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The guanosine analogs BMS-200475 and lobucavir have previously been shown to effectively suppress prop-
agation of the human hepatitis B virus (HBV) and woodchuck hepatitis virus (WHYV) in 2.2.15 liver cells and
in the woodchuck animal model system, respectively. This repression was presumed to occur via inhibition of
the viral polymerase (Pol) by the triphosphate (TP) forms of BMS-200475 and lobucavir which are both pro-
duced in mammalian cells. To determine the exact mode of action, BMS-200475-TP and lobucavir-TP, along
with several other guanosine analog-TPs and lamivudine-TP were tested against the HBV, WHYV, and duck hep-
atitis B virus (DHBV) polymerases in vitro. Estimates of the 50% inhibitory concentrations revealed that BMS-
200475-TP and lobucavir-TP inhibited HBV, WHV, and DHBYV Pol comparably and were superior to the other
nucleoside-TPs tested. More importantly, both analogs blocked the three distinct phases of hepadnaviral
replication: priming, reverse transcription, and DNA-dependent DNA synthesis. These data suggest that the
modest potency of lobucavir in 2.2.15 cells may be the result of poor phosphorylation in vivo. Kinetic studies
revealed that BMS-200475-TP and lobucavir-TP competitively inhibit HBV Pol and WHYV Pol with respect to
the natural dGTP substrate and that both drugs appear to bind to Pol with very high affinities. Endogenous
sequencing reactions conducted in replicative HBV nucleocapsids suggested that BMS-200475-TP and lobu-
cavir-TP are nonobligate chain terminators that stall Pol at sites that are distinct yet characteristically two to
three residues downstream from dG incorporation sites.

Human hepatitis B virus (HBV), the prototype member of a
small family of related hepadnaviruses, remains a major agent
of liver infection and a cause of liver disease throughout the
world. Although the majority of HBV infections are acute in
nature and clinically resolve within 6 months, the chronic per-
sistent HBV infection seen in some 5 to 10% of acutely in-
fected individuals places them at greatly increased risk of liver
disease, including cirrhosis and hepatocellular carcinoma (1).

Current efforts to break the cycle of persistent HBV infec-
tion have mostly centered on nucleoside analogs as inhibitors
of the multifunctional viral polymerase (Pol) (14), the key en-
zyme in the unique hepadnaviral replication scheme. Pol con-
verts a greater-than-genome-length, plus-strand pregenomic
RNA (pgRNA) into the partially double-stranded circular
DNA genome via a multistep process (11, 23, 33). The first and
most remarkable step is a discrete priming reaction (45) in
which a specific tyrosine residue of Pol, located in an N-ter-
minal priming domain, acts as the acceptor for the initiating
deoxynucleotide residue, usually a dGTP (20, 21, 50). Priming
is templated by a bulge sequence in the stem-loop structure
(epsilon or €) (27, 41) on the pgRNA and results in a short
DNA oligomer which is covalently linked to Pol. The next step
is marked by translocation of the Pol-DNA adduct to a com-
plementary sequence found in the DR1 element at the 3’ end
of pgRNA (27, 41, 45), followed by the elongation of minus-
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strand DNA via RNA-dependent DNA synthesis (reverse tran-
scription [RT]) (39). Finally, Pol also mediates DNA-depen-
dent plus-strand DNA synthesis which is primed by an RNA
primer (22) resulting from incomplete degradation of pgRNA
by an RNase H activity at the carboxyl terminus of Pol (30).

BMS-200475 is a cyclopentyl guanine with an exo carbon-
carbon double bond (2, 37). BMS-200475 has been shown to be
an effective (50% effective concentration [ECs], 3.8 == 1.4 nM)
and selective (selectivity index, ~8,000) inhibitor of HBV rep-
lication in cultured 2.2.15 liver cells (17). Furthermore, BMS-
200475 exhibits excellent efficacy against woodchuck hepatitis
virus (WHYV) in chronically infected carrier woodchucks at oral
dosages as low as 0.02 mg/kg of body weight/day (13). The
cyclobutyl guanine (9) lobucavir, formerly designated BMS-
180194, exhibits a broad antiviral spectrum including antihep-
adnaviral activity in 2.2.15 cells (ECs, 2.5 = 0.85 uM) (17) as
well as in WHV-infected woodchucks (4).

Inhibition of hepadnaviral replication is presumed to occur
through the triphosphate (TP) forms of BMS-200475 and lo-
bucavir, with both nucleosides being converted to their respec-
tive TP forms in mammalian cells by cellular enzymes. In this
report, we used three distinct in vitro Pol assays to determine
the mechanism of inhibition of HBV polymerase activity by
BMS-200475-TP and lobucavir-TP. The results revealed that
the TP forms of both guanosine analogs are similarly potent in
inhibiting HBV, WHYV, and duck hepatitis B virus (DHBV)
Pol in vitro and that they effectively block all three replication
steps.

MATERIALS AND METHODS

Compounds. The following compounds were chemically synthesized at Bristol-
Myers Squibb: BMS-200475, formerly SQ-34676 {[1S-(1a,3a,4B)]-2-amino-
1,9-dihydro-9-[4-hydroxy-3-(hydroxymethyl)-2-methylenecyclopentyl]-6 H-
purin-6-one monohydrate}; lobucavir, formerly cyclobut G or BMS-180194
{(1R)-(1c,2B,3)-[2,3-bis(hydroxymethyl)cyclobutyl]guanine}; SQ-32829 or
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FIG. 1. Chemical structures of dG and dC analogs.

