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Hepatitis B viruses encode a polymerase (P) protein with key roles in both reverse transcription and genomic
RNA encapsidation. Genetic analysis of cis-acting signals required for viral replication implicates an RNA
stem-loop structure in both RNA packaging and the initiation of reverse transcription, a process in which P
protein also serves as the primer. We now show that duck hepatitis B virus (DHBV) polymerase binds
specifically and with high affinity to this RNA stem-loop structure. Mutational analysis indicates that all
mutations in the RNA target that inhibit the P protein-RNA interaction inhibit both in vivo RNA packaging
and in vitro DNA priming to comparable extents. However, certain mutations in the loop region of the RNA
have minimal impact on P protein-RNA binding but are nonetheless severely defective for packaging and DNA
synthesis. Thus, P protein-RNA complex formation is necessary but not sufficient to initiate these activities. In
addition, examination of RNA binding by truncated P proteins indicates that the C terminus of the polymerase,
although required for RNA encapsidation in vivo, is dispensable for RNA binding and DNA priming.

RNA-protein recognition reactions function in an enormous
variety of important biological processes, including transcrip-
tional elongation (11), mRNA processing (10, 12), mRNA
localization (29), mRNA translation (15, 20, 32), and viral
RNA replication (1). As befits their functional diversity, RNA-
binding proteins display many different structural features and
recognize a wide variety of RNA targets. A recent compilation
of primary structural motifs associated with RNA-binding
proteins indicates that such proteins can be sorted into at least
nine different families (25), and there is every reason to believe
that this list will continue to grow. Most of these proteins form
RNA-protein complexes that are dedicated to effecting a single
reaction. Here we present evidence for a viral RNA-protein
interaction in hepatitis B viruses (hepadnaviruses) that appears
to be required for two distinct processes: RNA encapsidation
and the initiation of reverse transcription.

Hepadnaviruses are small DNA viruses that replicate via
reverse transcription of an RNA intermediate; this reaction
takes place within subviral nucleocapsids (cores) composed of
the core (C) protein, the reverse transcriptase (or polymerase
[P]), and the RNA template for the reaction. This RNA
(termed pregenomic RNA [pgRNA]) is a terminally redundant
transcript that is also the message encoding both the poly-
merase and the core proteins. The first step in viral genomic
replication is the selective encapsidation of pgRNA, together
with polymerase, into the nucleocapsid. This step is highly
selective: only pgRNA, not subgenomic viral mRNAs or host
RNAs, are assimilated into cores (13, 17). Encapsidation is
mediated by specific cis-acting sequences (termed €) present at
the 5' end of pgRNA (9, 18, 19). The prime functional
determinant in € is an RNA stem-loop structure consisting of
a lower stem, a 6-nucleotide (nt) bulge, and an upper stem with
a 6- to 7-nt loop (19, 21, 26). In the human hepatitis B virus
(HBV), the bulge and stem structures are required for encap-
sidation, but their specific nucleotide sequences are not criti-

* Corresponding author. Phone: (415) 476-2826. Fax: (415) 476-
0939.

5579

cal; functionally important specific primary sequences reside
principally in the loop (26). The € stem-loop structure is
conserved phylogenetically among mammalian and avian hep-
adnaviruses (19). However, in the duck hepatitis B virus
(DHBYV), £ sequences are not sufficient to direct RNA encap-
sidation (18); the presence of a second, auxiliary region of
RNA located some 900 nt downstream of € is required to effect
encapsidation (6).

Strong genetic arguments have pointed to key roles for the
polymerase in both RNA packaging and DNA synthesis. We
(17) and others (2) have shown that P-gene null mutants
synthesize morphologically normal capsids that are devoid of
viral RNA, implicating polymerase in the selection of pgRNA
for encapsidation. It has also been shown that encapsidation of
the viral polymerase itself requires e-containing RNA (3).
Thus, the packaging of polymerase and the packaging of
pgRNA appear to be tightly coupled. Following RNA encap-
sidation, extensive reverse transcription of the viral genome
takes place. Hepadnavirus DNA synthesis is a highly unusual
reaction in which the polymerase plays several distinctive roles,
the most remarkable of which is to serve as the primer for
reverse transcription (as well as the catalyst of chain elonga-
tion). As a result, the product minus-strand DNA remains
covalently linked to the P-protein chain (35). Recent genetic
experiments strongly suggest that this protein-primed reaction
is also templated within the € RNA stem-loop structure (33,
36).

