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Nonobligate chain terminators, such as 2’-C-methylated nucleotides, block RNA synthesis by the RNA-
dependent RNA polymerase (RdRp) of hepatitis C virus (HCV). Previous studies with related viral poly-
merases have shown that classical chain terminators lacking the 3’-hydroxyl group can be excised in the
presence of pyrophosphate (PP;), which is detrimental to the inhibitory activity of these compounds. Here we
demonstrate that the HCV RdRp enzyme is capable of removing both obligate and clinically relevant nonob-
ligate chain terminators. Pyrimidines are more efficiently excised than are purines. The presence of the next
complementary templated nucleotide literally blocks the excision of obligate chain terminators through the
formation of a dead-end complex (DEC). However, 2'-C-methylated CMP is still cleaved efficiently under these
conditions. These findings show that a 2'-methylated primer terminus impedes nucleotide binding. The S282T
mutation, associated with resistance to 2’-C-methylated nucleotides, does not affect the excision patterns. Thus,
the decreased susceptibility to 2'-C-methylated nucleotides appears to be based solely on improved discrimi-
nation between the inhibitor and its natural counterpart. In conclusion, our data suggest that the phospho-
rolytic excision of nonobligate, pyrimidine-based chain terminators can diminish their potency. The templated

nucleotide does not appear to provide protection from excision through DEC formation.

Hepatitis C virus (HCV) infection is a serious public health
concern that affects 170 million people worldwide (33, 42).
Among those infected, approximately 20 to 30% develop severe
liver disease, such as chronic hepatitis, liver cirrhosis, or hepato-
cellular carcinoma (2). The combined use of the nucleoside ana-
logue ribavirin and pegylated alpha interferon is the current treat-
ment standard; however, success in treatment depends largely on
the viral genotype, and this drug combination has also been as-
sociated with severe side effects (30, 43). Thus, the development
of novel, more potent, specific drugs is urgent.

HCV belongs to the Flaviviridae family. The HCV RNA
genome consists of approximately 10 kb, encoding a polypro-
tein which is processed into several smaller polypeptides, in-
cluding the capsid protein (C), the envelope proteins (E1 and
E2), and the nonstructural proteins (NS2, NS3, NS4A, NS4B,
NS5A, and NS5B). Initial cis cleavage through NS2-NS3 re-
leases the NS3 protein, which in turn continues to process the
precursor. Promising compounds with the ability to inhibit the
viral protease (NS3) and the polymerase (NS5B) have been
identified.

NS5B is a 65-kDa RNA-dependent RNA polymerase capa-
ble of initiating RNA synthesis de novo in the absence of a
primer (16, 17, 25, 27, 45). Three classes of inhibitors of HCV
NS5B have been developed, namely, nucleoside analogue in-
hibitors, nonnucleoside analogue inhibitors, and pyrophos-
phate (PP;) analogues. Nonnucleoside inhibitors and PP; ana-
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logues are still under preclinical evaluation, while a 2'-
modified nucleoside analogue has advanced to clinical trials
(for a recent review, see reference 7). Nonnucleoside inhibitors
of NS5B bind reversibly to distinct allosteric sites of the en-
zyme (4, 9, 15, 41).

The prodrug of 2’'-C-methyl-cytidine, i.e., NM283, has ad-
vanced to clinical trials (7). It appears that the methylation at
the sugar moiety may be sufficient to cause chain termination,
although the 3’-hydroxyl group is not removed from the sugar
moiety (5). Compounds with these features are referred to as
nonobligate chain terminators (Fig. 1). Once incorporated,
they diminish binding and/or incorporation of the next nucle-
otide. Earlier work with structurally different nonobligate
chain terminators has shown that these compounds may allow
the incorporation of the next templated nucleotide and com-
promise subsequent elongation events. 9-(1,3-Dihydroxy-2-
propoxymethyl)guanine (DHPG), which inhibits DNA poly-
merases of members of the Herpesviridae family, is a prominent
example in this regard (29). Obligate chain terminators that
inhibit HCV replication have not yet been developed, presum-
ably because the presence of the 3'-hydroxyl group is a crucial
structural determinant for the intracellular phosphorylation of
ribonucleosides (34, 40).