(*£)-HHCG {(*)-(1a,2B,3a)-9-[2-hydroxy-3-(hydroxymethyl)cyclobutyl]gua-
nine} (18, 44); acyclovir [ACV; 9-(2-hydroxyethoxymethyl)-guanine]; ganciclo-
vir [GCV; 9-(1,3-dihydroxy-2-propoxymethyl)-guanine]; and lamivudine (3TC;
(—)-B-L-2",3'-dideoxy-3'-thiacytidine]. The TP forms of BMS-200475, ACV
(43), and 3TC were synthesized chemically; lobucavir-TP, SQ-32829-TP, and
GCV-TP were prepared enzymatically by using herpes simplex virus type 1
thymidine kinase essentially as described previously (44). Other deoxynucleo-
side-TPs (dNTPs) and 2’,3'-dideoxynucleoside-TPs (ddNTPs) were purchased
from Pharmacia (Piscataway, N.J.).

The structures of the corresponding nucleoside moieties of all seven TPs
tested are depicted in Fig. 1. BMS-200475 (2) is structurally similar to 2'-
deoxyguanosine except for the exo carbon-carbon double bond replacing the
natural furanose oxygen and inhibits HBV replication, with an ECs, of 3.8 = 1.4
nM in cultured 2.2.15 liver cells (17). Lobucavir (9), which bears a cyclobutyl
replacement for the sugar moiety, has an ECs, of 2.5 * 0.85 pM against HBV
(17) and is also active against herpesviruses (48). The dC analog 3TC exhibits
ECj4s of 60 to 116 nM against HBV in cultured cells (17, 19) and is effective in
the clinical setting of HBV infection (8, 28). The well-known antiherpesvirus
drugs ACV and GCV are guanosine analogs with acyclic sugars. GCV reportedly
inhibits DHBYV replication in primary duck hepatocytes with an ECs, of 2.5 pM
(3), while ACV has only modest activity against HBV in vitro (19): both com-
pounds have been used against HBV in animal models (7, 42) and humans (12,
32). ddG is active against HBV in cultured cells, with a reported ECs;, of 2.3 pM
(19), and its TP form selectively inhibits DHBV Pol (16). SQ-32829 (18) has
activity against herpesviruses (44) but has not been previously tested against
HBYV; it was included in this study because of its close structural similarity to
lobucavir (they differ only in a hydroxyl group rather than a hydroxymethyl group
at the 2’ position of the sugar ring), which should provide insight into the
specificity of the interaction with hepadnaviral Pols.

Pol assays and ICs, determinations. Three in vitro assays were used to mea-
sure separately the priming, RT, and DNA-dependent DNA polymerization
activities of hepadnaviral Pols. Mammalian hepadnaviral Pols were assayed by an
endogenous Pol assay (EPA) that measures the Pol activity within virions or viral
nucleocapsids (25). Concentrated WHYV virions, partially freed of serum com-
ponents, were derived from the sera of chronically infected woodchucks pur-
chased from Marmotech (Cortland, N.Y.). The sera were thawed and clarified
(20 min, 10,000 X g, 4°C), and the virus particles were pelleted through 25%
(wt/vol) sucrose-TNE (10 mM Tris hydrochloride [pH 7.4], 160 mM NaCl, 1 mM

EDTA) plus 0.75% Triton X-100 in a tabletop ultracentrifuge (TLA100.3 rotor;
550,000 X g, 1 h, 4°C). The virions were resuspended in TNE at 1/10 of the
original serum volume. In a standard in vitro EPA (see below), these virions
conduct a late-stage hepadnaviral replication reaction that reflects the synthesis
of second-strand DNA (6). Recombinant human HBV nucleocapsids harboring
an active HBV Pol were generated as described previously (35). Briefly, these
nucleocapsids are obtained by expressing the HBV core and Pol proteins in trans
in SF9 or SF21 insect cells via two distinct baculovirus vectors. Replicative
nucleocapsids were purified to >80% purity by ultracentrifugation procedures
following mild protease and nuclease treatment. In a standard EPA (see below),
these nucleocapsids undergo mostly the earliest phases of the HBV replication
reaction, namely, the priming step and the RT of first-strand HBV DNA (35).

Gel-based 50% inhibitory concentration (ICs,) determinations were per-
formed with 2-pl aliquots of 10X-concentrated WHYV virions (equal to 20 pl of
serum) and approximately 1 pg of immunocomplexed HBV nucleocapsids, re-
spectively, per reaction mixture. The latter were immunoprecipitated from in-
fected insect cell lysates as described recently (35).

For standard EPAs (35), WHV virions or immunocomplexed HBV capsids
were resuspended in 50 wl of EPA buffer (50 mM Tris hydrochloride [pH 7.4],
75 mM NH,Cl, 1 mM EDTA, 20 mM MgCl,, 0.1 mM B-mercaptoethanol, 0.5%
Tween 20) supplemented with 50 wM (or in some reactions 12.5 wM) unlabeled
dNTPs (dGTP, dCTP, and TTP) and 33 nM [a-**P]dATP (3,000 Ci/mmol;
NEN-Dupont, Boston, Mass.). Following incubation at 37°C for 12 to 16 h
(WHYV) and 6 h (HBV), respectively, endogenously labeled DNA products were
extracted as described previously (35) and were then analyzed by gel electro-
phoresis. Double-stranded WHYV genomes were resolved on 1% agarose gels in
TBE (90 mM Tris [pH 8.0], 90 mM borate, 0.1 mM EDTA). Covalently linked
minus-strand HBV RT products were analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE). The products were visualized by
autoradiography following fixation and drying of the gels. For determination of
ICsys, the dried gels were scanned on a phosphorimager (Storm 860; Molecular
Dynamics, Sunnyvale, Calif.) prior to data evaluation with Imagequant software
(Molecular Dynamics). **S-labeled, in vitro-translated HBV Pol was run as a
reference.