These genetic data are compatible with the simple model
that P protein is capable of recognizing €. Here we demon-
strate that DHBV polymerase in fact binds the DHBV encap-
sidation signal specifically and with high affinity. Mutational
analysis of the € stem-loop reveals that (i) lesions that ablate P
protein-RNA binding block both RNA encapsidation and
DNA priming and (ii) all mutations that inactivate RNA
packaging likewise block DNA priming. These data strongly
suggest that this RNA-protein recognition event is necessary to
initiate both packaging and priming.
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FIG. 1. DHBYV ¢ stem-loop mutations. The primary sequence of the WT DHBV ¢ stem-loop region is shown at top, annotated above with
arrows indicating the sequence components of the upper stem, lower stem, loop, and bulge. Subsequent rows show the mutant designations along
with their nucleotide changes. ., no change of nucleotide; -, deletion of a nucleotide. The RNA binding, RNA packaging, and DNA priming
efficiencies of mutants are indicated as follows: ++, 50 to 100% of WT levels; +, 10 to 50% of WT levels; +/—, 1 to 10% of WT levels; —, no

detectable signal.

MATERIALS AND METHODS

Plasmid constructions. DHBV nucleotide positions are
numbered from the unique EcoRlI site of DHBV 3 (31). In this
numbering scheme, nt 2530 is the transcription initiation site of
pgRNA (5).

pT7dpol contains DHBV nt 170 to 3021 cloned into the
Smal site of the polylinker of pBS(—) (Stratagene). When
linearized with AfIII and transcribed in vitro with T7 RNA
polymerase, pT7dpol produces a transcript containing the
DHBYV polymerase coding region but no € sequences.

pdeBS was constructed by cloning DHBV nt 2526 to 2845
into the HindIIl and EcoRlI sites of the polylinker of pBS(—).
When linearized with EcoRV and transcribed in vitro with T3
RNA polymerase, pdeBS produces a 132-nt transcript contain-
ing DHBYV e&. Stem-loop mutations (Fig. 1) were introduced
into pdeBS by site-directed mutagenesis using standard meth-
ods (22) and confirmed by DNA sequencing. pE-BS was
constructed as previously described (26) and produces a 172-nt
transcript containing HBV &, spanning HBV nt 1815 to 1986
(HBV adw?2 [34]; pgRNA initiates at nt 1815).

Overlength stem-loop mutant genomes used for encapsida-
tion assays were constructed in two steps. First, the AfiII-Xbal
(nt 2526 to 2662) DNA fragment of D0.5G [nt 1658 to 3021 in
pBS(—)] was replaced with the corresponding fragment (con-
taining the appropriate mutation) of pdeBS. Second, an Nsil
(nt 2845) genome monomer was cloned into the Nsil site of
D0.5G in a head-to-tail orientation to produce an overlength
D1.5G (nt 1658 to 3021/0 to 3021) mutant genome. The
presence of the stem-loop mutation in final constructs was
confirmed by DNA sequencing.

Polymerase mutant 442 (pol 442 [7]) contains a single
nucleotide insertion resulting in the frameshifting and early
termination of polymerase at amino acid (aa)442; this mutant
is nonfunctional for RNA packaging and DNA synthesis (7,
17). Polymerase mutant YMHA (7) contains a double mis-
sense mutation in the conserved reverse transcriptase motif
YMDD (altered to YMHA); this mutant packages RNA but is
nonfunctional for DNA synthesis (7, 17).

pDHBV-RX was constructed by cloning DHBV nt 2662 to
3021 into the polylinker of pBS(—). When this construct is
linearized with HindIII and transcribed in vitro with T7 RNA
polymerase, a riboprobe complementary to DHBV pgRNA
can be produced.

In vitro transcription. RNAs for in vitro translation, bind-
ing, and DNA primase assays were produced by using a

MEGAscript kit (AMBION, Inc.) as instructed by the manu-
facturer. For production of biotinylated RNAs, 0.75 mM
biotin-11-UTP (ENZO Diagnostics, Inc., New York, N.Y.),
1/10 of the nonbiotinylated UTP concentration, was added to
the transcription reaction mixture.

In vitro translation and binding. RNA-protein binding
reactions were performed cotranslationally. [**S]methionine-
labeled DHBYV polymerase was translated from 1 pg of T7dpol
RNA in a total volume of 25 pl, using nuclease-treated
reticulocyte lysate as instructed by the manufacturer (Promega
Biotec) in the presence of 100 ng of biotinylated RNA
substrate at 30°C for 90 min. All translation/binding reactions
were carried out in the presence of at least a 20-fold molar
excess of tRNA (from the 50 mg of calf thymus tRNA per ml
added to stimulate translation in the reticulocyte lysate, plus
the endogenous reticulocyte tRNA pool).

