
evaluated using the program Grafit.
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16 mer RNA (nM) FicURE 3: Transient kinetic analysis of the association of N&2B
Ficure 2: Fluorescence titrations of single-stranded RNA with and a 16-mer RNA. (a) Representative time course of the association
NS5BA21. (a) 40 nM of a FAM-labeled 16-mer RNA was titrated  kinetic of 250 nM NS5B21 and 40 nM FAM-labeled 16-mer
with NS5BA21. The curve shows the best fit of the experimental RNA. The curve shows the best fit to a single-exponential equation,
data to a quadratic equation and gavkgof 99 nM (+ 15). (b) yielding a pseudo-first-order rate constad of 133 s (+ 5.5).
Competition titration of labeled RNA with unlabeled RNA. A (b) Dependence of the fittdds on the polymerase concentration.
preformed 16-mer RNANS5BA21 complex (40 and 141 nM, Data were analyzed via linear regression, yielding an association
respectively) was titrated with unlabeled 16-mer RNA. The rate constantkg,) of 0.27 nM~1 s71 (& 0.027) and a dissociation
displacement was monitored by observing the recovery of the rate constant of 59.3°§ (+ 7.2).
fluorescence signal (excitation at 492 nm and emission at 516 nm)

of the free FAM-labeled 16-mer RNA. The curve shows the best for the polymer|zat|0n react|0r3€__36) To |nvest|gate this

fit by least-squares fitting to a model describing the two binding : ) .
equilibria from which a dissociation constar{sf of 245 nM phenomenon, detailed analyses of HC-J4 NA3B oligo

(+ 21) was obtained (see Materials and Methods). merization using a dynamic Iight scattering (DLS) device
were performed. First, we determined the degree of N&EB

nM) and NS5B\21 solution (150 to 400 nM) were rapidly  oligomerization in the enzyme storage buffer (buffer D
mixed, and the time course of the fluorescence change wasconsisting of 50 mM Tris/HCI pH 7.6, 300 mM NaCl, 10%
monitored. A representative time course of the associationglycerol, and 10 mM dithiotreitol). Here, the polymerase
kinetic of a FAM-labeled 16-mer RNA (40 nM) with  showed no aggregation and was monomeric. Incubation of
NS5BA21 (250 nM) is shown in Figure 3a. The data were the samples for several days at 20 did not show any
fitted to a single-exponential equation yielding a pseudo- change, indicating that the protein is a stable monomer under
first-order rate constantkfyd of 133 s (£ 5.5). The these conditions. In a subsequent experiment, we analyzed
secondary plot of the dependencekgf; on the NS5R21 the aggregation state of HC-J4 NSABI diluted in assay
concentration shows that the observed rates are concentratiobuffer (buffer F without Triton X-100 consisting of 50 mM
dependent. The data were fitted to a linear regression yieldingHEPES pH 7.5, 4 mM MgG] 1 mM MnCk, and 10 mM
a slope of 0.27 nM* s7* (4 0.027), which corresponds to  dithiotreitol). Surprisingly, there was a drastic shift of the
the association rate constar&. The dissociation rate  observable DLS signal (change of the hydrodynamic radius
constant k.) derived from the intercept with theaxis was from 3.8 to 239 nm) representing the formation of high
59 st (£ 7.2). Thisk. could be confirmed by direct molecular weight oligomers. As the size range of particles
measurement of the dissociation reaction performing com- the dynamic light scattering apparatus is able to analyze is
petition experiments with a preformed FAM 16-mer RNA- 1 nm to 1um, we are well in the working range of the device.
NS5BA21 complex and an excess of unlabeled polyC-RNA A careful analysis of buffer components revealed that NaCl
(kotr: 64,7 s, data not shown). Dividing the observed is responsible for this shift. Figure 4 shows a plot of the
dissociation rate constanik.f) by the association rate ratio of monomeric NS5B21 against the NaCl concentration
constantKy,), an overall affinity of 217 nM can be calculated. (A). At salt concentrations below 150 mM NaCl HC-J4
This calculatecKq value is in excellent agreement with the polymeraseA21) is in a highly oligomeric, aggregated state.
Kq value derived from the equilibrium titrations (see above). Concentrations above 150 mM caused a disruption of the
Oligomerization.Several groups have proposed that oli- oligomers leading to the formation of monomers. At 280
gomerization of HC-BK NS5B is an essential requirement mM all protein is in the monomeric state. A more careful
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Ficure 4: Correlation of NS5B21 oligomerization on the
monovalent salt concentration. The proportion of monomeric
enzyme (7.2uM) was determined at different NaChJ or KCI
(O) concentrations using a DLS device. Ficure 5: RNA synthesis by NS5821. (a) De novo synthesis