The in vitro priming activity of DHBV Pol was assayed by the method of Wang
and Seeger (46). DHBV Pol was expressed from a full-length DHBV pgRNA-
like transcript (15) generated in a coupled in vitro transcription-translation
system (TNT-SP6; Promega, Madison, Wis.). The translation reaction (12.5 pl)
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contained 250 ng of plasmid pSP65-D (kindly provided by Jesse Summers,
Alberquerque, N.M.) and was incubated for 2 h at 30°C. Subsequently, the
priming reaction was carried out for 30 min at 30°C in a 25-pl reaction volume
containing 250 nM [a-*?P]dGTP (3,000 Ci/mmol; NEN-Dupont) and unlabeled
dCTP, dATP, and TTP each at a concentration of 220 nM; even in the presence
of all four deoxynucleotides the predominant outcome of this assay is a limited
priming reaction (data not shown; see Results). Aliquots (1.5 pl) were resolved
on SDS-8% polyacrylamide gels. The fixed and dried gels were visualized,
scanned, and quantitated as described above.

As an alternative to gel-based assays, a plate-format assay (see below) was
used to obtain inhibition data for the mammalian hepadnaviral polymerase
preparations. The ICss presented in this report are expressed in the form of the
ratio of drug concentration: concentration of natural substrate that is required to
give 50% activity relative to the activities of the no-drug controls.

Kinetics. For kinetic studies (34), resuspended WHYV virions or HBV nucleo-
capsids were subjected to EPAs adapted to a 96-well plate format. All reactions
were performed in triplicate. A typical assay was run for 2 h at 30°C and
contained (per well) 75 mM NH,CI, 50 mM Tris-HCI (pH 7.4), 20 mM MgCl,,
0.1% Tween 20, 100 pg of bovine serum albumin per ml, 200 g of tRNA per ml,
and either ~500 ng of baculovirus-expressed HBV nucleocapsids or 2 pl of
10X-concentrated WHYV virions (equal to 20 pl of serum) in a final volume of 20
wl. Deoxynucleotides and inhibitors were added as outlined below. Reactions
were terminated with 25 l of chilled 20% trichloroacetic acid (TCA)-2% so-
dium pyrophosphate. Following 15 min of incubation on ice, precipitates were
collected on glass-fiber-filter plates (Unifilter 96; Packard Instruments, Meriden,
Conn.), washed extensively with water and then ethanol, and quantified by liquid
scintillation counting (Topcount; Packard Instruments).

For competitive inhibition studies the WHV TCA plate assay included eight
dilutions of [a-**P]dGTP (125 to 5.55 nM; 2,000 Ci/mmol; NEN-Dupont); un-
labeled dATP, dCTP, and TTP at concentrations of 5 wM each; and 0, 0.5, 2, 5,
or 10 nM BMS-200475-TP or lobucavir-TP. The HBV TCA plate assay included
eight dilutions of [a-**P]dGTP (167 to 5 nM); unlabeled dATP, dCTP, and TTP
at concentrations of 5 pM each; and BMS-200475-TP or lobucavir-TP at 0, 0.5,
2, 5, or 10 nM. The K;s of BMS-200475-TP and lobucavir-TP were obtained by
plotting the analog concentrations against the slopes calculated from double-
reciprocal graphs of 1/) (where Vis the reaction rate) versus 1/S (where S is the
substrate concentration) at each drug concentration (Lineweaver-Burk plots).

Alternatively, K;s of BMS-200475-TP, lobucavir-TP, and 3TC-TP against
WHYV and HBV Pols were determined from independent measurements of (i)
the K,,, of the natural substrates (dGTP and dCTP) and (ii) the ICss of the
analogs (BMS-200475-TP, lobucavir-TP, and 3TC-TP). K,,, determinations in-
cluded eight dilutions of [a->*P]dGTP or [«->*P]dCTP (250 to 7.81 nM); the ICs,
assays used eight dilutions of BMS-200475-TP (1,000 to 0.3 nM) at 33 nM
[**P]dGTP, eight dilutions of lobucavir-TP (6.67 to 0.052 nM) at 2.5 nM
[**P]dGTP, or eight dilutions of 3TC-TP (1000 to 1 nM) at 22.75 nM [**P]dCTP.
The K; was then calculated by the equation K; = ICsy/(1 + S/K,,,).

Endogenous sequencing. Endogenous sequencing reactions were performed as
described by Molnar-Kimber et al. (26), with the following modifications: puri-
fied baculovirus-expressed HBV nucleocapsids (10 g per 100-pl reaction mix-
ture) replaced DHBV capsids, and the reaction mixtures were incubated for 3 h
at 37°C and included the four a->?P-labeled dNTPs (800 Ci/mmol; NEN-Du-
pont) at concentrations of 130 nM each and either one of the four ddNTPs (26
wM) or else BMS-200475-TP or lobucavir-TP at 2 and 10 uM, respectively.
Unincorporated radiolabeled dNTPs were removed by pelleting the capsids
through an equal volume of 25% (wt/vol) sucrose in TNE plus 0.75% Triton
X-100 in a TLA100.1 fixed-angle rotor for 1.5 h at 550,000 X g and 4°C with a
tabletop TL 100 ultracentrifuge (Beckman Instruments, Fullerton, Calif.). Pellets
were resuspended in 10 pl of TE (Tris-EDTA)-0.1% SDS and were then di-
gested with 0.2 mg of proteinase K (Boehringer Mannheim, Indianapolis, Ind.)
per ml for 45 min at 37°C. Half of each sample was electrophoresed through a
denaturing 6% polyacrylamide gel containing 8 M urea in TBE. The incorpo-
rated radioactivity was visualized by scanning the dried gel with a phosphor-
imager (Molecular Dynamics).