Streptavidin precipitation of polymerase-RNA complexes.
Following translation and binding, polymerase-RNA com-
plexes were precipitated by using streptavidin-agarose as de-
scribed by Scherly et al. (28). Five hundred microliters of
Ipp150 (150 mM NaCl, 10 mM Tris-HCI [pH 7.5], 0.1%
Nonidet P-40, 10 pg of yeast RNA per ml, 0.04 U of RNasin
[Promega] per ml, 1 mM phenylmethylsulfonyl fluoride) was
added to the completed translation reaction along with 25 pl
packed streptavidin-agarose beads (Bethesda Research Labo-
ratories). The solution was rocked at 4°C for 60 min, pelleted
by a 15-s centrifugation, and washed three times with 500 l of
Ipp150. The pellet was resuspended in 50 to 100 pl of 2X
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) sample buffer, vortexed briefly, and boiled
for 5 min. After a brief centrifugation, 10 pl of supernatant was
loaded onto an SDS-8% polyacrylamide gel. After electro-
phoresis, the gel was treated with En*Hance (DuPont), dried,
and exposed to Kodak X-Omat film at —70°C overnight. Signal
intensity was quantitated with a PhosphorImager (Molecular
Dynamics).

In vitro DNA priming assays. DNA priming reactions were
performed essentially as described by Wang and Seeger (35).
Following in vitro translation and binding, 5 pl of the reaction
mixture was removed and added to 5 pl of a mixture containing
100 mM Tris-HCI (pH 7.5), 30 mM NaCl, 20 mM MgCl, 28 pM
each dATP, dCTP, and dTTP, and [*?P]dGTP (2.4 pM, 400
Ci/mmol). Reaction mixtures were incubated at 30°C for 30
min, and reactions were stopped by the addition of 9 volumes
2X SDS-PAGE sample buffer. Samples were then boiled for 3
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min, and 10 pl was loaded on an SDS-10% polyacrylamide gel.
After electrophoresis, the gel was dried and subjected to
autoradiography (—70°C overnight) as described above.

Cell culture and transfections. LMH avian hepatoma cells
were grown in H21-F12 (1:1) mix supplemented with 10% fetal
calf serum and passaged every 2 to 3 days at a 1:3 dilution.
DNA transfections were performed by the calcium phosphate
coprecipitation method exactly as described previously (16).

RNA preparation and RNase protection assay. Poly(A)™
total cellular RNA was purified 72 h posttransfection as
previously described (16). RNA within cytoplasmic core parti-
cles was isolated 72 h posttransfection as previously described
(23) by polyethylene glycol precipitation of core particles
followed by proteinase K digestion, phenol extraction, and
precipitation of nucleic acid. RNase protection analysis was
performed as previously described (17) on poly(A)* RNA or
core RNA prepared from equivalent numbers of transfected
LMH cells (one-half of a 60-mm-diameter plate). Synthesis of
[«->?P]CTP-labeled RNA probes was carried out as previously
described (17). Probe DHBV-RX is a 388-nt riboprobe with 27
nonhybridizing polylinker nt and 361 nt of DHBV complemen-
tary to pgRNA, spanning nt 2662 to 3021.

RESULTS

DHBYV polymerase binds to the viral encapsidation signal.
To demonstrate binding of DHBV polymerase to the encap-
sidation signal (g), we performed a streptavidin-biotin-medi-
ated coprecipitation assay (28). [**S]methionine labeled
DHBYV polymerase was translated in rabbit reticulocyte lysate
in the presence of synthetic DHBV & RNA transcripts into
which biotinylated uridine had been incorporated. P protein-
RNA complexes were then detected by precipitation of bioti-
nylated RNA substrates with streptavidin-linked agarose
beads. The RNA target was present in the reaction mix during
translation to allow for the possibility of cotranslational bind-
ing. (Pilot experiments verified that none of the RNA sub-
strates had an inhibitory effect on polymerase translation in
vitro [data not shown].) **S-labeled DHBV polymerase trans-
lated in reticulocyte lysate appears as an 80- to 85-kDa doublet
(Fig. 2B, lane 2). The higher-molecular-weight species corre-
sponds to the full-length 768-aa protein. The lower-molecular-
weight species corresponds to in vitro translation initiation at a
second in-frame methionine codon, 43 aa downstream (data
not shown).