a preformed complex of 94 nM 19-mer RNA template and 360

; ; nM NS5BA21 was mixed with all four INTPs (500M GTP, 250
analysis of this phenomenon clearly showed that the changeﬂM ATP, CTP, and UTP plus 100 nGif?P]-UTP). Reaction was

in the oligomeric state is a fully reversible, salt-dependent stopped by adding formamide buffer after an incubation period of
process, whereas the establishment of the equilibrium is quite2 h at 23°C. Products were analyzed by denaturing PAGE (lane 1

slow with about 60 min (95% completion, data not shown). ;52 ﬂ/ilf)fezki);\ tS_e colnc?_r&tratiqn of ::jold UgP ?dde?r;] af!ﬂlvsers’\tjls
Very similar data were obtained in KCI except for a slight <2 #V)- inucleotide primer-dependent SyntnesisL.s u
increasg -in Fhe monovalent salt conceptration required to shiftE(N:X E);Iﬁ/gr;rea?fgv_vzf Téﬁf:rt)e gnfgrzzo%rga ﬁoﬁ)ew Ictgrrgedfs%gming,
the equilibrium toward the monomeric state (Figurety, radioactively labeled dinucleotide primer. The enzymatic reaction
To exclude that the oligomerization that is measured with was started by adding 250M ATP, CTP, GTP, or UTP and
the DLS device is due to precipitation of the enzyme or stopped after 60 min with formamide buffer. Products were analyzed
solubility differences in different salt environments, we PY denatring PAGE.

performed an additional experiment. For that matter, NS5B
was diluted in assay buffer (low salt) and incubated for 1 h
to allow for oligomerization, followed by a centrifugation
step for 30 min at 13 000 rpm. The polymerization reaction
was then started by adding substrate. We did not observ
any difference in polymerase activity between centrifuged
samples and samples that had not been centrifuged nor di

we find any polymerase activity in an imaginary “pellet Interestingly, the products were longer than expected given
(data not shown). . e

) . ) the template length of ca. 300 nt's. The overall efficiency

Next we determined the influence of single-stranded RNA of nycleotide incorporation by HCV NS&®1 was very low

on the oligomerization state. First, RNA was added t0 (data not shown). Next, we performed single-nucleotide
monomeric HCV polymerase under high salt conditions (300 jncorporation studies with short, partially double-stranded
mM NacCl). Under those conditions, the RNA did not show RNA/RNA pl/t to further characterize the underlying mech-
any effect on the oligomeric state of NSABL1. However, anism of primer-dependent RNA synthesis by the HCV
if the RNA was added to a solution containing oligomeric polymerase. However, neither a 13/16-mer nor a 20/35 or a
polymerase at low NaCl concentrations (50 mM), the 20/100 p/t, which have been shown to bind to the HCV
recorded signal ran out of working range indicating further polymerase (see above), showed any detectable nucleotide
oligomerization of the sample. Additionally, we examined incorporation.
a possible influence of GTP on the oligomerization state of  gince these RNAs were not appropriate to study mecha-
NS5BA21. It has been reported by Lohmann et @B)(that pjstic aspects of the NS5B catalyzed nucleotide incorporation
high GTP concentrations lead to an increased activity of the reaction, we turned our attention toward de novo synthesis
HCV polymerase. Furthermore, according to a recent crystal-in the absence of any primer. The following experiments
lographic study a second, GTP-specific low-affinity binding were carried out with either a 19-mer RNA previously shown
pocket has been propose@).(This pocket appears to be to act as substrate3®) or a 16-mer RNA. With both the
located in a crystallographic lattice contact on the protein 19-mer and the 16-mer template RNAs, synthesis in the
surface in close proximity to a proposed oligomerization presence of all four ribonucleotides yielded the expected
interface 86). To examine if there is a correlation between products (19 or 16 nucleotides), albeit the overall efficacy
the observed activity increase at high GTP concentrationsof the reaction in the case of the 16-mer was significantly
possibly induced via binding to a second GTP-specific lower. Intriguingly, in addition to the expected products, there
nucleotide pocket resulting in a shift of the aggregation was a cluster of RNAs corresponding to multiple length of
equilibrium toward oligomers, comparative DLS measure- the input RNA template (Figure 5a, lanes 1 and 2). The 3
ments in the presence or absence of GTP at different NaClhydroxyl group (7) of the 19-mer RNA template was
concentrations were performed. However, under the condi- oxidized to preclude the formation of longer RNAs, which
tions tested, there was no detectable difference with respectpossibly could have resulted from ligation events between