RESULTS

Inhibition of hepadnaviral Pols in vitro. An initial set of
experiments examined the inhibition of different hepadnaviral
Pols and discrete hepadnaviral replication steps by the TP
forms of BMS-200475 and lobucavir. For comparison pur-
poses, this analysis also included five other nucleoside-TPs,
four guanosine analogs and a single dC derivative, which were
selected on the basis of either their activity against hepadna-
virus Pols or structural considerations.

To determine whether the TPs of these nucleoside analogs
were capable of inhibiting hepadnaviral Pols, we initially ti-
trated the selected nucleoside analog-TPs against the HBV,
WHYV, and DHBYV Pols in three different in vitro assays which
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measure the three replication steps of priming, RT, and plus-
strand DNA synthesis. Because these three systems require
widely different concentrations of dNTPs, the analog-TP con-
centration-to-natural dNTP substrate concentration ratio pro-
vides a more meaningful comparison between the different
systems than does the actual inhibitor concentration.

In representative drug titration experiments (Fig. 2), HBV
Pol was assayed in the context of recently described baculovi-
rus-derived replicative HBV cores (35) which yield abundant
Pol-linked, 3>?P-labeled HBV minus-strand DNA in a standard
endogenous Pol reaction. To facilitate a fair comparison be-
tween G and C analogs, [«-**P]dATP was used as the label and
the drug was titrated against the unlabeled dGTP substrate for
the G analogs or against dCTP for 3TC (the unlabeled sub-
strate was typically present in the assay at 12.5 to 50 uM). The
Pol-linked species were disclosed by SDS-PAGE and autora-
diography (Fig. 2A) and were quantitated by phosphorimaging
of the gels (Fig. 2B). BMS-200475-TP reduced the production
of Pol-linked products in a dose-dependent manner, eliminat-
ing 50% of the products at a BMS-200475-TP concentration-
to-dGTP substrate concentration ratio of 0.2 and essentially all
products at a ratio of 8. Since lobucavir-TP is inherently diffi-
cult to synthesize, there was too little of this material to titrate
in the gel-based assay; however, when it was titrated in the
modified HBV TCA plate assay its inhibitory profile appeared
to be comparable to that of BMS-200475-TP (see Table 1).
3TC-TP was the next most effective HBV Pol inhibitor, reduc-
ing DNA synthesis by 50% at an inhibitor concentration-to-
substrate concentration ratio of ~2, followed by ACV-TP and
GCV-TP which inhibited synthesis by 50% when present at an
approximately sixfold excess over the amount of substrate
present. However, whereas ACV-TP and GCV-TP appeared
to eliminate all Pol-linked species uniformly, some smaller-
product species clearly escaped inhibition by an eightfold ex-
cess of 3TC-TP (see below). For SQ-32829-TP, a high molar
excess (>10) was required to inhibit Pol activity significantly,
and a 20-fold excess of drug again left a distinctive tight band
of small Pol-linked DNA products; these presumably reflect
species generated in the discrete priming reaction which is
apparently not inhibited by certain nucleoside-TPs (see below).
ddGTP was largely inactive against HBV Pol (see Table 1).

The inhibitory effects of representative analog-TPs on WHV
Pol was measured via EPAs conducted with serum-derived
WHYV virions. Mature hepadnaviruses house largely completed
linear and relaxed circular double-stranded DNA species (47).
Thus, upon the addition of exogenous dNTPs in vitro, the
encapsidated WHYV Pol conducts only a limited DNA-depen-
dent plus-strand DNA synthesis (6). Following deproteiniza-
tion, these *?P-labeled genomic DNA species can readily be
visualized by agarose gel electrophoresis and autoradiography
(Fig. 3A) and can be quantitated by phosphorimaging (Fig.
3B). The titration curves revealed BMS-200475-TP to be a
very potent inhibitor of WHYV second-strand synthesis, with
50% inhibition attained at a very low drug concentration-to-
substrate concentration ratio of ~0.08. The inhibitory profile
of lobucavir-TP against WHV Pol was very similar to that of
BMS-200475-TP, as determined by the plate assay method
(data not shown; see below). 3TC-TP was more active than
SQ-32829-TP or GCV-TP against WHV Pol, but 3TC-TP was
still some six- to sevenfold less potent than BMS-200475-TP.

The inhibitory effects of the TP analogs against the priming
reaction of DHBV Pol (Fig. 4) was monitored in an in vitro
translation-priming system (46, 49, 50). Priming was conducted
in the presence of comparable concentrations of all four de-
oxynucleotides (including the [a->*P]dGTP label) as described
in Materials and Methods. DHBV Pol activity largely re-
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FIG. 2. Inhibitory effects of nucleoside analogs on HBV Pol-mediated viral minus-strand DNA synthesis. Recombinant HBV nucleocapsids were subjected to
endogenous Pol assays in the presence of increasing (from left to right) concentrations of dG analog TPs or the dC analog 3TC-TP and constant concentrations of cold
dNTPs and [a-*?P]dATP. (A) The radiolabeled Pol-linked minus-strand DNA products were extracted and analyzed through SDS-8% polyacrylamide gels. The
position of HBV Pol (~93 kDa) is indicated at the sides of the figure; an in vitro-translated *>S-labeled Pol marker is shown in lane **S (authentic 93-kDa HBV Pol
is the second largest species in this lane). Substr., substrate. (B) Inhibition curves were generated by phosphorimaging of the gels shown in panel A.

mained limited to a discrete priming reaction under these
conditions which allow the different inhibitors to be more fairly
compared. The covalently protein-linked DHBV oligonucle-
otide-primer products (Pol-GTAA) were analyzed by SDS-8%
PAGE (Fig. 4A). Phosphorimaging of the gels (Fig. 4B) re-
vealed that BMS-200475-TP and lobucavir-TP are similarly
effective against the dGTP-based priming reaction, giving 50%
inhibition at drug concentration-to-substrate concentration ra-
tios of ~0.1. The remaining guanosine-TP analogs were inhib-
itory only when present in a 100- to 500-fold excess over the
amount of dGTP substrate present. 3TC-TP had no effect on a
priming reaction even at a drug concentration-to-substrate
concentration ratio of 500.