Chain termination is not necessarily an irreversible process.
For instance, the 3'-5" exonuclease activity of viral DNA poly-
merases of the Herpesviridae family can remove incorporated
nucleotide analogues. Moreover, amino acid changes in the
exonuclease domain of these enzymes have been linked to drug
resistance (38). HCV NS5B does not possess intrinsic exonu-
clease activity. However, the pyrophosphorolytic excision of
incorporated chain terminators is a possible alternative mech-
anism that can diminish the efficiency of these compounds. We
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FIG. 1. Nucleoside analogue inhibitors of HCV NS5B. Chemical
structures are given for an obligate chain terminator that lacks the
3'-hydroxyl group and three distinct nonobligate chain terminators
that are modified at the 2’ or 4’ position of the sugar moiety.

recently reported that the related bovine viral diarrhea virus
(BVDV) NS5B enzyme is capable of using PP; to excise nu-
cleotide analogues that lack the 3’-hydroxyl group (6). The
excision of nucleotide analogue inhibitors of the reverse trans-
criptase (RT) of human immunodeficiency virus type 1
(HIV-1) was also shown to play an important role in the de-
velopment of resistance to this class of compounds (3, 23).

Here we asked whether obligate and nonobligate chain ter-
minators can be excised by HCV NS5B through pyrophospho-
rolysis. We compared 2'-C-methyl-cytidine (2'-C-Me-CTP)
and 2'-O-methyl-cytidine (2'-O-Me-CTP) with the correspond-
ing classical chain terminator 3'-dCTP and found that all in-
hibitors are excised in the presence of physiologically relevant
concentrations of PP,.

MATERIALS AND METHODS

Chemicals and nucleic acids. The following RNA template sequences were
used in this study: 5'-AACCGUAUCCAAAACAGUCC-3' (T20), 5'-AACAG
UUUCCUUUUCUCUCC-3' (T20-C16), and 5'-AACCUGAGAAGGAGAAA
GCC-3" (T20-A16). The underlined bases show the unique sites for incorpora-
tion of C and A analogues, respectively. The dinucleotide 5'-GG-3’ served as a
primer (GG). All RNA oligonucleotides were chemically synthesized and puri-
fied in 12% polyacrylamide-7 M urea gels containing 50 mM Tris-borate, pH 8,
and 1 mM EDTA, followed by elution from gel slices in a buffer containing 500
mM ammonium acetate and 0.1% sodium dodecyl sulfate. 5'-End labeling of the
GG primer was conducted with [y->P]JATP and T4 polynucleotide kinase ac-
cording to the manufacturer’s recommendations (Invitrogen). Ribonucleoside
triphosphates were purchased from Roche, and 3’-deoxynucleoside triphos-
phates (3’-dNTPs) and 2'-O-Me nucleotides were purchased from TriLink
Biotechnologies. 2'-C-Me nucleotides were generously provided by Merck.

Expression and purification of HCV NS5B. The HCV NS5B sequence, in-
serted into the expression vector pET-22 (Novagen), was expressed as a C-
terminally truncated enzyme (A21) in Escherichia coli BL21(DE3) and purified
utilizing a combination of metal ion affinity and ion-exchange chromatography
(44). An S282T mutant enzyme was generated through site-directed mutagene-
sis, using a Stratagene QuikChange kit according to the manufacturer’s protocol.
Sequences were confirmed by sequencing at the McGill University Genome
Quebec Innovation Centre.

RNA synthesis and chain termination. Unless otherwise specified, standard
reaction mixtures consisted of 1 uM RNA template (T20, T20-C16, or T20-A16),
1.5 pM HCV NS5B, and 0.25 uM radiolabeled GG primer in a buffer containing
40 mM HEPES, pH 8, 10 mM NaCl, 1 mM dithiothreitol, and 0.2 mM MnCl,.
Reactions that involved multiple sites of chain termination (T20) were started by
adding a 10 pM concentration of each NTP in the presence of a 3.7 to 100 pM
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concentration of each 3'-dNTP for 30 min at room temperature. Chain termi-
nation at a single template position was conducted with 10 uM GTP-ATP and 3
M cytidine analogue (T20-C16) or with 10 puM CTP-UTP and 10 uM adenosine
analogue (T20-A16). Reaction products were precipitated with isopropanol, heat
denatured for 5 minutes at 95°C, and resolved in 12% polyacrylamide-7 M urea
gels. The experiments were repeated, and representative images are shown in
Fig. 2, 3, and 4. The concentration of chain terminator required to inhibit 50%
of full-length product formation (ICsy) was determined for a single site of
nucleotide analogue incorporation with templates T20-C16 and T20-A16. Reac-
tions were allowed to proceed for 30 min in the presence of a 3 wM concentration
of each NTP, with the exception of the competing nucleotide (300 nM). Gels
were scanned and analyzed with a phosphorimager (Molecular Imager FX;
Bio-Rad). ICs, values were calculated with Prism software (GraphPad, Inc.),
using the four-parameter logistic equation y = min(max — min)/{1 + 10"[(log
1Cs, — x) X hill slope]}, where x is the logarithm of the concentration, “min” and
“max” are the minimum and maximum response plateaus, and “hill slope” is the
slope of the curve at its midpoint.