§66 5

—
GpC/ 16mer GpU/19mer

to the oligomerization behavior of NS221 (data not
shown).

Nucleotide Incorporation Studiedrirst, we examined
eprimer-dependent nucleotide incorporation by N3Z8.
Using a homopolymeric substrate (polséoligoU;s), some
Gelongation of the radioactive labeled 15-mer oligoU-primers
was observed as already described by oth&rs 18, 20).
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newly synthesized RNA molecules and the template. Yet, 100
no difference with respect to these longer products could be
observed between oxidized or “regular’ RNA template.
Furthermore, incubation of in vitro synthesized RNA with
HCV polymerase did not show any ligation products,
indicating the observed multiple template-sized products were
not generated by bacterial ligase impurities contained in the
HCV polymerase preparation. Interestingly, in the presence
of GMP as initiation nucleotide, the de novo synthesis did
not show these high molecular weight species. To test if this 0 ¢
experimental setup can be used to study single nucleotide
incorporation, polymerase and RNA template were incubated
with the initiation GTP, and then the next nucleotide to be
incorporated according to the template sequence was added.
Over a period of 2 h, formation of a newly synthesized
dinucleotide could not be observed.

Accordingly, a further approach to analyze the NS5B
nucleotide incorporation reaction in more detail was tested.
Instead of oligomeric RNA primers (see above), we now
used dinucleotides in combination with the aforementioned
19-mer and 16-mer template RNAs to initiate the reaction.
1.5 uM HCV polymerase was incubated for 20 min at 20 |
°C with 940 nM RNA template (19-mer or 16-mer) and 208 poe— L1
nM of the corresponding, radioactively labeled dinucleotide 0 200 400 600 800
(GpU or GpC). The enzymatic reaction was started by adding ATP (uM)
250uM ATP, CTP, GTP, or UTP and stopped after 60 min . . L o

FiGUurE 6: Single-turnover, single-nucleotide incorporation into a

With fprmamide _buffer. iny _in the case of the ‘?O”eCt 2/19 RNA/RNA p/t by NS5R\21. (a) A preformed complex of
incoming nucleotide (ATP in this case) primer extension was 208 nM GpU-primer, 940 nM 19-mer template and LM
observed (Figure 5b). Next, we analyzed the time course of NS5BA21 was rapidly mixed with 25@M ATP. Reactions were

single-turnover, single-nucleotide incorporation into the 2/19 stopped at time points given. The curve shows the best fit of the

RNA/RNA plt. Incorporation of ATP occurred in a mono- data to a single-exponential equation yieldinga of 0.0007 s*
phasic kineﬁic resuItFi)ng in the complete elongation of the (= 0.00003). The inset shows the PAGE analysis of the reaction.

