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The hepadnaviral polymerase (P) functions in a complex with viral nucleic acids and cellular chaperones. To
begin to identify contacts between P and its partners, we assessed the exposure of the epitopes of six
monoclonal antibodies (MAbs) to the terminal protein domain of the duck hepatitis B virus P protein in a
partially denaturing buffer (RIPA) and a physiological buffer (IPP150). All MAbs immunoprecipitated in vitro
translated P well in RIPA, but three immunoprecipitated P poorly in IPP150. Therefore, the epitopes for these
MADbs were obscured in the native conformation of P but were exposed when P was in RIPA. Epitopes for MAbs
that immunoprecipitated P poorly in IPP150 were between amino acids (aa) 138 and 202. Mutation of a highly
conserved motif within this region (T3; aa 176 to 183) improved the immunoprecipitation of P by these MAbs
and simultaneously inhibited DNA priming by P. Peptides containing the T3 motif inhibited DNA priming in
a dose-dependent manner, whereas eight irrelevant peptides did not. T3 function appears to be conserved
among the hepadnaviruses because mutating T3 ablated DNA synthesis in both duck hepatitis B virus and
hepatitis B virus. These results indicate that (i) the conserved T3 motif is a molecular contact point whose
ligand can be competed by soluble T3 peptides, (ii) the occupancy of T3 obscures the epitopes for three MAbs,
and (iii) proper occupancy of T3 by its ligand is essential for DNA priming. Therefore, small-molecule ligands

that compete for binding to T3 with its natural ligand could form a novel class of antiviral drugs.

Hepatitis B virus (HBV) is a small DNA virus that replicates
by reverse transcription (reviewed in reference 9). It has a lipid
envelope studded with viral glycoproteins that surrounds an
icosahedral core particle composed of the core protein. Within
the core particle are the viral nucleic acids and reverse tran-
scriptase (P). Other hepadnaviruses infect woolly monkeys,
woodchucks, ground squirrels, ducks, geese, and herons (6, 17,
29, 31, 32). Significant differences exist among the hepadnavi-
ruses, but they share a high degree of hepatotropism, follow
the same replication cycle, and have a nearly identical genetic
organization.

Hepadnaviral reverse transcription (34) occurs within cyto-
plasmic capsid particles. Reverse transcription begins with
binding of P to an RNA stem-loop (€) on the pregenomic
RNA, and then this complex is encapsidated. Reverse tran-
scription is primed by P itself, so minus-strand DNA is co-
valently linked to P (36, 40). Complexes containing P and the
viral nucleic acids must be dynamic because three strand trans-
fers are required to produce the mature circular viral DNA
(21, 22, 38, 41).

The binding of P to € requires the active participation of a
molecular chaperone complex (13). In vitro reconstitution
studies with recombinant duck hepatitis B virus (DHBV) P
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revealed that P-g¢ binding requires HSP90, HSP70, HSP40,
HSP23, and HOP (2, 11, 14), although under certain circum-
stances only HSC70 and HSP40 are necessary (3). Because
chaperones modulate protein conformation, the binding of P
to € is presumed to involve a conformational change in P, and
we have demonstrated that a conformational change in DHBV
P following € binding is essential for the activation of P (35,
37). HSP90 and HSP23 appear to remain bound to P following
encapsidation, and they may contribute to the function of P
during reverse transcription (15). Therefore, P functions as
part of a large, dynamic macromolecular complex containing
an assortment of cellular proteins and viral nucleic acids.

P has four domains (Fig. 1) (5, 28). The terminal protein
domain contains the tyrosine residue that primes DNA synthe-
sis and covalently links P to the viral DNA (42, 44). The spacer
domain has no known function other than to link the terminal
protein domain to the rest of P. The reverse transcriptase and
RNase H domains contain the two enzymatic active sites. The
crystal structure of P has not been determined, but the HBV
reverse transcriptase domain has been modeled based on crys-
tal structures of the human immunodeficiency virus reverse
transcriptase (1, 7). Complementation studies with recombi-
nant fragments of HBV P indicate that there are multiple
contacts between the terminal protein domain and the reverse
transcriptase/RNase H domains (18, 19), but the three-dimen-
sional arrangement of these domains is unknown. Therefore,
our knowledge of the arrangement of the P domains is limited
to little more than the diagram in Fig. 1.

