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The terminal regions of hepatitis B virus (HBV) pregenomic RNA (pgRNA) harbors sites governing many
essential functions in the viral life cycle, including polyadenylation, translation, RNA encapsidation, and DNA
synthesis. We have examined the binding of host proteins to a 170-nucleotide region from the 5’ end of HBV
pgRNA; a large portion of this region is duplicated at the 3’ end of this terminally redundant RNA. By UV
cross-linking labeled RNA to HepG2 cell extracts, we have identified a 65-kDa factor (p65) of nuclear origin
which can specifically bind to this region. Two discrete binding sites were identified within this region; in vitro
cross-competition experiments suggest that the same factor binds to both elements. One binding site (termed
UBS) overlaps a portion of the highly conserved stem-loop structure (¢), while the other site (termed DBS)
maps 35 nucleotides downstream of the hexanucleotide polyadenylation sequence. Both binding sites are highly
pyrimidine rich and map to regions previously found to be important in the regulation of viral polyadenylation.
However, functional analysis of mutant binding sites in vivo indicates that p65 is not involved in the polyad-
enylation of HBV pgRNA. Potential roles for the factor in viral replication in vivo are discussed.

Hepadnaviruses are small hepatotropic viruses that produce
persistent infection of liver cells in a variety of hosts and can
cause hepatocellular carcinoma (for a recent review, see ref-
erence 14). Upon entering the cell, hepadnaviral capsids are
transported to the nucleus, where their 3- to 3.3-kb partially
duplex DNA genomes are converted into covalently closed
circular molecules (24). The covalently closed circular DNA is
used for transcription of subgenomic and pregenomic RNAs
(pgRNAs) by host RNA polymerase II. The terminally redun-
dant (2, 12, 13) pgRNA serves two functions: it is used for
translation of the viral polymerase (P) and core (C) proteins
(3, 4, 31), and it also serves as the template for viral DNA
synthesis (36).

The terminal redundancy in pgRNA harbors sequences that
are essential for several aspects of the virus life cycle, including
polyadenylation, translation, RNA packaging, and DNA syn-
thesis (see Fig. 7). The 5’ copies of these sequences play key
roles in viral RNA packaging and translation, while important
contributions to viral polyadenylation and reverse transcription
are made by sequences in (and adjacent to) both terminal
redundancies. Specifically, the 5’ copy of the redundancy con-
tains a highly conserved stem-loop (€) structure involved in
RNA packaging (18, 20, 21, 26) and DNA priming (37, 40); the
viral polymerase is required for both processes (1, 17). In duck
hepatitis B virus (DHBV), P protein has been shown to bind
specifically to this structure in vitro (27, 39). DNA priming
occurs at a bulge in the stem-loop, thus generating a P-linked
oligonucleotide that is approximately 4 nucleotides (nt) long.
This short oligonucleotide is then transferred to a complemen-
tary sequence within the 3’ copy of the redundancy, whereupon
elongation proceeds (37, 40). Most € mutations that affect P-¢
binding also inhibit both RNA packaging and DNA priming.
Some mutations in the apical loop of €, however, do not sig-
nificantly alter the P-RNA interaction but do affect RNA pack-
aging and reverse transcription (27). This finding suggests that
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additional factors, perhaps of host origin, may be involved in
RNA encapsidation and DNA priming.

The terminal redundancy also contains the hexanucleotide
polyadenylation signal [poly(A) signal] that, in its 3’ represen-
tation, allows polyadenylation of the pgRNA. This signal lies
downstream from the € structure and differs from the canonical
signal (AAUAAA) by one base (UAUAAA) (33). This variant
is known to function poorly; hepadnaviruses possess additional
upstream elements (processing signals [PS]) to increase the
efficiency of polyadenylation (28), and one of these signals
(PS2) is contained within the terminal redundancy. Deletions
of the 3’ copy of PS2 in ground squirrel hepatitis B virus
(GSHV) significantly lower the polyadenylation efficiency of
viral RNA (7, 28). Moreover, downstream of the cleavage site
for polyadenylation (and hence just outside of the terminal
redundancy) are additional U-rich sequences that are essential
for the correct and efficient polyadenylation of human hepatitis
B virus (HBV) RNA (33).