Excision and DEC formation. Excision and the ensuing rescue of RNA syn-
thesis at multiple template positions (T20) were initiated by the addition of 125
pM PP; and a 100 pM concentration of each NTP. Reactions were allowed to
proceed for 30 min at room temperature. For the combined excision and rescue
reaction at a single template position, we used 125 uM PP;, 100 M CTP, and 5
uM 3'-dUTP (T20-C16) or 125 uM PP;, 100 pM ATP, and 5 uM 3'-dGTP
(T20-A16). Aliquots of the reaction mixes were taken at 1, 2, 5, 10, 20, 30, and
45 min. The formation of rescued products was fitted with the following burst
equation as previously described (28):y =y X [1 — exp(—Kk escue X )], Where
Ymax 1S the amplitude of the burst, k ... is the velocity of the reaction, and ¢ is
the time, in minutes. Formation of a dead-end complex (DEC) was assayed
under similar conditions, except that 3'-dUTP was replaced with increasing
concentrations of UTP. We also included 6 mM MgCl, to avoid nonspecific
inhibition of the reaction at high NTP concentrations. The concentration of the
next correct nucleotide required to inhibit 50% of primer rescue was also de-
termined with the four-parameter logistic equation described above. The exper-
iments were repeated, and representative images are shown in Fig. 5, 6, and 7.

RESULTS

Chain termination of RNA synthesis with 3’-dNTPs. HCV
NSS5B is capable of initiating RNA synthesis either de novo or
in the presence of short RNA primers. Throughout this study,
we measured enzymatic activity from the extension of a radio-
labeled dinucleotide (GG) primer complementary to the 3’
end of a short, heteropolymeric RNA model template. Chain
termination and inhibition of full-length RNA synthesis were
initially analyzed in the presence of the four 3’-dNTPs lacking
the 3’-hydroxyl group (Fig. 2). Increasing concentrations of
3’-dNTPs gave rise to chain termination in accordance with the
template sequence. In this setup, the efficiency of inhibition of
full-length RNA synthesis followed the order 3'-dGTP > 3'-
dCTP = 3'-dUTP > 3'-dATP. The total number of incorpo-
ration events as well as the efficiency of incorporation of a
given chain terminator plays a role in this regard.

Phosphorolytic excision of incorporated 3’-dNMPs. We next
studied the effects of adding increasing concentrations of PP;
to reaction mixtures that contained the chain-terminated prod-
ucts described in the previous experiment (Fig. 3A). The dis-
appearance of specific abortive reaction products, concomitant
with the accumulation of full-length products, is indicative of
excision and the ensuing rescue of RNA synthesis. Such rescue
events were seen predominantly with pyrimidine-terminated
reactions. Our data suggest that specific 3'-dUMP- and 3'-
dCMP-terminated products are susceptible to PP;-mediated
excision. This was most pronounced for the 3’-dCMP-termi-
nated product at position + 16, which was ultimately converted
into full-length RNA at PP; concentrations between 62 and 250
uM (Fig. 3B, 3’-dCMP panel, lane 3). In contrast, the disap-
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FIG. 2. Inhibition of RNA synthesis with obligate chain termina-
tors. The extension of a 5'-end-radiolabeled dinucleotide (GG) primer
to a 20-mer full-length RNA product was monitored in the presence of
a 10 pM concentration of each NTP (lane 0). Inhibition of RNA
synthesis was studied in the presence of increasing concentrations of
3'-dGTP, 3'-dUTP, 3'-dCTP, or 3'-dATP. Lanes 1 to 4, 3.7, 11, 33, and
100 wM 3'-dNTP, respectively. Reactions were allowed to proceed for
30 min.