We seek to identify P motifs involved in its enzymatic activity
to understand the mechanism of reverse transcription and to
guide antiviral drug design. We are especially interested in the
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FIG. 1. Domain structure of DHBV P. TP, terminal protein; SP,
spacer; RT, reverse transcriptase; RH, RNase H; Y96, tyrosine 96, to
which the viral DNA is covalently linked; YMDD, a key reverse tran-
scriptase active-site motif beginning at residue 511.

terminal protein domain because DNA priming by the termi-
nal protein domain is unique to the hepadnaviruses and hence
is an attractive target for antiviral compounds with a high
selectivity for HBV. We therefore used a combination of an-
tibody binding experiments, mutagenesis, and peptide compe-
tition assays to assess the exposure of sequences in the terminal
protein domain and their interactions with other members of
the reverse transcription complex.

MATERIALS AND METHODS

Viruses and DNA clones. pT7DPol contains DHBV3 (32) nucleotides (nt) 170
to 3021 within pBluescript (Promega); the allele employed contains a 33-nt
insertion at nt 901 encoding the influenza hemagglutinin epitope (16). D1.5G is
an over-length DHBV3 expression vector in pBS(—) containing a 5" duplication
of nt 1658 to 3021. Mutations (Table 1) were inserted into pT7DPol and D1.5G.
The plasmid pde contains DHBV3 nt 2526 to 2845 encoding € within pBluescript.
pCMV-HBV-LE— contains 1.2 copies of the HBV(ADW2) genome (39) with
mutations that ablate surface antigen expression (4) downstream of the cyto-
megalovirus promoter (from pCDNA3.1 [Invitrogen]) cloned into pBluescript.
The K161E and R162E mutations were inserted into the HBV P T3 motif in
pCMV-HBV-LE—.

In vitro transcription and translation. nRNAs for DHBV P were transcribed
with T7 RNA polymerase from pT7DPol. e-containing RNAs were transcribed
with T3 RNA polymerase from pde. All RNAs were transcribed by employing
Megascript kits (Ambion) according to the manufacturer’s instructions. 3°S-
labeled DHBV P was translated in vitro by employing rabbit reticulocyte lysate
(Promega) in a 20-ul total volume containing [**S]methionine (>1,000 Ci/mmol;
Amersham) at 30°C for 1 h according to the manufacturer’s instructions. The
translation of P from RNAs transcribed from pT7DPol initiates at both the 1st
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and 44th codons of the P open reading frame, leading to the doublet observed in
Fig. 2, 4, and 6.

Immunoprecipitation. Antibodies were bound to protein A/G beads (Calbio-
chem), and the antibody-bead complexes were incubated overnight with in vitro-
translated P diluted in 0.5 ml RIPA (20 mM Tris, pH 7.2, 150 mM NaCl, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) or
IPP150 (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1% NP-40). Inmunocomplexes
were washed four times with 1 ml of either IPP150 or RIPA, and P was released
by boiling in Laemmli buffer. Following SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), radioactive P was detected by autoradiography or phosphorim-
ager analysis.

DNA priming assays. P was translated in vitro in the absence (Fig. 6) or
presence (Fig. 7) of €. For the experiments depicted in Fig. 6, 125 ng of € was
added to the appropriate samples prior to the priming assay. MgCl, (to 4 mM)
and 10 p.Ci [a->’P]dGTP were added to the translation reactions, and the sam-
ples were incubated at 37°C for 30 min. Reactions were terminated with Laemmli
loading buffer, and the products were resolved by SDS-PAGE. The gels were
dried, and the *?P priming signal was detected by phosphorimager analysis (the
338 signal from translation was blocked by a layer of exposed X-ray film). Where
indicated, 3 pg of monoclonal antibodies (MAbs) or synthetic peptides (0.25 to
1.0 mM) was added during priming; the final dimethyl sulfoxide concentration in
all reactions containing peptides was 1%.

Core particle isolation, endogenous polymerase assay, and Southern blotting.
LMH and Huh?7 cells were maintained in Dulbecco’s modified Eagle’s medium/
F12 with 10% fetal bovine serum. Transfections employed FuGENE (Roche
Diagnostics) according to the manufacturer’s instructions. DHBV and HBV
cores were isolated from transfected cells by lysis in core particle preparation
lysis buffer (10 mM Tris [pH 7.5], 1 mM EDTA, 0.25% NP-40, 50 mM NaCl, 8%
sucrose) followed by sedimentation through a 30% sucrose cushion as described
previously (37). The endogenous polymerase assay was performed as described
previously (35). Viral DNAs were isolated by proteinase K digestion followed by
phenol-chloroform extraction as described previously (10) and then resolved by
electrophoresis on 1.2% agarose gels. Southern blotting was performed as de-
scribed previously (33), with internally 3*P-labeled HBV DNA as a probe.