! i . ) . ‘ (b) Analysis of the binding affinity of the incoming nucleotide.
dinucleotide primer (Figure 6a). Fitting the experimental data |ncreasing amounts of ATP were rapidly mixed with a preformed
to a single-exponential equation yielded an incorporation rate complex of 208 nM GpU-primer, 940 nM 19-mer template and
(koo Of 0.0007 s (+ 0.00003). To ensure that the observed 1.54M NS5BA21 and quenched aftey;; of the maximal transient
single-turnover rate of incorporation was not limited by ”?“Ied.(see II(Zlgurle ea%. 2[;a7taMweflf't2ted to a hyperholic equation,
binding parameters, we carefully examined the binding yielding akq value of 27.7uM (< 1.2).
affinities of the incoming ATP. The affinity was determined 30 1 T T T 1T T T T T
by plotting the observed rates at various concentrations of
ATP and fitting the data to a hyperbola resulting in a
dissociation constankg) of 27.7 uM (£ 1.2) (Figure 6b).
Interestingly, compared to elongation (data not shown), the
initiation is highly specific for the canonical base pair as
absolutely no misincorporation was observed (Figure 5b).
As described above, several RNA templates used in this
study could not be utilized by the NSBR1 as substrate in 0.5
nucleotide incorporation assays, although binding studies
indicated reasonable proteiRNA interaction. A possible o 250 500 750 1000 1250 1500
explanation for this finding could be RNA bound in an 19mer RNA (nM)
orientation not properly positioned for initiation of RNA . o )
synthesis. Accordingly, there might be several binding modes Ficure 7: Dependence of the transient nucleotide incorporation

showina different affinities. Aiming to resolve this issue. we rate on the 19-mer RNA substrate concentration. Increasing amounts
wing di Iniies. AIming VE IS ISSUE, WE 4t 19-mer template were rapidly mixed with a preformed complex

measured the rate of nucleotide incorporation on the templateof 208 nM GpU-primer, 1.5%M NS5BA21 and 25Q:M ATP. The
concentration (Figure 7). Fitting of the experimental data to reaction was stopped after,, of the maximal transient rate (see

a hyperbolic equation yielded K& of 260 nM & 22) for Figure 6a). Data were fitted to a hyperbola resulting iKsavalue
the 2/19 RNA/RNA p/t. This value is in excellent agreement ©f 260 "M (& 22).
with values obtained via equilibrium titrations (see above). monomeric NS5B21 from high salt into a low salt buffer,
Finally, we tested whether there is a correlation between oligomerization is initiated, and the new equilibrium is
NS5BA21 oligomerization and polymerase activity as pro- reached after about 60 min. At certain time points after
posed by others3d—36). As outlined above, there is a salt- mixing monomeric HCV polymerase with RNA template and
dependent equilibrium between the monomeric and the dinucleotide primer in low salt reaction buffer, the enzymatic
oligomeric state of the protein (Figure 4). Upon dilution of reaction was started by adding 2aM ATP and stopped

3mer (%)
& 8 8

rate (x103 s)

2.5

2.0

1.5

1.0

rate (x10%s™)

0.0
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30 A A nucleotides of the template. On the other hand, it has been
25 B ] shown that the minimal template length is 5 rit3)
] Analyzing RNA binding via nucleotide incorporation (Figure
< 20 W - 7) confirmed &Ky of about 260 nM for the interaction with
) r 1 the 19-mer RNA substrate, apparently indicating the complex
g B[ ] observed in the fluorescence binding studies represents a
"E, 10 - _ catalytically competent protetrsubstrate complex.
- . Taken together, th&y values determined in this study,
51 7 using different RNA substrates and applying several comple-
0 I R R mentary techniques, indicate that the HCV polymerase binds
0 500 1000 1500 2000 2500 such RNAs with a rather low affinity compared to other

polymerases. Molecular modeling of potential RNA sub-

. 8: Dependence of the transient nucleotide incorporation strates into the NS5B structurg@<5) and a crystal structure
IGURE 8: i u ide i i ; _
rate on the oligomeric state of NSBR1. At certain time points of a binary NS5@21—RNA complex 6) suggest numerous

after mixing monomeric HCV polymerase with RNA template and Polar contacts and van der Waals interactions between the
dinucleotide-primer in low salt reaction buffer (see Materials and enzyme and the nucleic acid substrate. The protein/RNA