To demonstrate specific P protein-€ interaction, we per-
formed a binding reaction with either a DHBV € or an HBV ¢
RNA substrate. Although DHBV & and HBV ¢ share phylo-
genetically conserved RNA structures (Fig. 2A) (19), DHBV
and HBV polymerases in vivo direct encapsidation only of
their own respective encapsidation signals (reference 26 and
data not shown). DHBV polymerase was precipitated in the
presence of biotinylated DHBV ¢ (Fig. 2B, lane 3) but not
biotinylated HBV ¢ (lane 4) or nonbiotinylated DHBYV ¢ (lane
5) RNA substrate. The faint background signal that often
appears with negative-control RNA substrates is due to non-
specific binding of polymerase to the streptavidin-agarose
beads (data not shown). Since the amount of polymerase
protein loaded in lane 2 (Fig. 2B) represents 1/10 of the
amount analyzed in each binding reaction, and since binding
occurs in RNA substrate excess, we estimate that 5 to 10% of
the total polymerase protein produced in vitro is functional for
RNA binding. We have also found that polymerase-¢ interac-
tion will occur with the same efficiency and specificity when the
RNA target is added posttranslationally in the presence of 0.5
mM cycloheximide (not shown).
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To determine the dissociation constant of the DHBV poly-
merase-¢ interaction, we performed an RNA titration (Fig. 2C,
inset) using increasing amounts of DHBV &€ RNA substrate.
Polymerase binding was saturated at an RNA concentration of
177 nM, and half-maximal binding occurred at 14 nM RNA.
Since a 10-fold reduction in the polymerase concentration did
not significantly lower the RNA concentration at half-maximal
binding (indicating that the polymerase concentration is sig-
nificantly below the RNA concentration at half-maximal bind-
ing; data not shown), this value represents a reasonable
estimate of the dissociation constant (K,) for the P protein-€
interaction, assuming that all input RNAs are competent for
binding. This value has ranged from 8 to 26 nM in replicate
experiments.

Binding of polymerase requires the stem-loop structure. We
next determined the RNA structure and sequence specificity of
polymerase-¢ interaction by assaying P-protein binding to a
series of RNA stem-loop mutants (Fig. 3; summarized in Fig.
1).
To test the importance of the lower stem, we introduced
three consecutive nucleotide changes on either the left (Low-
erL) or right (LowerR) side of this stem in order to disrupt
potential base pairing. In the doubly mutated construct (Low-
erL/R), potential for base pairing in this region is restored.
Polymerase did not bind the LowerL substrate (Fig. 3, lane 5),
while introduction of the compensatory changes in the right
side of the stem restored binding (LowerL/R; lane 7). A small
amount of binding (ca. 10% of the wild-type [WT] level) was
observed with the LowerR RNA substrate (lane 6). Closer
examination of LowerR revealed that the nucleotide substitu-
tions introduced to disrupt the lower stem can be accommo-
dated in an alternative lower stem structure by base pairing to
alternative partners in this region; such accommodation is not
possible for LowerL {data not shown).

We next determined the consequences of mutating the bulge
and loop for binding. Deletion of the 6-nt bulge (Abulge; Fig.
3, lane 8) eliminated binding, while changing four consecutive
residues in the bulge (Bulge2-5; lane 9) did not reduce binding.
Altering residues 3 and 4 of the 7-nt loop (Loop3-4; lane 14)
reduced polymerase binding approximately fourfold, while a
mutant altering residues 5 and 6 of the loop (Loop5-6; lane 15)
bound P protein with WT efficiency. In other RNA-protein
interactions, single unpaired nucleotides often contribute to
binding specificity (14). DHBV ¢ contains two unpaired U
residues in the upper stem and one unpaired U residue in the
lower stem. Deleting one of the unpaired U residues in the
upper stem (AU1; lane 16) reduced binding four- to fivefold,
while deleting either of the two other unpaired U residues
(AU2 and AU3; lanes 17 and 18) had no effect.

€ mutations that eliminate P binding abolish RNA packag-
ing. As RNA encapsidation in HBV requires both structural
and sequence-specific contributions of the HBV encapsidation
signal (26), we wished to determine € structure and sequence
requirements for DHBV RNA encapsidation. We therefore
introduced the stem-loop mutations described above into the
5’ copy of € in overlength DHBV genomes, which were then
transfected into LMH avian hepatoma cells. Three days post-
transfection, we harvested from equivalent numbers of cells
either total cellular poly(A)” RNA or the RNA contained
within purified cytoplasmic core particles. The RNA present in
equal portions of each preparation was quantified by RNase
protection using a riboprobe complementary to pgRNA se-
quences; the ratio of encapsidated to total poly(A)" RNA is a
measure of the packaging efficiency.