A more quantitative and comprehensive summary of the
effects of the nucleoside-TPs on the three hepadnaviral Pols as
well as on the three distinct replication steps is presented in
Table 1. The ICs,s presented are again expressed as ratios of
drug-to-natural substrate (dGTP and dCTP, respectively) and
represent the mean values and standard deviations obtained
from eight independent BMS-200475-TP and lobucavir-TP ti-
tration experiments. The data are derived from both plate- and
gel-based assays for BMS-200475-TP and plate-based assays
only for lobucavir-TP; the two formats gave very comparable
results (data not shown). The remaining compounds were typ-
ically assayed in at least two experiments, the results of which
were averaged. It is apparent from the uniformly low ICjs
of ~0.3 seen across the first two rows of Table 1 that BMS-
200475-TP and lobucavir-TP are remarkably similar (i) in in-
hibiting the three Pol species (HBV, WHV, DHBV) and, more

importantly, (ii) in suppressing all three distinct replication
reactions: priming, RT of viral minus strand, and plus-strand
DNA synthesis. The fractional inhibitor concentration-to-sub-
strate concentration ratios required to elicit a 50% reduction in
Pol activity further imply that the analogs bind to Pol better
than the natural substrate does, and this is supported by their
low K;s (see below). In contrast, SQ-32829-TP, GCV-TP, ACV-
TP, ddG-TP, and 3TC-TP showed negligible activity against
DHBYV priming, were 5- to 25-fold less active than BMS-200475-
TP and lobucavir-TP against WHYV plus-strand DNA synthesis,
and were 15- to 150-fold less active against HBV Pol-mediated
minus-strand DNA polymerization.

The preceding data established that BMS-200475-TP inhib-
its the DHBV priming reaction, while 3TC-TP does not (Fig.
4). This is consistent with the idea that dCTP cannot be incor-
porated into the DHBV primer (GTAA) (5, 46) or the HBV
primer (GAA or TGAA) (21, 35). This difference between
BMS-200475 and 3TC was further tested by conducting in vitro
EPA reactions with the recombinant HBV Pol-bearing prepa-
rations that are competent for both priming and minus-strand
DNA elongation. HBV nucleocapsids were exposed to no drug,
to 50 uM BMS-200475-TP, or to 250 wM 3TC-TP; these high
concentrations were used to ensure that both drugs exerted
their maximal suppressive effects. As is apparent from the gel
profile (Fig. 5), BMS-200475-TP uniformly suppressed prim-
ing and the minus-strand DNA elongation activities of HBV
Pol. In contrast, the inhibitory effect of 3TC-TP appeared to be
restricted to the blocking of RT, leaving the priming reaction
intact, as evidenced by the tight band of Pol adducts with the
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FIG. 3. Inhibitory effect of select nucleoside analogs on WHV Pol-dependent
viral plus-strand DNA synthesis. (A) Partially purified virions from the serum of
a woodchuck with chronic WHYV infection were used to conduct endogenous Pol
reactions with various amounts of guanosine-TPs or cytosine-TPs, as indicated
at the top, and constant concentrations of cold dNTPs and [a-*?P]dATP. The
characteristic double-stranded linear (ds) and relaxed circular (rc) DNA species
were isolated, resolved on 1% agarose gels, and imaged by autoradiography.
Substr., substrate. (B) Inhibition curves generated by phosphorimaging analysis
of the gels in panel A.

approximate size of the *S-labeled HBV Pol standard (93
kDa). 3TC appears very similar in this regard to phosphono-
formic acid, a known inhibitor of hepadnavirus elongation (24)
but not priming (21, 35, 46).

Kinetic studies of inhibition. To further explore the mech-
anism of action of lobucavir-TP and BMS-200475-TP, we next
turned to some basic enzyme kinetics (34) using microtiter
plate-adapted versions of both the WHYV virion and replicative
HBYV nucleocapsid Pol assay systems (Fig. 6). This assay mea-
sures the level of incorporation of a-**P-labeled dGTP into
TCA-precipitable DNA (see Materials and Methods).

We first asked whether lobucavir-TP and BMS-200475-TP
are competitive inhibitors of Pol with respect to the natural
substrate dGTP. Constant analog concentrations ranging from
0.5 to 10 nM were titrated against the relevant Pol enzyme at
a variety of S to determine the corresponding V. Representa-
tive Lineweaver-Burk reciprocal plots of 1/V versus 1/S (Fig.
6A and B and data not shown) revealed that lobucavir-TP and
BMS-200475-TP are indeed competitive inhibitors of the
WHYV and HBV Pol enzymes with regard to dGTP.

The apparent affinity of Pol for the natural substrate dGTP
(K,,,) versus the guanosine analogs (K;) was then evaluated by
two methods; K;s were either determined from plots (data not
shown) of the analog-TP concentrations against the slopes
calculated from the double-reciprocal graphs at each drug con-
centration (Fig. 6A and B) or via independent measurements
of (i) the K,,, of dGTP (Fig. 6C) and (ii) ICs, determinations
from serial dilutions of BMS-200475-TP and lobucavir-TP at a
constant dGTP concentration (Fig. 6D). The corresponding K;
values and K,/K,,, ratios were then calculated by the formula K;
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= I1Cso/(1 + S/K,,,), with the K,,, of dGTP determined from the
double-reciprocal plot (slope X V...) (34).