Methods) inducing oligomerization of the protein, the enzymatic interactions in the crystal structure have been found to be
rﬁﬁ“"” was Stlat”ed by ftiddf[”g 2bM l'_j‘,‘TP a%d St?_?pedtﬁ“eéyfzf  nonspecific, and the electron density corresponding to the
e epg?ri);ln::préggﬁtegif{cgrgngsggegré%lgt?onagiateesreof ﬁsalaeren 5-mer ssRNA indicates that the template appears to be sliding
whereast, = 100% monomerizso > 90% oligomers, and time ~ Pack and forth in the binding cleft on the NS5B fingers
points between= mixture of monomers, dimers, and oligomers domain g). The surprisingly highky measured is consistent
(as determined by DLS). with the crystallographic data and is in good agreement with
) . ) the low RNA substrate specificity of NS5B reported previ-
afterzy, of thg maximal tranS|ent rate (Figure 8). In contrast ously (L3, 17, 18, 21, 22, 26—28) and with theKq values
to data published previously, we could not observe any pyplished for the binding of the polymerase to NS5B-X-
significant increase in polymerase activity upon oligomer- RNA (39, 40). This also lends support to the notion that the
ization of NS5BA21. HCV polymerase either needs additional viral or host-
encoded factors to increase substrate specificity, and/or it
DISCUSSION binds an, as yet unidentified, specific sequence of the HCV

The RNA-dependent RNA polymerase of HCV is a major genome. A potential binding site for such a factor could be
target for the development of antiviral drugs against this the arm-like motif in the thumb domaid), which in other,
potentially deadly viral disease. However, our current nonrelated proteins is responsible for the interaction with
understanding of this enzyme is rather rudimentary, and manyproteins or peptides. Alternatively, it has been suggested that
reports about this polymerase are, at least in part, inconsistentGTP could increase the RNA binding affinity by inducing a
The reasons for this predicament are manifold. Missing conformational rearrangement or oligomerization of the
protein cofactors or replicase components, poor enzymaticprotein. However, our biochemical and kinetic data do not
activity of the core polymerase, membrane association, support such a scenario.
solubility problems, and biochemical differences between Upon investigating the association kinetics of N26B
enzymes derived from different isolates are but a few of the with the 16-mer RNA oligomer using the stopped-flow
aspects that may have hampered unraveling mechanistidechnique, we observed a nearly diffusion controlled, one-
details of the enzymatic reaction catalyzed by NS5B. As a step binding reaction with a second-order association rate
result, so far no adequate in vitro assays are available forconstant K,,) of 0.273 nM* s™1. The intercept of the plot
this enzyme hindering drug development. In the present studyof the dependence of the pseudo-first-order rate constant of
we have tried to untangle some of the intrinsic problems RNA binding on the NS5B concentration yielded a dissocia-
accompanied with this protein by applying quantitative tion rate constantkgs) of 59.3 st in excellent agreement
biochemical and kinetic analyses. We managed to derivewith transient fluorescence competition measurements
guantitative data which might help to define the mechanistic (ko: 64.7 s, data not shown). Using these numbers, we
properties of NS5B catalyzed HCV replication. calculated an overall affinity of 217 nM for the NSBR1—

In this study, we provide direct experimental evidence for 16-mer RNA interaction. Again, this value is in excellent
the first time to show that NS5821 binds to partially agreement with the fluorescence titrations confirming the
double-stranded RNA/RNA p/t. Using a FAM-labeled 13/ quality of the data presented. The transient binding measure-
16mer p/t and performing fluorescence measurements, wements corroborate the data obtained from X-ray cocrystal
derived a dissociation constardsj of 103 nM, equivalent  structures. Here, extensive interactions between the fingers
to theKy determined for the binding of single-stranded RNA and the thumb domains have been observed keeping the
to NS5BA21. To confirm this result, fluorescence competi- polymerase in a rigid, closed conformation even in the
tion titrations with unlabeled RNAs (single as well as absence of an RNA substratd—5, 8). A similar overall
partially double stranded) were carried out, revealingsa  structure has been shown for the bovine viral diarrhea virus
of ca. 250 nM. Thus, the fluorophor seems to have only (BVDV) NS5B (9), bacteriophagep6 polymerase X0),
minor effects on binding and, with an approximately 2.5- reovirus lambda3 proteiril{), and foot-and-mouth disease
fold discrepancy, the dissociation constants are in fairly good virus 3D polymerasel@). Thus, initial substrate binding is
agreement. Yet, we cannot entirely rule out the probability likely to take place without extensive conformational changes
that the 13/16-mer is bound via the three single-stranded of the enzyme.