The results of an encapsidation assay are shown in Fig. 4.
The WT DHBV RNA pregenome was encapsidated, as a
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FIG. 2. DHBV polymerase-RNA binding assay. (A) DHBV (DHBV 3) ¢ (de) and HBV (HBV adw2) € (he) RNA structures based on
phylogenetic analysis and enzymatic probing (19, 21, 26). (B) **S-labeled DHBV polymerase protein was translated in reticulocyte lysate in the
presence of substrate RNAs containing biotinylated U residues. Polymerase-RNA complexes were precipitated with streptavidin-agarose beads,
released by boiling in SDS-PAGE sample buffer, and analyzed by SDS-PAGE. Lanes: 1, molecular size standards; 2, 1/10 of the total P protein
analyzed per binding assay; 3 to 5, polymerase binding to DHBV ¢ (de), HBV ¢ (he), and nonbiotinylated DHBV &, respectively. Sizes are indicated
in kilodaltons. (C) RNA titration of polymerase binding with increasing amounts of biotinylated DHBV & RNA, ranging from 0 to 355 nM. Fraction
saturation is defined as the ratio of protein bound at each RNA concentration to the maximal protein bound. The curve drawn was determined
by the best fit of the equation fraction saturation = [RNA]/(K, + [RNA}), using the nonlinear least-squares method furnished in Sigmaplot (Jandel
Scientific, Corte Madera, Calif.).
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FIG. 3. RNA binding assay of DHBV ¢ stem-loop mutants. Stepta-
vidin-biotin-based precipitation assays on mutant RNA substrates
were performed as described in the legend to Fig. 2B. Lanes: 1 and 10,
molecular size standards; 2 and 11, 1/10 of the total P protein analyzed
per binding assay; 3 and 12, polymerase binding to DHBV ¢; 4 and 13,
polymerase binding to HBV &; 5 to 9 and 14 to 18, polymerase binding
to LowerL, LowerR, LowerL/R, Abulge, Bulge2-5, Loop3-4, Loop5-6,
AU1, AU2, and A3, respectively. The relative binding efficiency of each
mutant is indicated as follows: ++, 50 to 100% of WT levels; +, 10 to
50% of WT levels; +/—, 1 to 10% of WT levels; —, binding level not
above that of the negative control (HBV €) RNA. Sizes are indicated
in kilodaltons.

protected band of the expected size (361 nt) appears in sample
lanes of both poly(A)™ RNA (lane 5) and RNA isolated from
core particles (lane 4). The efficiency of encapsidation (ca.
50%) was comparable to our previously reported results (17).
As expected, the reaction is P-protein dependent: a viral
genome carrying an early frameshift mutation in polymerase
(pol442; lanes 6 and 7) was unable to encapsidate pgRNA.

For the most part, the packaging efficiency of our stem-loop
mutants exhibited a strong correlation with the ability of these
mutants to bind P protein. LowerL was not encapsidated (Fig.
4, lanes 8 and 9), while the compensatory mutations introduced
in LowerL/R restored RNA encapsidation (lanes 12 and 13) to
near WT levels; therefore, we conclude that the lower stem is
required for encapsidation. LowerR (lanes 10 and 11) was
encapsidated, although at fivefold-reduced levels, again the
likely result of alternative base pairing which retains a lower
stem structure (as discussed above). Deletion of the bulge
(Abulge; lanes 14 and 15) abolished RNA packaging, while
alteration of residues within the bulge (Bulge2-5; lanes 16 and
17) was tolerated. Both mutants containing substituted loop
residues (Loop3-4 [lanes 25 and 26] and Loop5-6 [lanes 27 and
28]) were not packaged, and of the single unpaired U residue
deletion mutants, only AU1 (lanes 29 and 30) showed reduced
packaging efficiency (ca. 5 to 10% of the WT level).

The features of € important for DHBV RNA encapsidation
are nearly identical to those previously reported for HBV
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FIG. 4. Encapsidation assay of DHBV & stem-loop mutants. From
equivalent numbers of transfected cells, we isolated either total
poly(A)* RNA or RNA extracted from cytoplasmic core particles.
RNA from equal portions of each preparation was quantified by
RNase protection using a DHBV antisense riboprobe that, when
annealed to the complementary DHBV pgRNA sequence and di-
gested with RNase, protects a 361-nt fragment (which appears as a
doublet). Lanes 1 and 18, molecular size standards; lanes 2 and 19,
undigested probe; lanes 3 and 20, probe digested in the absence of
input RNA; lane pairs 4-5, 6-7, 8-9, 10-11, 12-13, 14-15, 16-17, 21-22,
23-24, 25-26, 27-28, 29-30, 31-32, and 33-34, core RNA (C)-poly(A)*
RNA (A) from cells transfected with WT, pol442, LowerL, LowerR,
LowerL/R, Abulge, Bulge2-5, WT, pol442, Loop3-4, Loop5-6, AU1,
AU2, and A3, respectively. Arrows indicate relevant protected frag-
ments; asterisks indicate incompletely digested input probe. The
encapsidation efficiency of each mutant is indicated as follows: ++, 50
to 100% of WT levels; +, 10 to 50% of WT levels; +/—, 1 to 10% of
WT levels; —, no detectable encapsidated RNA. Sizes are indicated in
nucleotides.

encapsidation (26). The RNA structure and sequence require-
ments for DHBV packaging also closely parallel those for
DHBYV P protein-RNA binding, with the notable exception of
the loop mutants. This is particularly evident in Loop5-6, which
bound polymerase at WT levels but was not encapsidated (see
Discussion).