Because of the importance of the terminal regions of
pgRNA in these many processes, and because of genetic evi-
dence suggesting that host factors may contribute to some of
them (27, 28), we looked for host factors able to recognize viral
RNA sequences in and around the termini. Here we (i) de-
scribe the identification of a 65-kDa host factor that can spe-
cifically recognize this region and (ii) characterize its binding
sites on the viral genome. Multiple binding sites for the factor
are present in pgRNA and map to regions thought to be
important in polyadenylation in the related hepadnavirus
GSHV. However, mutational analysis suggests that the protein
plays no role in polyadenylation, and mapping of its binding
sites shows that most fall outside of elements known to func-
tion in RNA packaging (26). Models for its potential roles in
viral replication are discussed.

MATERIALS AND METHODS

Materials. Restriction enzymes were purchased from New England Biolabs.
T3 and T7 polymerases were purchased from Promega. Taql polymerase was
purchased from Perkin-Elmer. All of the enzymes and kits were used according
to the manufacturers’ instructions.

Plasmids and RNA transcripts. The pHPg series constructs were used to
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transcribe different portions of the HBV pgRNA. In these constructs, the num-
bering corresponds to the tract of the pgRNA transcribed, where +1 is nt 1815
from the unique site EcoRI of HBVadw?2 (38). pHPg1-172 is pe-BS, pHPg27-115
is pec, and pHPg1-92 is pef described by Pollack and Ganem (26). The corre-
sponding RNAs were transcribed by using the T3 promoter after linearization
with Smal. pHPg91-172, pHPg91-172/UAGAAA, pHPg1-92/LowerL, pHPg1-43,
pHPg1-30, pHPg1-36, and pHPg19-43 were obtained by cloning the correpond-
ing DNA region after PCR amplification from pHPg1-172 with the exception of
pHPg1-92/LowerL. In this case, the DNA template used was pe-LowerL (26).
The oligonucleotides used for the PCR amplification contained restriction sites
to allow the cloning into either BarnHI-HindIIl or BamHI-Kpnl of the pBS(—)
vector (Stratagene). For pHPg91-172/UAGAAA, the 5’ oligonucleotide used for
in the PCR amplification contained one mismatch compared with the HBV
sequence to introduce one base pair change in the poly(A) hexanucleotide from
TATAAA to TAGAAA. The corresponding RNAs were transcribed from the T3
promoter after linearization with either EcoRI or Smal. To construct pHPg91-
116 and pHPg116-172, the HindIlI-BamHI fragment containing nt 91 to 172 of
HBV pgRNA in pHPg91-172 was gel purified and then Alul digested. The two
products of this digestion were cloned into either HindIII-Smal of pBS(—),
generating pHPg91-116, or into BamHI-Smal of pBS(—), generating pHPgl116-
172. The RNA from pHPg91-116 was transcribed from the T3 promoter after
linearization with EcoRI. The RNA from pHPg116-172 was transcribed from the
T7 promoter after linearization with Sa/l. HPg116-163, HPg116-146, HPgl126-
172, and HPg141-172 were obtained by cloning the correponding DNA region
after PCR amplification from pHPg116-172 into BamHI-Kpnl of pBS(—). Tran-
scription proceeded from the T7 promoter after linearization with BamHI.

Upstream binding site (UBS) constructs UBS1, UBS2, UBS3, and UBS4 were
made by PCR amplification using pHPgl-43 as the DNA template. The 5’
oligonucleotide was complementary to the vector, and the 3’ oligonucleotides
contained 5-bp mismatches to the wild-type HBV sequence. These mismatches
were used to introduce the following mutations: nt 19 to 23, CTAAT to GATTA
(UBS1); nt 24 to 28, CATCT to GTAGA (UBS2); nt 29 to 33, CTTGT to
GAACA (UBS3); and nt 34 to 38, CACTG to TGTAC (UBS4).