time (s)
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Oligomerization of the HCV polymerase has been sug- donor template
gested to be crucial for the activity of this enzyn3d<36). \
In the present study, we have performed extensive DLS NTP's
measurements in the presence and in the absence of substrat i o —— =~
to analyze NS5B proteinprotein interactions and potential ( de novo synthesis W )

implications for RNA synthesis. We are able to show that
oligomerization of NS5RB.21 is a dynamic, NaCl- or KCI-
dependent process, while low salt conditions leads to

aggregates and in high salt conditior's 280 mM) the remplate dssoaton ?
protein exists as a stable monomer, indicating that the
majority of the interface contacts are of an ionic nature. This -
finding is in agreement with Wang et aB6) but inconsistent ( )
g

to some extent with other studie85 41) in which the
enzyme was shown to be monomeric or dimeric at lower

Ao
S

e

NaCl concentrations (156200 mM). These differences NTP’s

could be due to the fact, that these RdRps are derived from de novo synthesis #, 2CCePIor template

the HC-BK isolate as compared to HC-J4 used in this study. hiresed
There are 24 differences between the primary structures of o

the J4 and the BK isolates, and these are clustered in four /\/ -

regions and are located on the protein surfa@e DLS ( P
measurements in the presence of RNA at low NaCl concen- 4 S

trations show that highly oligomeric NS2&21 is capable Ficure 9: Model of the proposed template switching mechanism

of binding RNA. The observation that the DLS signal for y Hcy NS5B. The fingers (blue), thumb (green), and palm (grey)
such complexes runs out of range evidently indicates further domains are shown schematically. Théairpin is shown in yellow.

oligomerization triggered by the nucleic acid in agreement (1) Formation of the initiation complex consisting of NS5B,
with data obtained by Labontet al. @1). To what extent template, and incoming nucleotide. (2) De novo synthesis of the
. . S . complementary strand. (3) Dissociation of the template with the
monomeric HCV polymerase is Capable of binding nUCIG'_C newly synthesized RNA staying bound to the enzyme. (4) Template
acids cannot be answered as the high salt concentrationswitching event via binding of an acceptor template and the
necessary to stabilize the monomeric state strongly interferesincoming nucleotide. (5) De novo synthesis of the complementary
with RNA binding (data not shown). Performing nucleotide RNA strand to the 3end of the newly synthesize RNA. Now
incorporation studies with NS5&1 in different aggregation ~ 2dditional template switching events may take place5presulting
. - ; . . in a RNA product of multiple template length.

states did not show any correlation between catalytic activity
and oligomerization in contradiction to other reports (data not shown) indicates that the enzyme does not perform
(34—36). The reason for this discrepancy remains unclear. continuous RNA synthesis from the nascent RNA without

HCV polymerase has been shown to be capable of dissociating from the template as described for poliovirus
initiating RNA replication via a primer-dependent, a copy (47) and bovine viral diarrhea virus (BVDV) RNA poly-
back, and/or a de novo synthesis mechanism. In our handsmerase 46). Furthermore, it appears that no stabilization is
using short RNA/RNA p/t a primer-dependent synthesis required by base pairing of the newly synthesized RNA with
could not be detected, although these RNAs were shown tothe next incoming RNA template for template switching
bind NS5BA21. It can be speculated that these nucleic acids events to occur. Thus, a “base-pairing-independent” template
are either bound in a catalytically incompetent conformation switching model 48) would explain why the products of
or that the initiation is blocked for some other reason. In the HCV NS5B reaction are exact multiples of the RNA
our hands, primer elongation could only be observed with template.
long homopolymeric template substrates as has been shown Analyzing single-turnover, single-nucleotide incorporation
previously (L7, 18, 20, 26). using a dinucleotide as a primer and a 16- or 19-mer as a