Table 2 lists the average values that were obtained from
three to four experiments performed with HBV nucleocapsids
by using BMS-200475-TP and lobucavir-TP. For comparison,
we also estimated the corresponding K,, and K; values for
dCTP and 3TC-TP, respectively. Strikingly, the K of the
guanosine analogs were approximately three- to fourfold lower
than the K,, of dGTP (3.2 versus 12 nM and 4.9 versus 13.1
nM, respectively) leading to K;/K,, ratios of 0.27 for BMS-
200475-TP and 0.37 for lobucavir-TP. The opposite was ob-
served for the dCTP and 3TC-TP pairing, for which the K; of
3TC-TP (41.5 nM) was roughly 3.2-fold higher than the cor-
responding K,,, of dCTP (13 nM).

Comparable kinetic parameters were obtained for both gua-
nosine analog-dGTP pairs against WHV Pol. On the basis of
estimates of 1.6 nM for the IC;, of BMS-200475-TP and a K,,,
of 17.65 nM for the natural substrate dGTP, a K; of 1.02 nM
and a K/K,, of 0.058 were calculated for BMS-200475-TP.
Lobucavir-TP, when titrated in the WHYV Pol assay, yielded a
K; of 0.9 nM. The K,,, for dGTP in this experiment was deter-
mined to be 28.21 nM, giving a K;/K,,, value of 0.032.

Chain termination of HBV DNA synthesis. Many nucleoside
analogs with antiviral activities share a common mode of ac-
tion; they act as substrates for viral Pols and incorporate into
viral DNA chains, an event which results in the termination of
DNA synthesis. 3TC-TP has been reported to act as an obli-
gate chain terminator of DHBV Pol (36), a result which was
confirmed for HBV Pol in our pilot experiments (data not
shown). Due to their structures (Fig. 1), neither BMS-200475
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FIG. 4. Effect of guanosine versus cytosine analogs on DHBV priming. In
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TABLE 1. In vitro inhibition of hepadnaviral Pol
activities by nucleoside TPs

ICsq (analog-TP concn/dNTP concn)

Analog-TP HBV end. RT WHY end. DHBV
and priming Pol priming

BMS-200475¢ 0.32 = 0.28 0.18 = 0.13 0.30 = 0.40

Lobucavir? 0.28 £ 0.12 0.29 = 0.07 0.30 = 0.20
SQ-32829° 12.10 4.12 >400
Ganciclovir® 47.50 7.20 >500
Acyclovir® 5.20 1.56 >400
ddG* >17 335 214
3TC? >4.7 7.44 >500

“ Values are means and standard deviations derived from eight experiments.
b Average values from two experiments (except for ACV which could be
assayed only once).

nor lobucavir can act as an obligate chain terminator of DNA
synthesis, but it nonetheless remains possible that incorpora-
tion of BMS-200475-TP and lobucavir-TP into growing hep-
adnaviral DNA chains causes a subsequent failure of DNA
synthesis.

To test this possibility, we used an approach termed “endog-
enous sequencing” first introduced by Mason and colleagues
(26). Using immature DHBYV core particles from the livers of
several ducks, those investigators conducted EPAs in the pres-
ence of all four a-**P-labeled dNTPs and one of each of the
four ddNTP chain terminators, resulting in a nested set of ran-
domly terminated DHBV minus-strand DNA chains. Since
these DNAs arise from a discrete sequence within the rep-
lication origin, DR1, at the 3" end of the viral pgRNA, they
generate a dideoxynucleotide sequencing ladder following
deproteinization and resolution on a polyacrylamide sequenc-
ing gel. Until now, this approach has not been applicable to
HBYV due to the difficulty of obtaining enough immature HBV
cores. However, endogenous sequencing with recombinant
replicative HBV cores is feasible, as seen in Fig. 7B, which also
shows the influences of BMS-200475-TP and lobucavir-TP on
the elongation of HBV minus-strand DNA chains. Compared
to conventional dideoxysequencing ladders (31) included as
size controls (Fig. 7A and C), the discrete dideoxynucleotide
sequence ladder generated by replicative HBV core-associated
HBYV Pol in the presence of ddNTPs is hard to read, primarily
due to an “echo” created by initiations occurring on either side
of the main minus-strand DNA start site (35). Nevertheless,
the sequence ladder can be unequivocally aligned with a region
(HBV nucleotides 1784 to 1689; Fig. 7) (10) located just 45 to
140 nucleotides upstream of DRI1. This alignment is as ex-
pected for nascent minus-strand DNA products arising from
DRI1.

Addition of BMS-200475-TP or lobucavir-TP to the EPA
reaction (at either 2 or 10 wM) clearly suppressed HBV Pol
activity compared to the activity of the no-drug control lane
and also caused stalling at discrete sites. For lobucavir-TP, the
stops characteristically occurred two or three residues beyond
each and every one of the relatively few dG incorporation sites
in the region of the sequence that can be read from the gel
(sites 1 to 10). The earlier sites (sites 1 to 3) appeared to be
preferred at higher drug concentrations. The termination pat-
tern of BMS-200475-TP obviously differs from that of lobu-
cavir-TP, yet the two patterns are clearly related, as is evident
from the exact alignment of certain of the higher bands in Fig.
7 which correspond to sites 5 to 10 and beyond. Inspection of
the sequence suggests that BMS-200475-TP is less efficient at
eliciting chain termination at the proximal termination sites
(which mainly comprise single dG residues) but rather effects
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termination at sequence elements such as closely spaced dG
residues or dG doublets; again, these termination sites appear
to be two to three residues beyond the normal dG incorpora-
tion sites.