pearance of 3'-dGMP- or 3’-dAMP-terminated products was
not evident, and there were only small increases in the amounts
of the full-length RNA products at the optimal PP; concentra-
tion of 125 pM (Fig. 3B, 3'-dGMP panel, lane 3). These find-
ings point to inefficient rescue events at positions +11 and/or
+6, which showed the largest amounts of chain-terminated
products. Together, our data suggest that incorporated pyri-
midines may be more susceptible to pyrophosphorolysis than
are purines. Reactions with concentrations of PP; that ex-
ceeded 500 pM showed decreases in primer rescue, presum-
ably by depleting concentrations of free divalent metal ions
required for catalysis. Small RNA products were also resistant
to PP;-mediated excision, which probably reflects the frequent
dissociation of the NS5B-RNA complex during early stages of
RNA synthesis (10, 15, 35).

Stability of the elongation complex. To translate the data
into quantitative terms and to study individual events that lead
to the rescue of RNA synthesis, we modified the template
sequence and introduced a unique site for the incorporation of
cytidine analogues under elongation mode at position +16
(Fig. 4A). First, we analyzed the stability of the complex to
assess whether pyrophosphorolysis can occur under single-
turnover conditions. For this purpose, we added heparin as a
trap under the following different conditions: (i) heparin was
preincubated together with the apoenzyme prior to the start of
the reaction; (ii) heparin was preincubated together with HCV
NS5B bound to the template and the GG primer, again prior
to the start of the chain termination reaction; or (iii) heparin
was added after primer elongation and chain termination at
position +16. The data show that the combined excision/rescue
reaction is insensitive to the addition of heparin once the
arrested elongation complex is formed (Fig. 4). In contrast, the
initiation step was inhibited 50% with 0.15 wM heparin. This
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FIG. 3. PP;-dependent rescue of chain-terminated RNA synthesis.
(A) Principle of the reaction. The inclusion of obligate chain termina-
tors in the GG-primed reaction yields various abortive products. The
subsequent addition of PP; provides conditions that allow excision of
incorporated 3'-dNMPs and, in turn, rescue of RNA synthesis.
(B) RNA synthesis was allowed to proceed for 30 min in the presence
of a 3 uM concentration of each NTP and 10 pM 3’-dGTP, 3'-dUTP,
3’-dCTP, or 30 uM 3'-dATP (lanes 0). Rescue of RNA synthesis was
then monitored over another 30 min through the addition of increasing
concentrations of PP;. Lanes 1 to 6, 31, 62, 125, 250, 500, and 1,000 .M
PP;. Arrows point to rescued primers. Controls in lane C show reac-
tions in the absence of obligate chain terminators.

result demonstrates that HCV NS5B does not dissociate from
a stalled elongation complex, which is likewise the case for the
BVDYV enzyme (6). Thus, the rates of excision at this stage of
the reaction are not influenced by the dissociation of the pro-
tein nucleic acid complex.

Pyrimidines are more sensitive to excision than are purines.
We next analyzed whether the efficiency of excision depends
on differences in the sugar moiety of the incorporated nucle-
otide analogue. Thus, we compared the rates of excision and
rescue of 3'-dCMP-, 2’'-O-Me-CMP-, and 2'-C-Me-CMP-ter-
minated DNA synthesis and found that all three chain termi-
nators are sensitive to pyrophosphorolysis (Fig. 5A). The rates
of excision were literally identical, which suggests that the
chemical modifications in the sugar moiety presented herein
have little effect on the reaction.
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FIG. 4. Stability of NS5B-RNA complexes. (A) RNA synthesis was
monitored with the T20-C16 template, which allows the incorporation
and excision of chain-terminating 3'-dCMP at a single position (+16),
as outlined in the experimental design under the image. Heparin was
used as a protein trap to analyze enzyme dissociation under different
conditions, including preincubation of heparin and NS5B (Apo-E)
prior to the addition of RNA and the start of the reaction, preincu-
bation of heparin with NS5B bound to the template and the GG
primer, and the addition of heparin after elongation and chain termi-
nation. In the last case, the activity of NSSB was measured in the
presence of 125 uM PP; and a mixture of 10 wM CTP and 3'-dUTP
that is required to rescue RNA synthesis for a single-nucleotide incor-
poration event. The loss of activity is a measure of enzyme dissociation,
which was monitored in the presence of increasing concentrations of
heparin. Lanes 0 to 7, 0, 0.037, 0.073, 0.146, 0.293, 0.586, 1.17, and 2.34
wM heparin. (B) The results were quantified and expressed as con-
centrations of heparin required to inhibit 50% of the enzymatic activity
(ICs508)-