RESULTS

Differential exposure of epitopes for MAbs 5, 6, and 10. To
begin a structural assessment of DHBV P, we raised six im-
munoglobulin G monoclonal antibodies (MAbs) against the
DHBYV P terminal protein domain (amino acids 1 to 207) (43)
and determined the exposure of their epitopes to in vitro-
translated P by immunoprecipitation. In vitro-translated P
primes DNA synthesis in the presence of dGTP and € (40) and
hence is an excellent source of properly folded, enzymatically
active P that is not buried within capsids. The translation of
DHBYV P in vitro initiates at both the first and second AUGs in

TABLE 1. Immunoprecipitation of DHBV P in IPP150 and DNA priming activities of P mutants

Amt of immunoprecipitation with indicated MAb®

Mutation(s) Region Briming
mutated MADb 5 MAD 6 MAD 9 MADb 10 MAD 11 MADb 12 activity (%)
Wild type None + + ++ + ++ ++ 100
K153E TP + + ++ + ++ ++ 43
G178E TP (T3) + + ++ + ++ ++ 20
1179D, L180D TP (T3) + ++ ++ ++ ++ ++ 0
Y181F TP (T3) + + ++ + ++ ++ 100
K182E, R183E TP (T3) ++ ++ ++ + ++ ++ 0
K182T, R183T TP (T3) + + ++ + ++ ++ 0
P195V TP + + ++ + ++ ++ 100
N399D, T400A RT * * ++ * ++ ++ 70
T668V, T670V RH + + ++ + ++ ++ 88
H693Y RH + + ++ + ++ ++ 74
D715V RH + + ++ + ++ ++ 104

¢ 4+, 50 to 100% of the WT activity; +, 10 to 50% of the WT activity; +, <10% of the WT activity.
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FIG. 2. Differential immunoprecipitation of P. In vitro-translated P
was diluted in RIPA (top) or IPP150 (bottom), and equal aliquots of
the translation mixture were immunoprecipitated with saturating
amounts of the indicated antibodies. Translation of P in vitro initiates
at both the 1st and 44th codons of the P open reading frame, leading
to the doublet observed for P. Polyclonal, a rabbit polyclonal anti-
DHBV P terminal protein antibody. Lane 9 contains unprecipitated
translation products.

the open reading frame, leading to a doublet on SDS-PAGE
gels.

33S-labeled P was translated in vitro, diluted in high-deter-
gent buffer (RIPA) or low-detergent buffer (IPP150), divided
into equal aliquots, and immunoprecipitated with saturating
amounts of the MAbs. RIPA dissociates P-¢ binding and dis-
rupts many weak protein-protein interactions, whereas IPP150
is a mild buffer that maintains most intermolecular contacts
and is used to measure sequence-specific P-€ binding by co-
precipitation (27). All six MAbs immunoprecipitated P well in
RIPA (Fig. 2, top panel), indicating that their epitopes were
accessible under these conditions. MADb 12 consistently immu-
noprecipitated full-length P preferentially over the internal
initiation product, whereas MADb 11 occasionally immunopre-
cipitated the full-length form preferentially (as shown in Fig.
2), but more often immunoprecipitated both forms. MAbs 9,
11, and 12 also immunoprecipitated P well in IPP150, but
MADs 5, 6, and 10 immunoprecipitated P very poorly in this
milder buffer (Fig. 2, bottom panel). This effect was not abso-
lute, because weak immunoprecipitation of P in IPP150 by
MADbs 5, 6, and 10 could often be detected. Therefore, the
epitopes of MAbs 5, 6, and 10 are accessible for antibody
binding when P is in RIPA but are largely obscured in IPP150.