DISCUSSION

In the study described in this report we have assessed the
precise modes of action of BMS-200475 and lobucavir by test-
ing the effect of their TP forms using in vitro assays which
assess the WHV, DHBYV, and HBV Pols as well as the three
distinct steps of hepadnaviral replication (11, 23). The WHV
endogenous Pol reaction uses detergent-permeabilized WHV
virions which are mainly competent for late-stage WHV DNA
synthesis, i.e., limited synthesis of plus-strand DNA (6). The
DHBYV priming reaction described by Wang and Seeger (46)
mostly measures (in our experiments, almost exclusively) the
priming activity of the DHBV Pol. Finally, HBV Pol activity
was measured in a recently described preparation of HBV
nucleocapsids that are robustly competent for at least two
phases of the HBV replication reaction: the priming step and
RT of minus DNA strands (35).

In terms of their effect on hepadnaviral Pol activity in vitro,
the TP forms of BMS-200475 and lobucavir were essentially
indistinguishable. Both were powerful inhibitors of the DHBV,
WHYV, and HBV Pols in vitro and appeared to be almost
equipotent against the priming, minus-strand elongation, and
plus-strand synthesis reactions. The comparable efficacy seen
at the TP level contrasts markedly with the sharp potency
difference observed for the parent nucleosides in 2.2.15 cells
(3.8 nM for BMS-200475 versus 2.5 pM for lobucavir), sug-
gesting that poor phosphorylation is the likely explanation for
the weaker potency of lobucavir in cultured cells.

With respect to potency, in our hands BMS-200475-TP and
lobucavir-TP were clearly superior to the TP forms of SQ-
32829, GCV, ACV, ddG, and 3TC. This was true for all hep-
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FIG. 5. Effect of BMS-200475-TP versus 3TC-TP on the HBV priming and
reverse transcription activities. Cores were subjected to endogenous Pol reac-
tions in the presence of 50 pM BMS-200475-TP or 250 wM 3TC-TP. The
product pattern generated in the absence of drug (lane Control) is shown for
comparison. In vitro-translated [**S]-labeled HBV pol (p93) served as size
marker.
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FIG. 6. Kinetic analyses of dGTP, BMS-200475-TP, and lobucavir-TP using WHV and HBV Pols. Lineweaver-Burk plots indicate that lobucavir-TP (A) and
BMS-200475-TP (B) are competitive inhibitors of dGTP for WHV Pol (A) and HBV Pol (B). The velocities of the Pol reactions were measured as femtomoles of
[«-*3P]dGMP incorporation in 120 min at 30°C. (C) Double-reciprocal plot to determine the K, of dGTP with HBV Pol. The reaction velocity was measured as
described above. (D) ICs, titrations of BMS-200475-TP and lobucavir-TP. HBV nucleocapsids were incubated for 120 min at 30°C with dNTPs and serial dilutions of
the indicated guanosine analog-TPs. The percentage of [a-**P]dGTP incorporation relative to that for the no-drug control is plotted on a semilogarithmic scale (mean
of triplicate samples). The values from panels C and D were used to calculate the K;s of the guanosine analog-TPs.

adnaviral Pols and replication steps assayed (Table 1). The
best of the remaining inhibitors were probably ACV and ddG
in the WHYV Pol assay and ACV and 3TC in the HBV Pol
assay. However, these TPs had to be present at levels 5- to
15-fold higher than the BMS-200475-TP and lobucavir-TP lev-
els to elicit 50% inhibition of the respective assay. Penciclo-
vir-TP was not tested in this work, but it was less effective than
acyclovir-TP at inhibiting hepadnaviral minus-strand DNA
elongation in a recent in vitro study (5).

The different TPs were distinguished most sharply with re-
spect to their effects on the synthesis of the short Pol-linked
DNA primer product. In the unique hepadnaviral priming
reaction, Pol elaborates a short 3- or 4-base DNA oligomer by
copying an RNA motif located in the bulge of the epsilon
stem-loop (27, 41, 45). The DNA primer corresponds to
GTAA for DHBV Pol and GAA or TGAA for HBV Pol. Our
findings suggest that the DHBV and HBV Pol priming reac-
tions were very sensitive to inhibition by BMS-200475-TP and
lobucavir-TP but were largely refractory to all other TPs test-
ed; ACV-TP and GCV-TP showed some suppression of HBV
priming, but only at the highest concentrations tested. In con-
trast to BMS-200475-TP or lobucavir-TP, 3TC-TP essentially
appeared to be inactive against the hepadnaviral priming re-
action and actually appeared to enhance HBV priming, pre-
sumably reflecting a buildup in priming products caused by the

ability of 3TC-TP to effectively block all replication beyond the
priming step.

The findings on the priming reaction described above accord
well with those obtained in some recent studies and add BMS-
200475 and lobucavir to a growing list of hepadnaviral priming
inhibitors. The ability of a given dNTP analog to interfere with
hepadnaviral priming appears to correlate with its ability to
incorporate into the primer chain. Thus, guanosine analogs
such as BMS-200475-TP and lobucavir (this report), as well as
penciclovir-TP, ACV-TP, and carbocyclic 2’-deoxyguanosine-
TP (2’CDG-TP) (5), inhibit both HBV and DHBV priming.
The TTP analogs fialuridine-TP and 2’-fluoro-B-L-arabino-
furanosyluracil-TP (B-L-FMAU-TP) inhibit DHBV priming

TABLE 2. K;s of analogs and K,,,s of dGTP and dCTP substrates®

Substrate K, (nM) Analog K; (nM) Ki/K,,
dGTP 12.0 BMS-200475-TP 32 0.27
dGTP 13.1 Lobucavir-TP 4.86 0.37
dCTP 13.0 3TC-TP 41.5 3.19