We next looked at the influence of the base moiety on rates
of excision. In order to measure excision and primer rescue
under the same conditions with adenosine analogues (A ana-
logues), we designed a template with a single uridine at posi-
tion +16. We found that the levels of excision of the A ana-
logues were reduced five- to eightfold compared to the rates
obtained with C analogues (Fig. 5B; Table 1). This result
corroborates the data shown in Fig. 3B and shows that the
efficiency of rescue is primarily driven by the nature of the
nucleobase. Very similar trends were observed when the chain-
terminated primers were rescued in the presence of Mn?™,
Mg**, or a mixture of both divalent metal ions (Fig. 6), al-
though 3’-dCMP primer rescue with Mg”* alone was signifi-
cantly slower than that when Mn?* was present in the reaction.

We next compared the efficiency of pyrophosphorolysis with
that of the combined excision/rescue reaction, using 2'-C-Me-
CMP-terminated primers (Fig. 7A, left panel). Increasing con-
centrations of PP; led to the formation of a shorter product,
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FIG. 5. Kinetics of excision/rescue of purine and pyrimidine ana-
logues. (A) The velocity of the combined excision/rescue reaction was
analyzed with template T20-C16 and 3'-dCMP-, 2'-O-Me-CMP-, and
2'-C-Me-CMP-terminated primers (lanes 0). The reaction was moni-
tored in a time course experiment for 1, 2, 5, 10, 20, 30, and 45 min
(lanes 1 to 7, respectively). The percentage of rescued primer (position
+17) was quantified relative to the amount of total RNA synthesis
products. (B) The same experiment was performed with 3'-dAMP,
2'-O-Me-AMP, and 2'-C-Me-AMP, using the T20-A16 RNA template.
Rates of the reactions are reported in Table 1.

which unambiguously shows that the incorporated nucleotide
analogue can be excised through pyrophosphorolysis. How-
ever, the combined excision/rescue reaction was much more
effective (Fig. 7A, right panel). Together, these findings sug-
gest that the excised chain terminator can be reincorporated in
the absence of the competing natural counterpart that is only
present in the excision/rescue reaction. At the same time, these
data help to explain why pyrophosphorolysis is sometimes dif-
ficult to observe when the particular sequence context dimin-
ishes the reaction per se (11).

Effects of S282T mutation on excision and nucleotide selec-
tivity. Drug susceptibility studies and selection experiments
with the replicon system have shown that a single mutation,
i.e., S282T, confers reduced susceptibility to 2’'-C-Me-adeno-
sine. The S282T mutation confers cross-resistance to other
2'-C-Me nucleotides (18, 24). Modeling studies and enzyme
kinetic analysis suggested that this mutation can affect binding
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TABLE 1. Kinetics of primer rescue catalyzed by wild-type and S282T HCV NS5B

Enzyme C analogue Kreseue(C) (min~1)? A analogue Krescue(A) (min~—1H)? kreseue(C)krescue(A)
Wild-type NS5B 3’-Deoxy 0.151 = 0.027 3'-Deoxy 0.019 = 0.002 7.8
2'-O-Me 0.168 = 0.035 2'-O-Me 0.033 + 0.007 5.1
2'-C-Me 0.160 = 0.001 2'-C-Me 0.027 = 0.006 5.8
S282T mutant 3’-Deoxy 0.141 = 0.007 3’-Deoxy 0.019 =+ 0.004 7.5
2'-O-Me 0.160 = 0.040 2'-O-Me 0.035 = 0.008 4.6
2'-C-Me 0.169 = 0.071 2'-C-Me 0.031 = 0.015 5.5

“k

rescue

of the inhibitor to the active site of NS5B. Here we asked
whether this mutation may likewise affect the excision of in-
corporated nucleotide analogues. However, a comparison of
rates of rescue of different chain-terminated primers did not
reveal any significant difference between WT NS5B and the
mutated enzyme (Table 1). In agreement with previous re-
ports, we found that the S282T mutation discriminates the
2'-C-Me-nucleotide analogue. In a single-nucleotide competi-
tion experiment, the mutant enzyme showed increases in ICs,s
of between 9.5-fold and >24-fold for 2'-C-Me-CTP and 2'-C-
Me-ATP, respectively (Table 2). Increases in K,,, values suggest
that the mutated enzyme displays decreased inhibitor binding
(11).