€ mutations blocking polymerase binding also block DNA
priming. It has been shown recently that P-protein-mediated
priming of DNA synthesis occurs at RNA sequences within the
encapsidation signal (33, 36). The sixth nucleotide of the bulge
(C-2576) within the motif 5'-UUAC-3’ templates the covalent
linkage of a dG to DHBV polymerase. Up to three more
nucleotides are polymerized (pol-GTAA), followed by a trans-
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FIG. 5. DNA priming mediated by DHBV & stem-loop mutants.
Following translation, polymerase and RNA template were incubated
in the presence of [**P]dGTP. The covalently linked [**P]dG-poly-
merase product of the priming reaction was analyzed by SDS-PAGE.
Lanes 1 and 8 and lanes 2 and 9, priming reactions mediated by DHBV
€ and HBV ¢, respectively; lanes 3 to 7 and 10 to 14, priming reactions
mediated by LowerL, LowerR, LowerL/R, Abulge, Bulge2-5, Loop3-4,
Loop5-6, AU1, AU2, and A3, respectively. The relative binding effi-
ciency of DNA priming is indicated as follows: ++, 50 to 100% of WT
levels; +, 10 to 50% of WT levels; +/—, 1 to 10% of WT levels; —, no
detectable priming. Sizes are indicated in kilodaltons.

location to the 3’ end of pgRNA where DNA synthesis
continues. The fact that DNA priming occurs at RNA se-
quences within the encapsidation signal suggests that poly-
merase might use a common RNA recognition event for both
DNA priming and RNA encapsidation. We therefore tested
the ability of our stem-loop mutants to mediate DNA priming
in vitro. Following cotranslational binding of P protein to the
mutant RNAs, a portion of the reaction mixture was removed
and incubated with [a-*?P]dGTP; covalent [**P]dG-poly-
merase linkage was then detected by SDS-PAGE (Fig. 5).

WT DHBV ¢ mediated DNA priming: an 80- to 85-kDa
32P-labeled species (actually a doublet) corresponding to P
protein appears in Fig. 5, lane 1. HBV ¢ did not support DNA
priming by the DHBV polymerase (lane 2). 3P linkage clearly
results from the polymerase activity of P protein, since DHBV
€ is unable to mediate DNA priming when the conserved
reverse transcriptase motif YMDD of DHBV polymerase is
mutated to YMHA (data not shown); this mutant is also
nonfunctional for DNA synthesis in vivo (7).

The ability of stem-loop mutants to support DNA priming
correlated exactly with their in vivo RNA packaging function.
LowerL (Fig. 5, lane 3) was unable to mediate DNA priming,
while this activity was restored in LowerL/R (lane 5). LowerR
(lane 4) functioned in priming, though at threefold-reduced
levels; again, this activity is the probable result of an alternate
lower stem formation. The presence of the bulge (lane 6) but
not its specific sequence (lane 7) was required for primase
activity. (Note that we intentionally left intact residue C-2576
of the bulge, which templates [**P]dG linkage.) Nucleotide
substitutions in the loop (lanes 10 and 11) drastically reduced
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priming activity (to ca. 1 to 5% of WT levels), and deletion of
only one of the single unpaired U residues (AU1; lane 12)
impaired priming about threefold.

Although the structure and sequence requirements for DNA
priming parallel those for RNA packaging in vivo, when they
are correlated with the requirements for P protein-RNA
interaction an instructive difference is observed. While all
mutations that inactivate P protein-RNA binding inactivate
priming, loop mutations (especially Loop5-6) which do not
affect RNA binding nonetheless inactivate priming.

The C terminus of polymerase is dispensable for RNA
binding. Extensive mutational analyses in vivo indicate that
expression of the entire polymerase coding region, including
all of its subdomains (terminal protein, spacer, reverse tran-
scriptase, and RNase H), is required to direct RNA encapsi-
dation; in particular, all tested C-terminal truncations have
been packaging defective (2, 8, 17, 27). We wondered whether
the entire coding sequence was required for RNA binding in
vitro or whether we could localize a discrete RNA binding
domain of the protein. We therefore linearized the polymerase
cDNA template in different locations so as to produce 3'-
truncated RNAs encoding C-terminally deleted versions of P
protein. The ability of each of these truncated P proteins to
bind either DHBV € or HBV & was then determined by using
the streptavidin-biotin-mediated precipitation assay (Fig. 6).