“ Values were calculated from four (BMS-200475-TP) and three (lobucavir-
TP, 3TC-TP) independent experiments, respectively, in which baculovirus-de-
rived HBV nucleocapsids were used as a polymerase source (35).
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1 2 3
5.ACAGCCTCCTAGTACAAAGACCTTTAACCTAATCTCCTCCCCCAACTC
+2 +2 +2/+3
4 5 6 7 8 9/10

CTCCCAGTCCTI'AAACACACAGTCTFTGAAGTATGCCTCAAGGTCGG--3‘
+2/+3 +2/+3

FIG. 7. (B) Endogenous sequencing of viral minus-strand DNA from repli-
cative recombinant HBV nucleocapsids. Purified cores were incubated with 130
nM [a-*>?P]dNTPs and either one of the four cold ddNTPs (26 uM) or unlabeled
lobucavir-TP or BMS-200475-TP (2 and 10 M), as indicated at the top. Depro-
teinized reaction products were electrophoresed through a urea-6% polyacryl-
amide gel alongside conventional dideoxynucleotide sequencing ladders (A and
C). The incorporated radioactivity was visualized by scanning the dried gel with
a phosphorimager. The corresponding sequence of HBV minus-strand DNA is
depicted below the figure. Major drug-induced termination sites (sites 1 to 8), are
indicated, as are their alignments relative to the G residues (+2 and +3). nts.,
nucleotides.

(38, 49) but have not been shown to block the HBV priming
reaction. However, guanosine analogs differ markedly in
their ability to suppress priming, as demonstrated by our find-
ings and by those of Dannaoui et al. (5), who showed that
penciclovir-TP and ACV-TP are comparably modest inhibitors
of the DHBYV priming reaction. To date, the only truly effec-
tive priming inhibitors appear to be BMS-200475-TP and
lobucavir-TP (this work) and the structurally related com-
pound 2'CDG-TP (5). It remains to be experimentally deter-
mined whether BMS-200475-TP and lobucavir-TP become co-
valently linked to Pol during the priming reaction, as
we suspect, and whether this would have any effect on the
subsequent addition of dNTPs. However, our data on HBV Pol
priming (Fig. 5) suggest that BMS-200475-TP severely limits
the subsequent addition of [a-**P]dATP into the HBV primer;
in contrast, 2'CDG-TP reportedly only weakly inhibits addition
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of downstream dNTPs (5). We note that the mechanism by
which any of these dG analogs inhibit priming remains to be
elucidated, and mechanisms other than incorporation have not
been ruled out.

Of considerable mechanistic interest were the quite different
effects on the HBV Pol reaction of the two very closely related
compounds SQ-32829-TP and lobucavir-TP (Fig. 1). Lobu-
cavir-TP was a much stronger overall inhibitor of hepadnaviral
Pols than SQ-32829-TP, emphasizing the exquisite selectivity
with which these enzymes can distinguish even the most closely
related structures. More remarkably, however, SQ-32829 ulti-
mately suppressed all HBV Pol elongation at the highest con-
centrations, but without showing any inhibition of HBV prim-
ing. To our knowledge, SQ-32829 is the only guanosine analog
to show a sharp discrimination between the two HBV Pol
replication steps (Fig. 2). The remaining G analog-TPs gener-
ally inhibited both reactions, although the data in Table 1
suggest that some were better at inhibiting elongation versus
priming. It is believed that Pol adopts different conformations
for the priming and elongation reactions (40), as evidenced by
the drug phosphonoformic acid, which blocks elongation but
not priming (21, 24, 35, 46). The fact that a dGTP analog can
discriminate between the priming and elongation activities of
Pol further reinforces the idea that a restructuring of the ar-
chitecture of the dNTP binding domain of HBV Pol must
accompany the transition between these two states.

Our kinetic analyses of the effect of BMS-200475-TP and
lobucavir-TP on the WHV and HBV Pol reactions confirm
that these carbocyclic guanine compounds are very potent in-
hibitors of hepadnaviral Pols. Indeed, the low K;/K,, ratios
(0.27 to 0.37) seen in our studies imply that Pol has a higher
affinity for the two TP analogs than for the natural substrate.
An earlier report by Price et al. (29) on 2'CDG-TP determined
a K;/K,,, for this compound to be ~0.18 in 2.2.15-derived HBV
cores, and carbovir-TP also appears to be highly active against
hepadnaviral Pols (6). Carbocyclic guanine nucleoside analogs
thus appear to provide a particularly potent class of HBV Pol
inhibitors.

Finally, although BMS-200475 and lobucavir, like 2'CDG,
are not obligate chain terminators of DNA synthesis by virtue
of the OH group content of their sugar moieties, our endoge-
nous sequencing data strongly suggest that template-depen-
dent incorporation of either analog in place of a normal dG
residue can lead to chain termination 2 or 3 nucleotides later.
This finding argues that both nucleoside analogs may act as
structural terminators, perhaps by introducing enough struc-
tural distortion to preclude the enzyme from optimal interac-
tion with the 3’ end of the growing DNA chain. Surprisingly,
we found different termination patterns for lobucavir-TP and
BMS-200475-TP. While the former terminated chain elonga-
tion following single dGs, BMS-200475-TP caused preferential
termination after dG doublets or dG-rich stretches.

In summary, this study has confirmed that the TP forms of
BMS-200475 and lobucavir are potent inhibitors of the HBV,
WHYV, and DHBYV Pols, and that they effectively suppress the
priming and elongation steps of HBV replication. Both are
competitive inhibitors of Pol with respect to dGTP and are
apparently preferred by hepadnaviral Pols over the natural
substrate. They act, at least in part, via structural, nonobligate
chain termination of HBV Pol, although other modes of inhi-
bition are not excluded. These findings further validate efforts
to assess the potential of these two drugs as therapeutic agents
against chronic HBV infection in humans.
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