Formation of DEC. Previous biochemical studies with DNA
and RNA polymerases have shown that the presence of the
next complementary nucleotide upstream of the 3’ end of the
chain-terminated primer can compromise excision (6, 23, 39).
For HIV-1 RT, nucleotide binding is associated with the for-
mation of a DEC that provides a certain degree of protection
from excision (22). The complex is inactive with respect to both
forward and back reactions provided that the chain terminator
lacks the 3’-hydroxyl group. Nonobligate chain terminators
contain the 3'-hydroxyl group, which theoretically permits at-
tack on the a-phosphate of an incoming nucleotide. However,
modeling studies with 2’-C-Me-AMP at the 3’ end of the
primer suggested that the methyl group may cause steric con-
flicts with the sugar moiety of an incoming nucleotide (24).
This model helps to explain why the incorporation of the next
nucleotide is severely compromised. A steric clash between the
2'-C-modified primer terminus and the incoming nucleotide
can diminish the stability of a ternary complex. The possible
consequences are twofold. First, the incoming nucleotide is not
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FIG. 6. Effects of metal ions on the efficiency of rescue of RNA
synthesis. RNA synthesis and chain termination with either 3'-dCMP
or 3’-dAMP were performed under the same conditions as those in the
legend to Fig. 5, in the presence of 0.2 mM Mn?*, 6 mM Mg?*, or a
mixture of both divalent metal ions. The excision reaction was moni-
tored in a time course experiment for 1, 2, 5, 10, 20, 30, and 45 min, and
the percentage of rescued primer was quantified relative to the amount
of total RNA synthesis products.

was determined as described in Materials and Methods. Data are means * standard deviations determined for three independent experiments.

incorporated, which leads to inhibition of RNA synthesis.
However, an unstable DEC may not provide protection from
excision, which counteracts the inhibitory effects.

To test these hypotheses, we looked at the efficiency of the
combined excision/rescue reaction in the presence of increas-
ing concentrations of the next complementary nucleotide (Fig.
8A). For the obligate chain terminator 3’-dCMP, we found
that the reaction was sensitive to the presence of the next
nucleotide substrate (Fig. 8B). The rescue of RNA synthesis
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FIG. 7. Comparison of efficiencies of pyrophosphorolysis and res-
cue of RNA synthesis. (A) RNA synthesis and chain termination were
performed with a mixture of a 10 wM concentration (each) of GTP,
ATP, and 2'-C-Me-CMP, using the template T20-C16. Excision of the
nucleotide analogue was monitored in the presence of increasing con-
centrations of PP; (left). The rescue reaction was initiated by adding a
mixture of 50 pM CTP, 10 uM UTP, and different concentrations of
PP; (right). Lane C is a control reaction in the absence of nucleotides
and in the presence of 0.125 mM PP;. (B) Quantification of the data
shown in panel A. All reactions in this experiment were performed in
the presence of 0.2 mM Mn?" and 6 mM Mg?*.
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TABLE 2. Inhibitory activity of nucleotide analogues in a
single-nucleotide competition assay

Enzyme Nucleotide 1C5 (LM)? Selectivity”

Wild-type NS5B 3'-dCTP 0.46 + 0.064
2'-C-Me-CTP 63*=1.6
3'-dATP 44 +0.14
2'-C-Me-ATP 4207

S282T mutant 3'-dCTP 0.77 £ 0.036 1.7
2'-C-Me-CTP 60 = 20 9.5
3'-dATP 8.8 £2.2 2.0
2'-C-Me-ATP >100 >24

“ Determined as described in Materials and Methods. Data are means *+
standard deviations determined for three independent experiments.

b Selectivity was calculated as the ratio of the ICs, of the S282T mutant to the
1G5 of the wild type.

was literally blocked in the high micromolar range (Fig. 8C).
Thus, the incorporated obligate chain terminator allows bind-
ing of the next nucleotide and, in turn, formation of a DEC
that blocks excision. In contrast, the excision/rescue reaction
with the nonobligate chain terminator 2'-C-Me-CMP was not
sensitive to the presence of the templated nucleotide. The
control reaction in the absence of PP; showed only minimal
increases in product formation, which is indicative of efficient
chain termination. Rescue of RNA synthesis was evident fol-
lowing the addition of PP; at the full range of concentrations of
the next complementary nucleotide. The presence of 2 mM
UTP did not reduce the efficiency of the reaction, which sug-
gests that the formation of a ternary DEC is severely compro-
mised in this case. Thus, 2’-C-methylated, nonobligate chain
terminators diminish binding of the next complementary nu-
cleotide, which provides a mechanism of action. However, the
diminished binding of the next nucleotide prevents the forma-
tion of a stable DEC, which renders the incorporated inhibitor
vulnerable to excision at the same time.