Full-length DHBYV polymerase is a 768-aa protein. C-termi-
nal truncations of polymerase at aa 728 (Fig. 6, lanes 8 to 10)
and aa 568 (lanes 12 to 14) were competent to bind DHBV &.
Truncations at aa 472 (lanes 15 to 17) and aa 371 (lanes 18 to
20) did not bind DHBYV e. Truncations at aa 728 and 568, but
not at aa 472, are also competent to prime DNA synthesis
(data not shown). Therefore, amino acid residues beyond
position 568 appear dispensable for RNA binding and DNA
priming.

The lower-migrating species of the doublet in each of these
binding reactions represents in vitro translation initiation from
the second methionine residue (aa 44) of polymerase. Because
this species binds RNA and primes DNA synthesis, we con-
clude that the N-terminal 43 aa of polymerase are also
dispensable for these activities.

Encapsidation in vivo is not dependent on the polymerase
activity of P protein, since P protein containing mutations that
alter the conserved reverse transcriptase motif YMDD to
YMHA (aa 511 to 514) directs RNA encapsidation but not
DNA synthesis in vivo (7, 17). In vitro, this same polymerase
mutant was competent to bind RNA (Fig. 6, lanes 5 to 7) but
does not prime DNA synthesis (data not shown). Thus, the
polymerase activity of P protein is dispensable for both €
binding and RNA encapsidation.

DISCUSSION

The polymerase-RNA interaction. Here we have demon-
strated that DHBV polymerase binds specifically and with high
affinity (K, = 14 nM) to DHBV ¢. That DHBV polymerase
does not bind the structurally similar HBV ¢ is a strong
indication of the specificity of the interaction. Mutational
analysis of the DHBV ¢ stem-loop reveals that the require-
ments for binding include the lower stem and bulge structures,
a single unpaired U residue (U1), and to a lesser extent loop nt
3 and 4. Binding is not dependent on the polymerase activity of
P protein. Since the ability of the polymerase to covalently bind
a G residue templated by the bulge indicates an intimate
interaction between the P polypeptide and the RNA, we
strongly favor the view that P protein binds directly to e.
However, since all binding assays were carried out in a
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FIG. 6. RNA binding of C-terminally truncated polymerase proteins. (A) Schematic representation of the domain structure of the 786-aa
DHBYV polymerase protein. Polymerase protein was truncated at aa 728, 568, 472, and 389, as indicated by arrows. YMHA (aa 513/514) is a double
missense mutation in the conserved reverse transcriptase motif YMDD. Below each truncation is indicated its ability to bind RNA and prime DNA
synthesis. TP, terminal protein; RT, reverse transcriptase. (B) Truncation products were tested for binding to DHBV € and HBV ¢, using the
streptavidin-biotin-based precipitation assay described in the legend to Fig. 2B. Lanes 1 and 11, molecular size standards; lane pairs 2-4, 5-7, 8-10,
12-14, 15-17, and 18-20, binding by WT polymerase, polYMHA, pol728, pol568, pol472, and pol389, respectively. P lanes indicate 1/10 of the total
protein analyzed per binding reaction; de and he lanes indicate binding to DHBV ¢ and HBV ¢, respectively. Major truncation products are
indicated by arrowheads in each P lane. Sizes are indicated in kilodaltons.

reticulocyte lysate, we cannot formally exclude the possibility
that the polymerase-¢ interaction is indirect, i.e., that a cellular
factor may participate in the binding. Experiments are under
way to investigate this possibility. Since DHBV polymerase
contains no currently known RNA binding motif (e.g., ribonu-
cleoprotein motif, KH motif, RGG box, zinc finger, Arg-rich
motif [25]), it is of great interest to characterize further the
nature of this RNA-protein interaction.

Polymerase-RNA binding initiates both encapsidation and
DNA synthesis. Mutational analysis of the € stem-loop reveals
that all lesions that ablate P protein-RNA binding block both
RNA encapsidation and DNA priming and that all mutations
that diminish or abolish RNA packaging have parallel effects
on DNA priming. These data strongly suggest that the same
RNA recognition event is necessary to initiate both reactions.

The precise molecular events that follow P-e complex for-
mation are unknown for both of these reactions. For RNA
encapsidation, the simplest model would be that the P-RNA
complex is recognized by assembling C-protein subunits via
noncovalent interactions between C and P polypeptides. Such
interactions could be direct or could be mediated by accessory
host proteins. But in either case, such interactions must not be
possible with free polymerase, since mutant viruses with &
deletions do not encapsidate P protein chains (3). (Another
possibility is that P-e interactions alter the € RNA structure
such that it can be directly recognized by C protein; however,
the sequence nonspecificity of C protein-RNA interactions [4]
makes such a model unlikely.) Irrespective of their molecular
details, models that envision the P-& complex as the target of
the encapsidation machinery are satisfying because they solve
the problem of ensuring the encapsidation of the polymerase.
This solution is different from that employed by retroviruses,
which resolve this dilemma by synthesizing their polymerases

as Gag-Pol fusion proteins; these are then incorporated into
the capsid through interactions between the Gag portion of the
fusion and other Gag subunits.