Mutations to the T3 motif expose the epitopes for MAbs 5,
6, and 10. To determine the locations of the terminal protein
domain sequences that are obscured from MAD binding in the
active conformation of P (in IPP150), we mapped the epitopes
for the MAbs by Western blotting fragments of P translated in
vitro (Fig. 3A; data not shown). The three MAbs that immu-
noprecipitated P poorly in IPP150 had epitopes between
amino acids (aa) 138 and 160 (MAD 5) or 182 and 202 (MAbs
6 and 10), whereas MADbs that immunoprecipitated P well in
IPP150 had epitopes between aa 46 and 77 (MAbs 9, 11, and
12). This led us to hypothesize that a ligand may bind to P
between aa 138 and 202 and that this binding may obscure the
epitopes for MADs 5, 6, and 10. We further hypothesized that
the putative binding site would be conserved among the hep-
adnaviruses because the enzymatic activities and mechanism of
reverse transcription of the avian and mammalian P proteins
are conserved, although the proteins share only about 25%
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FIG. 3. Epitope and T3 motif positions within the terminal protein.
(A) Regions of the DHBV terminal protein domain containing the
epitopes for the MAbs are indicated by black lines. The T3 motif is
indicated as a gray block. (B) Alignment of the DHBV, heron hepatitis
B virus (HHBV), HBV, and woodchuck hepatitis virus (WHV) termi-
nal domain sequences around the T3 motif (EAGILYKR). Residues
differing from those in DHBYV are shaded, and gaps are indicated with
dashes.

amino acid identity. Therefore, we aligned the terminal protein
sequence of DHBV P with those of heron hepatitis B virus,
HBV(adw2), and woodchuck hepatitis virus to look for con-
served sequences in this region. The alignment revealed a very
highly conserved motif at DHBV P aa 176 to 183 that we
termed T3 (EAGILYKR) (Fig. 3B).

To determine if T3 contributed to obscuring the epitopes for
MADs 5, 6, and 10, we created five mutants with alterations in
T3 and immunoprecipitated the mutant proteins in IPP150. As
a control, we tested the ability of six other mutations through-
out P to affect the immunoprecipitation of P by the MAbs.
%S-labeled mutant proteins were translated in vitro, diluted in
IPP150, and immunoprecipitated. Four of the five mutations in
T3 improved the ability of P to be immunoprecipitated in
IPP150 by MAbs 5, 6, and 10 (Table 1; data for the 1179D/
L180D and Y181F mutations are shown in Fig. 4), whereas
none of the mutations outside of T3 increased the ability of
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FIG. 4. Mutation of T3 can improve the immunoprecipitation of P
in IPP150. P(Y181F) and P(I179D/L180D) were translated in vitro,
diluted in IPP150, and immunoprecipitated with the indicated MAbs.
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these MADbs to immunoprecipitate P. The improvement of
immunoprecipitation by MAD 5 was less than the improvement
seen for MAbs 6 and 10. This is consistent with the different
locations of the epitopes for MAb 5 (between aa 138 and 160)
and MAbs 6 and 10 (between aa 182 and 202). The ability of
the mutations to mimic the effect of RIPA in exposing the
epitopes for MAbs 5, 6, and 10 led us to conclude that the T3
motif plays a key role in obscuring the epitopes of these MAbs
in IPP150.

Mutations that expose epitopes for MAbs 5, 6, and 10 in-
hibit DNA synthesis. We next asked if exposing the epitopes
for MAbs 5, 6, and 10 affected DNA priming. We could not
expose the epitopes with RIPA because this dissociates P-g
binding and hence inhibits DNA priming. Therefore, we as-
sayed our collection of mutant P molecules for DNA priming
activity. In the priming reaction, P synthesizes the first nucle-
otide of the viral genome by covalently attaching dGMP to
itself, using dGTP as a substrate, € as a template, and a tyrosine
in the terminal protein domain as a primer (Y96 in DHBV)
(44). In vitro-translated P primes DNA synthesis efficiently
(40) and permits analyses of priming in the absence of encap-
sidation and the first-strand transfer reaction, which are
needed to measure P activity in cells.

We translated **S-labeled P to monitor the synthesis of P
and then initiated priming by adding &, MgCl,, and
[a-*?P]dGTP to the translation mixture. The products of the
priming reaction were resolved by SDS-PAGE, *°S translation
signals were blocked by a layer of plastic, and ?P signals from
the linkage of [*?P]JdGMP to P were detected by autoradiog-
raphy. Mutations that exposed the epitopes for MAbs 5, 6, and
10 strongly inhibited or ablated priming activity, whereas mu-
tations that did not expose the epitopes had little or no effect
on priming (Table 1). Therefore, there was a negative corre-
lation between exposure of the epitopes for MAbs 5, 6, and 10
and the ability to prime DNA synthesis.