DISCUSSION

We analyzed the pyrophosphorolytic excision of chain-ter-
minating nucleotides by HCV NS5B, using a broad panel of
adenosine and cytidine analogues, including the clinically rel-
evant nonobligate chain terminator 2’-C-Me-CTP. We found
that incorporated pyrimidines can be excised in the presence of
physiologically relevant concentrations of PP;. The efficiency of
excision depends critically on the nucleobase of the chain ter-
minator. Our experiments show that adenosine analogues are
by far not as sensitive to excision as cytidine analogues. This
trend was observed with the obligate chain terminators 3’-
dNTPs as well as with the nonobligate chain terminators 2'-
O-Me-NTPs and 2'-C-Me-NTPs. We also tested the effect of
the S282T mutant that confers decreased susceptibility to 2'-
C-methylated nucleotides. Rates of primer rescue were not
increased with the mutant enzyme, which indicates that other
mechanisms are likely to be involved in resistance to this class
of compounds. In agreement with previous studies, we found
that the selectivity with respect to nucleotide incorporation was
markedly increased (11, 24). Thus, resistance to 2'-C-Me-
NTPs is based on substrate discrimination, not on differences
with respect to rates of excision.

Based on previous studies on the removal of obligate chain
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terminators by BVDV NS5B and HIV-1 RT (6, 13, 31, 32), we
propose a model that helps to explain the requirements for
excision of nonobligate chain terminators by HCV NS5B (Fig.
9). The incorporation of obligate or nonobligate chain termi-
nators must take place at the nucleotide binding site (N site) of
the enzyme (Fig. 9A). Following nucleotide binding and catal-
ysis, PP; is released from the complex, which is a prerequisite
for subsequent polymerization events. Alternatively, PP; can
rebind and promote excision of the incorporated nucleotide
(Fig. 9B). HIV-1 RT was shown to be able to recruit ATP as a
PP; donor (for recent reviews, see references 8, 12, and 14).
However, unlike the retroviral DNA polymerase, viral RNA-
dependent RNA polymerases utilize natural NTP substrates
for the forward reaction, not as pyrophosphate donor mole-
cules (6).

It was recently demonstrated that the intracellular concen-
trations of PP;, ATP, and GTP that are present in both quies-
cent and activated lymphocytes are sufficiently high to catalyze
the excision of chain-terminating nucleotides by HIV-1 RT
(37). Activated T cells contain 55 to 79 uM PP;, which is in the
range of concentrations used in our experiments. Thus, it
would be interesting to conduct similar experiments with cyto-
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FIG. 8. DEC formation with cytidine analogues. (A) The combined
excision/rescue reaction was monitored in the presence of increasing
concentrations of the templated nucleotide UTP. (B) Following chain
termination with 3'-dCMP or 2’-C-Me-CMP (lanes C), excision/rescue
was initiated with 125 uM PP;, 10 uM CTP, and increasing concen-
trations of UTP. Lanes 1 to 7, 31, 62.5, 125, 250, 500, 1,000, and 2,000
uM UTP, respectively. (C) Results were expressed as percentages of
rescue relative to that under conditions with the lowest UTP concen-
tration (lanes 1 in panel B). ICy, values were determined from at least
three independent experiments, with error bars displaying the standard
deviation for each concentration point.
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FIG. 9. Parameters affecting the excision of nonobligate chain ter-
minators. The nucleotide binding site of HCV NS5B is shown in
orange (N site [N]), and the priming site is shown in yellow (P site [P]).
Natural nucleotides are highlighted in gray, and the nonobligate chain
terminator is shown in blue. The methyl group at the 2’ position of the
sugar moiety is shown enlarged. (A) Immediately following nucleotide
incorporation, the chain terminator still occupies the N site. (B) Ex-
cision can occur only in this configuration. (C) Binding of the next
nucleotide requires polymerase translocation, which clears the nucle-
otide binding site. (C') The methyl group at the 2" position of the sugar
moiety is shown enlarged. The chain terminator is now located in the
P site. (D) In this position, binding of the next correct nucleotide
blocks the enzyme in a ternary DEC that is catalytically inactive. (D)
Nucleotide binding and DEC formation are severely compromised
with 2’-methylated chain terminators.