Analyzing de novo and dinucleotide-dependent synthesis template, an incorporation ratdg4) of 0.0007 s! was
using a 19-mer RNA template, the expected product, as well observed. Over a period of about 60 min, all primers were
as RNA species corresponding to a multiple length of the extended by one nucleotide. To exclude that the observed
template, has been identified. These unexpected products ar@ncorporation reaction is due to a low-level steady-state
often up to six times longer than the template RNA. We turnover by a small percentage of active enzyme, we
showed that ligation events due to impurities or an intrinsic performed incorporation experiments in the presence of a
ligase activity of the polymerase can be excluded. As trap (dinucleotide primer or single-stranded RNA). Here we
suggested for several viral RNA polymerasef®2-<48) still observed extension of about 40% of the dinucleotide
including NS5B 23, 25, 38), these products are most likely  primers (data not shown). This finding was rather surprising
the result of template switching events. So-called “end-to- as the off-rate (dissociation of the polymerase from the RNA
end” and/or “internal template switching” mechanisms have substrate; 59.378 see above) is orders of magnitude faster
been described. In this study, we could not observe anythan the incorporation reaction and suggests the existence
template switching products with NSBR1 when initiating of a highly stable protein/RNA p/t complex (see below).
RNA synthesis with GMP. This finding strongly suggests  The slow incorporation rate observed in this study certainly
an “end-to-end” template switching mode (Figure 9). Ad- does not reflect the true polymerization rate of this enzyme
ditionally, the absence of template switching events in the but rather the rate of initiation of RNA synthesis, which
presence of a nucleic acid competitor trapping the polymeraseappears to be rate limiting. There are several reports showing
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that in vitro NS5B is able to copy the full-length viral RNA  Bukh and the NIAID/NIH for providing the clone pCV-

genome within +2 h, albeit with a very low efficacy<3%
of the input RNA template is turned ovendq 18, 27, 49,

JAL6S, and Roger S. Goody for continuous support.

50). In other words, once the slow initiation step has REFERENCES

occurred, NS5B may elongate more like a “normal” poly- 4
merase. However, this extremely slow initiation renders a

quantitative analysis of the elongation process very difficult 2.

if not impossible, when applying standard procedures, since
the rates determined represent a mixture of both processes.
In this study, we therefore focused on the early steps of RARp
catalytic cycle using short synthetic RNA substrates.

The analysis of the affinity of the incoming nucleotide,
as determined by incorporation studies, reveal&d af 27.7
uM. This value is in good agreement with many other studies
on several polymerases; thus it seems very unlikely that
nucleotide binding causes any restrictions during the initiation
step. It is difficult to pinpoint the exact reason for the slow

initiation step. However, it is conceivable that the polymerase 6

domain has to undergo a slow rate-limiting conformational
change after initial binding of the substrates (template and 7
dinucleotide primer) prior to incorporation (e.g., opening up
of the C-terminal domain enabling translocation of the
initiation complex) (0). 8
To further address this question, we performed competition
experiments of an NS5821-template*P-labeled-GpU-
primer complex with a large excess of unlabeled primer. ¢
After incubation of this initiation complex with the trap for
certain time intervals, the polymerase reaction was started
by adding nucleotide substrate. Under those conditions, we
still observed about 2540% extended primers, even after
preincubation with the competitor for up to 40 min, indicating
a highly stable complex (Cramer, J., to be published
elsewhere). Despite that, the observed incorporation kinetics
of these stable complexes was not any faster. Accordingly,

there are two different polymerase/nucleic acid complexes: 12.

a very stable one (representing about 30% of the complexes)
and a complex with a fast off-rate (representing about 70%

of the complexes). Taken together, these data suggest that a13
conformational change does indeed occur. However, whether
this structural rearrangement is a prerequisite for initiation

or whether it can be accelerated by a specific viral RNA

sequence or additional protein components, we currently can 14.

only speculate.

In conclusion, our studies show that in vitro HCV
NS5BA?21 is characterized by a distinct lack of efficiency.
TheK, determined for RNA binding and the rates for single-
nucleotide incorporation are orders of magnitude lower than
one would expect for a replicative polymerase. Thus, it seems

obvious that important cofactors are missing. This holds 16.

especially true for the initiation of RNA synthesis as reflected
by the exceptionally low incorporation rates. On the other
hand, with viral or host cofactors remaining unidentified,
the dinucleotide-dependent HCV RdRp assay presented here
permits the first quantitative analysis of nucleotide incorpora-
tion events and could serve as a kinetically well-defined
model and as a valuable tool to develop and characterize
potential NS5B inhibitors.
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