To determine if altering T3 also inhibited DNA synthesis
within viral cores, the T3 mutants were transferred to the
DHBYV genome in the over-length expression vector D1.5G.
Mutant and wild-type plasmids were transfected into LMH
cells, and 3 days later intracellular viral core particles were
isolated by sedimentation through a sucrose gradient. Extracts
containing the core particles were incubated with radioactive
nucleotides to monitor DNA synthesis on the endogenous nu-
cleic acids (the endogenous polymerase assay), and then viral
nucleic acids were purified and resolved by agarose gel elec-
trophoresis (Fig. SA). The three sets of mutations in T3 that
ablated DNA priming (I179D/L180D, KI182E/R183E, and
K182T/R183T) also ablated DNA synthesis in DHBV core
particles, and the two mutations which retained DNA priming
activity in vitro (G178E and Y181F) also retained the ability to
synthesize viral DNA in core particles. Therefore, mutations to
the T3 domain have similar effects on DNA priming in vitro
and DNA synthesis in core particles. These data do not distin-
guish between a direct inhibition of enzymatic activity or block-
ing of an essential upstream event, such as the binding of P to
€, because both events would lead to a loss of DNA synthesis.

To determine if the T3 motif is also essential for the repli-
cation of HBV DNA, the homologs of the DHBV P(K182E/
R183E) mutations were inserted into HBV P. Expression con-
structs for wild-type and HBV P(K161E/R162E) genomes
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FIG. 5. Mutating T3 ablates DHBV and HBV DNA synthesis. Ex-
pression constructs for DHBV and HBV genomes encoding wild-type
P or P proteins with mutations in the T3 motif were transfected into
cells, core particles were isolated, and viral DNAs were detected.
rcDNA, relaxed circular DNA; ssDNA, single-stranded DNA.
(A) DHBV DNA within core particles isolated from LMH cells, as
detected by an endogenous polymerase assay. (B) HBV DNA within
HBV particles isolated from Huh7 cells, as detected by Southern
blotting.
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FIG. 6. Inhibition of DNA priming by MAbs. DHBV P was trans-
lated in vitro, the indicated MAbs were added to equal aliquots of the
translation mixture and incubated to permit binding to P, and then ¢,
MgCl,, and [a-**P]dGTP were added to permit priming. The **P signal
from priming was quantitated and normalized to the activity of P
without a MAb.

were transfected into Huh7 cells, and 5 days later core particles
were isolated. Southern blots of core particle DNA revealed
DNA synthesis by wild-type HBV P but not by HBV P(K161E/
R162E) (Fig. 5B). Therefore, the T3 motif is essential for
DNA synthesis in both DHBV and HBV.

Inhibition of DNA priming by anti-P MAbs. If the epitopes
for MADbs 5, 6, and 10 are occluded in the active form of P, then
these MADbs should have little effect on the priming activity of
P. In contrast, MAbs whose epitopes are exposed and are
located near motifs important for DNA priming should inhibit
priming. Therefore, we purified the MAbs by protein A affinity
chromatography and measured their effects on priming.

35S-labeled P was translated, purified Abs were added and
allowed to bind P, and then € and MgCl, were added to permit
priming (Fig. 6). **P-labeled P was detected when € was in-
cluded in the reaction in the absence of any MAb (Fig. 6, lane
3), and this priming signal was set to 100%. The addition of
purified MADs inhibited priming to various degrees. Priming
was unaffected by an irrelevant MAb (NM6) against the ade-
novirus DNA binding protein. The P allele employed for in
vitro translation contains an influenza virus hemagglutinin
epitope tag (16) between aa 264 and 265 in the spacer domain
of P and hence is recognized by MAb 12CAS5 (Roche). 12CAS
modestly inhibited priming (41% of the wild-type activity re-
mained). MAb 5 (epitope between aa 138 and 160) and MAb
6 (epitope between aa 188 and 202) also modestly inhibited the
priming reaction (57% and 38% of the wild-type activity re-
mained, respectively); this is consistent with their poor ability
to immunoprecipitate P under physiological conditions. In
contrast, MAbs 9, 11, and 12 recognize an epitope(s) between
aa 46 and 77 and immunoprecipitate P well in IPP150. These
MAbs all inhibited priming well (to 7 to 15% of wild-type
levels), possibly by occluding tyrosine 96, to which dGMP is
linked. Therefore, the ability of the MAbs to inhibit priming is
consistent with the exposure of their epitopes in low-detergent
buffer and with the location of the epitopes on P.