In HBV, € sequences alone are sufficient to mediate encap-
sidation. This is not the case in DHBV, in which a second RNA
region some 900 nt downstream of ¢ is also required for RNA
encapsidation (6, 18). A similar requirement for auxiliary
encapsidation sequences has been reported for several retro-
viruses (24). How these downstream sequences are involved in
the encapsidation process is uncertain. Clearly, they are not
required for pgRNA recognition by polymerase, since DHBV
¢ alone can bind P protein. However, these downstream
sequences may provide additional P-protein binding sites, be
involved in the recruitment of core protein or cellular factors,
or even participate in RNA-RNA interactions that generate
structures required for efficient encapsidation.

The packaging process thus delivers to the virion a pgRNA
molecule on which active polymerase is already bound to
sequences known to be functional in initiation of reverse
transcription. While it is clear that extensive DNA synthesis
does not occur prior to encapsidation, it is not known whether
this is also true for the synthesis of the 3- to 4-nt, P-linked
DNA primer in vivo. Because in vitro DNA priming and
synthesis can occur in the absence of core protein (35), these
events could occur either prior to or concomitantly with RNA
packaging in vivo. The cis preference that polymerase exhibits
for encapsidating (and therefore replicating) the pgRNA from
which it has been translated suggests that all of these events
might in fact occur cotranslationally in vivo. However, in vitro
we observe no strict requirement for cotranslational binding of
P protein to € sequences.

Polymerase-RNA interaction is necessary but not sufficient
for RNA packaging and DNA priming. As discussed above, all
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RNA packaging
DNA priming

FIG. 7. Polymerase-¢ interaction initiates viral RNA encapsidation
and DNA synthesis. Polymerase (pol) is shown binding the € stem-loop
RNA structure. A proposed host factor (HF) is diagrammed contact-
ing the loop region. This proposed complex mediates RNA encapsi-
dation and DNA priming. Details of the model are considered in the
text.

RNA mutations that we have tested that block polymerase-
RNA binding block both packaging and DNA priming,
strongly implying that stem-loop binding by polymerase is
required for these reactions. However, the phenotype of
DHBYV loop mutations reveals that while P protein-RNA
binding is necessary for these steps, it is not sufficient. The
Loop3-4 and Loop5-6 mutants, which bind polymerase at 25
and 100% of WT levels, respectively, demonstrate no detect-
able RNA packaging activity and severely reduced (1 to 5% of
WT levels) DNA priming. A critical role for loop nucleotides
in HBV encapsidation has also been described (26).

Why might this be so? That loop mutants inhibit RNA
packaging might seem at first to implicate a possible role of the
loop in C-protein recognition. However, loop mutations are
equally disruptive to DNA priming, which occurs indepen-
dently of core protein. We therefore propose that some
additional factor(s), perhaps of host origin, may be required to
effect both the RNA packaging and DNA priming functions. It
is attractive to speculate that such a factor(s) might contact the
loop region (nt 3 to 6) of &, thereby being brought into close
proximity with bound P protein (Fig. 7). Such a putative
factor(s) might then activate the RNA packaging and DNA
priming activities of P protein, for example by inducing a
conformational change or by catalyzing a covalent modification
(or both). It is not unreasonable to expect that such factors
could be present in the rabbit reticulocyte lysate; although
hepadnaviral replication is highly species and tissue restricted
in vivo, most of these restrictions can be bypassed if the
promoter driving pgRNA expression, which is normally liver
specific, is replaced by a more broadly active heterologous
promoter (30). Thus, most cells appear to have whatever host
machinery is required to support pgRNA packaging and
reverse transcription.

The C terminus of polymerase is dispensable for RNA
binding but not RNA packaging. By producing C-terminally
truncated versions of polymerase in vitro, we have demon-
strated that the C terminus of polymerase (beyond aa 568) is
not required for RNA binding and DNA priming. In vivo,
however, several deletion mutations and even single missense
mutations introduced in the C terminus of polymerase (beyond
aa 568) abolish RNA packaging (2, 8, 17, 27). It is a formal
possibility that all of these mutations merely destabilize the P
polypeptide in vivo. However, we favor a model in which the C
terminus of polymerase, encompassing the RNase H domain
of the protein, functions at a step in RNA encapsidation
subsequent to RNA binding. Perhaps this region of polymerase

J. VIROL.

functions in contacting core protein to promote viral assembly.
Because the same C-terminal deletions do not inactivate DNA
priming, however, this region cannot be involved in interac-
tions with the putative host factors mentioned above, unless
separate factors participate in the activation of packaging and
priming.
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