plasmic extracts from human hepatocytes to further assess the
biological significance of the excision reaction. Such experi-
ments may be conducted with purified HCV NS5B or with
isolated, membrane-associated ribonucleoprotein complexes,
which may better mimic physiologically relevant conditions (1).
For HIV, a combination of clinical studies, in vitro selection
experiments, and biochemical data provided strong evidence to
suggest that the excision of nucleoside analogue RT inhibitors
can occur in vivo. The ATP-dependent excision reaction rep-
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resents an important mechanism for resistance (8, 12, 14). For
HCYV, it remains to be seen whether novel nucleoside analogue
inhibitors can select for mutations that increase the rate of
excision.

The efficiency of the primer rescue reaction is approximately
25-fold lower than that of the forward reaction when we com-
pare our measurements with kinetic parameters for nucleotide
incorporation events (11). This difference points to a slow,
rate-limiting pyrophosphorolysis step. Thus, as for DNA syn-
thesis in HIV replication, pyrophosphorolysis may play only a
minor role in editing HCV RNA synthesis; however, more-
detailed fidelity measurements with mispaired primers are re-
quired to address this issue (19).

Although the detailed requirements for excision can differ
among the various polymerases, binding of the next nucleotide
requires that the enzyme must translocate relative to its primer/
template substrate to clear the N site. This movement brings the
3’ end of the primer to the priming site (P site) (Fig. 9C), which
places the chain terminator away from the active site. As a
consequence, excision cannot occur in the context of this post-
translocated complex. For HIV-1 RT, there is strong evidence
to suggest that the enzyme can rapidly oscillate between pre-
and posttranslocated conformations (13, 20, 21). The next nu-
cleotide binds to and selectively traps the posttranslocational
state, which provides protection from excision. Our experi-
ments with HCV NS5B show that the next correct templated
nucleotide can block excision of the obligate chain terminator
3’-dCMP. Thus, like HIV-1 RT and BVDV NS5B, the HCV
enzyme appears to be capable of forming a stable ternary DEC
with the incoming nucleotide (Fig. 9D).

In contrast to the removal of the obligate chain terminator
3'-dCMP, excision of 2'-C-Me-CMP is not compromised in the
presence of high millimolar concentrations of the next com-
plementary nucleotide. This indicates that the templated nu-
cleotide does not trap the posttranslocational configuration
(Fig. 9D’). Thus, the primer terminus can freely shuttle be-
tween the N and P sites, and access to the N site in the
pretranslocational complex allows excision to occur. The pu-
tative steric clash between the methyl group of the incorpo-
rated 2'-C-Me-CMP and the sugar ring of the incoming nucle-
otide may therefore be sufficient to prevent nucleotide binding
(5). This model helps to explain the favorable properties of
2'-methylated compounds as de facto chain terminators; how-
ever, at the same time, little or no nucleotide binding renders
the incorporated inhibitor vulnerable to excision. This model
does not explain why purines are less efficiently excised than
pyrimidines. A similar observation has been made with HIV
RT, which suggests a related common mechanism (36). At this
point, it is tempting to propose that pyrimidines have better
access to the pretranslocated complex, although this remains to
be shown.

Taken together, our biochemical data provide strong sup-
port for the notion that nonobligate, 2'-methylated chain ter-
minators impede binding of the next nucleotide. This provides
a mechanism of action; however, the diminished ability to bind
the next nucleotide and to form a stable ternary DEC limits
protection from excision. The excision of incorporated nonob-
ligate chain terminators may diminish their inhibitory effects.
In vivo, other factors, such as metabolic activation of nucleo-
side analogue prodrugs and rates of incorporation of the
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monophosphate, are important parameters that determine the
potency of these compounds (40). Based on our results, we
propose that the phosphorolytic attack at the ultimate phos-
phodiester bond of the primer is perhaps an additional param-
eter that could account for the increased antiviral activity of
2'-C-Me-adenosine over that of 2'-C-Me-cytidine in cell-based
replicon systems (26, 40). Overall, these findings warrant fur-
ther investigation towards the development of novel purine
analogues, despite the fact that these compounds compete with
relatively high intracellular concentrations of ATP and GTP.
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