Inhibition of priming by a peptide containing the T3 motif.
The epitopes for MADbs 5, 6, and 10 can be exposed by high-
detergent buffer and by mutating the T3 motif. Based on these
data, we hypothesized that T3 may be a binding site on P, that
binding of a ligand to T3 obscures the MAb epitopes, and that
disrupting binding at T3 with either high detergent concentra-
tions in RIPA or mutations to T3 exposes the epitopes. If this
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FIG. 7. Inhibition of priming by a peptide containing the T3 motif.
P was translated in vitro with € and incubated with increasing amounts
of the T3 peptide or the irrelevant MBP peptide, and then MgCl, and
[«-*?P]dGTP were added to permit priming. The **P signal from prim-
ing was quantitated and normalized to the activity of P without di-
methyl sulfoxide (DMSO) or peptide. Peptide concentrations are in
mM, and error bars show the standard deviations from four experi-
ments.

were true, a peptide containing the T3 motif should specifically
compete with the ligand that binds to P at T3 and should
therefore inhibit DNA priming.

To test this hypothesis, we translated **S-labeled P in the
presence of € and 0.25, 0.50, 0.75, or 1.0 mM of a peptide
containing the T3 motif (LYEAGILYKRIS; Genscript) or an
irrelevant peptide (myelin basic protein peptide [MBP] [APR
TPGGRR]; Biosource International). After translation, an al-
iquot was removed from each reaction to monitor the transla-
tion efficiency, and the DNA priming activity of P was assessed
in the remaining sample by adding [a-**P]dGTP and MgCl,
and incubating the sample at 37°C for 30 min. The samples
were then resolved by electrophoresis, and the *°S signal
(translation) and *?P signal (priming) were independently
quantitated by phosphorimager analysis. Figure 7 shows prim-
ing activities normalized for P translation efficiencies from four
competition experiments. A concentration-dependent inhibi-
tion of priming by the T3 peptide but not by the MBP peptide
was observed.

The specificity of the inhibition of priming by the T3 peptide
was further established by synthesizing six additional peptides
representing phylogenetically conserved motifs of the DHBV
terminal protein domain (T1A [FNPEWKVP], T2A [GVKPK
YPDNVMQH], T4A [TFKGQPYNWEQQHLYV], TS [EDVQ
SPGEGEPL], T6 [HHLGKLSGLY], and T7 [TAKFYPKSIS
YFP]; all from Genscript) plus one peptide from herpes
simplex virus type 2 UL13 (APPAPPSHGGRRR; Genscript).
None of these peptides inhibited priming by P (data not
shown). Finally, we attempted to use a mutant T3 peptide
containing the K182E/R183E substitutions, but this peptide
was not soluble under our reaction conditions. Therefore, as
predicted, a peptide containing the T3 motif competed specif-
ically with a ligand for P that is needed for priming.

DISCUSSION

P functions in a dynamic complex with cellular chaperones
and €. We have identified a molecular contact point on DHBV
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P, termed T3, that is critical for P priming activity in vitro and
DNA synthesis within core particles. The highly conserved T3
motif is located within the region of P containing the epitopes
for MAbs that differentially precipitate P in RIPA and IPP150
(Fig. 3). The epitopes for MAbs 5, 6, and 10 are poorly rec-
ognized in a mild buffer that maintains the active conformation
of P (IPP150) but are recognized much better when P is ex-
posed to detergent concentrations in RIPA that dissociate
many weak molecular interactions. The conformation depen-
dence of the epitopes themselves cannot account for these
observations because MAbs 5, 6, and 10 recognize linear
epitopes (they were raised against a denatured antigen and
they recognize denatured P in Western blots) and because
mutating T3 and dissolving P in RIPA both improve the rec-
ognition of the epitopes. Therefore, we concluded that these
epitopes are largely occluded in the native conformation of P
that is maintained in IPP150.

The small size of T3 strongly implies that T3 may be a
binding site because short conserved linear amino acid se-
quences are often modular ligand binding sites (e.g., the RB
binding motif conserved among the adenovirus Ela, simian
virus 40 T antigen, and papillomavirus E7 proteins [20]). Fur-
thermore, the high degree of conservation of T3 despite the
limited amino acid identity between avian and mammalian P
proteins implies that T3 is important for the function of P. This
in turn implies that mutations which expose the epitopes may
disrupt binding at T3. This hypothesis is strongly supported by
the ability of a peptide containing the T3 motif to specifically
inhibit DNA priming in a dose-dependent manner (Fig. 7).
Together, the differential exposure of the epitopes in IPP150
and RIPA (Fig. 2), the exposure of the epitopes by mutating
T3 (Fig. 4 and Table 1), the differential inhibition of priming by
the MAbs (Fig. 6), and the ability of the T3 peptide to specif-
ically inhibit DNA priming (Fig. 7) led us to conclude that the
epitopes for MAbs 5, 6, and 10 are occluded by a noncovalent
molecular interaction of modest strength involving T3 and that
this interaction is necessary for priming.

This hypothesis is consistent with two possibilities (Fig. 8).
First, binding between T3 and its ligand could be intramolec-
ular, where T3 contacts another portion of P. In this case,
disrupting binding at T3 would alter the conformation of P and
expose the epitopes for MADbs 5, 6, and 10. Alternatively,
binding at T3 could be intermolecular, in which case T3 would
bind to another molecule and the disruption of binding would
expose the epitopes without necessitating a major change in
the conformation of P. Candidate intermolecular ligands for
T3 include the chaperones that bind P and €. However, initial
experiments have not yielded evidence that HSP23, HSP90, or
€ is a ligand for T3 (data not shown). Mutating T3 did not alter
the sedimentation profile of in vitro-translated DHBV P in
IPP150-sucrose gradients (data not shown). This is most con-
sistent with either intermolecular binding of a small ligand or
intramolecular binding to another region of P because neither
of these binding events would greatly alter the mass of the P
complex. However, these experiments are not definitive be-
cause P sediments across a broad region of the gradient and
detecting a small shift in this distribution is difficult.

Regardless of whether interactions involving the T3 motif
are intra- or intermolecular, the proper occupancy of T3 is
needed for priming in vitro and for DNA synthesis in capsids.
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Intra-
molecular: —_

Inter-
molecular:

Obscured

FIG. 8. Model for obstruction of epitopes by ligand binding at T3.
Ligand binding at T3 blocks the exposure of the epitopes (E), and
disruption of the binding exposes the epitopes. This is compatible with
intra- or intermolecular binding. (Top) Intramolecular binding of an-
other region of P to T3. A disruption of binding would induce a
conformational change exposing the epitopes. (Bottom) Intermolecu-
lar binding of another molecule (hatched shape) to T3. A disruption of
binding would expose the epitopes by releasing the ligand.

Exposed

This effect is most probably due to a block of P-g binding rather
than a direct inhibition of DNA polymerase activity because
mutating K182 and R183 within DHBV T3 ablates binding to
€ (30; data not shown). Formation of the P-& complex is es-
sential for DNA priming, activation of DHBV reverse tran-
scriptase activity, encapsidation of P and the pregenomic
RNA, and DNA synthesis within core particles.

HBYV P also functions in a dynamic complex with chaperones
(12, 24-26) and HBV ¢ (8, 23). It is unknown how similar these
interactions are between DHBV and HBV P or if any of these
interactions involve T3. However, the high level of conserva-
tion of the T3 motif between DHBV and HBV P and the
observation that mutating T3 in both DHBV and HBV blocks
DNA synthesis within core particles (Fig. 5) strongly imply that
the ligand that binds to the DHBV T3 motif will also bind to
T3 in HBV P.

Disrupting binding to the T3 motif by competition with the
T3 peptide inhibits priming. Therefore, the development of
small molecules that compete for binding to T3 may be a novel
avenue for antiviral drug design. Drugs targeting the T3 motif
would be especially valuable because T3 is in the terminal
protein domain that is unique to the hepadnaviruses, and
therefore drugs targeting this motif should be highly selective
for HBV. Furthermore, mutations conferring resistance to an-
ti-T3 drugs would not generate cross-resistance to nucleoside
analog inhibitors such as lamivudine and adefovir because
these drugs target the active site of the reverse transcriptase
domain.
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