Downstream binding site (DBS) constructs DBS1 and DBS2 were made by
PCR amplification using pHPg141-172 as the DNA template. The 3’ oligonu-
cleotide was complementary to the vector, and the 5’ oligonucleotides intro-
duced mutations at nt 158 to 162 (CTTCC to GAAGG; DBS2) and at nt 153 to
157 (CTTTC to GAAAG; DBS2). DBS3 and DBS4 were constructed by using
the same DNA template. However, the 5’ oligonucleotide was complementary to
the vector, and the 3’ oligonucleotides introduced the mutations at nt 152 to 148
(GACTT to CTGAA; DBS3) and at nt 143 to 147 (CTTCt to GAAGA; DBS4).

The pGPg series constructs were used to transcribe different portions of the
GSHYV pgRNA. In these constructs, the numbering corresponds to the tract of
the pgRNA, where nt +1 corresponds to nt 1 in the sequence determined by
Seeger et al. (31a). pGPgl-177 is pG107T described by Cherrington et al. (7).
The corresponding RNA was transcribed by using the SP6 promoter after lin-
earization with EcoRI. pGPgl-102 was obtained by digesting the gel-purified
200-bp HindII-EcoRI fragment from GPgl-177 with BstY and cloning it into
Smal-EcoRI of pBS(—). The corresponding RNA was transcribed from the T3
promoter after linearization with EcoRI. pGpgl12-177, pGPg120-160, pGPg130-
177, and pGPg130-160 were obtained by cloning the corresponding DNA region
after PCR amplification from pGPgl-177. The oligonucleotides used contained
the restriction sites to allow the cloning into HindIII-EcoRI of the pBS(—)
vector. The corresponding RNA were transcribed from the T3 promoter after
linearization with EcoRI.

pBS(—)T3 control transcript was obtained by using the vector pBS(—) as the
template after digestion with Pvull. Transcription from the T3 promoter gener-
ates a RNA approximately 150 nt long.

The RNAs were labeled with [«-**P]JUTP (3,000 Ci/mmol; Amersham) to a
specific activity of 2.94 X 107 cpm/pg. After labeling, the RNAs were gel purified
and eluted in 0.5 M ammonium acetate-0.1% sodium dodecyl sulfate (SDS) at
4°C overnight. The unlabeled RNAs were synthesized by using T7 and T3
Megascript kits (Ambion). All of the RNAs, after precipitation, were resus-
pended in 20 mM KCl, heated to 65°C, and allowed to slowly cool.

srcAsHBV1636-2602 and srcAsHBV1800-2400 were used to obtain
srcAsHBV1636-2400. srcAsHBV1636-2600 was obtained by cloning AlwNI-Apal
of HBV DNA into BamHI of srcAs vector (6). Before cloning, AIwNI was
blunted and ligated with BamHI linkers. srcAsHBV1800-2400 was obtained by
cloning into BamHI of srcAs vector the PCR-amplified fragment of HBV be-
tween nt 1800 and 2400. Finally, since srcAs has one Bg/II site just upstream of
BamHI, the 300-bp Bgl/II fragment from srcAsHBV1636-2602 was used to sub-
stitute for the 100-bp Bgl/II fragment of srcAsHBV1800-2400.

The constructs srcAsHBV1636-2400/UBS2, srcAsHBV1636-2400/DBS3, and
srcAsHBV1636-2400/UBS2-DBS3 were obtained by site-directed mutagenesis.
We modified the vector pAlter (Promega) by replacing the PstI-Sphl sites with
BstE-Bglll-Hpal sites generating pAlter(M). The 300-bp Bg/II fragment from
srcAsHBV1636-2400 was cloned into pAlter(M), and this construct was used to
generate single-stranded DNA for site-directed mutagenesis according to the
Promega protocol. The oligonucleotide CTTTTTCACCTCTGCCTAATGT
AGACTTGTACATGTCCCAC was used to introduce UBS2 (underlined), and
the oligonucleotide CTCGTTTTTGCCTTCTCTGAACTTTCCTTCCGTCAG
to introduce DBS3 (underlined). For the double mutation, two rounds of site-
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directed mutagenesis were performed. The fragments containing the desired
mutations were reintroduced into srcAsHBV1636-2400.

All fragments that were either amplified by PCR or subjected to site-directed
mutagenesis were fully sequenced to ensure the absence of additional mutations.

Protein extracts. Cytoplasmic extracts were prepared from 50% confluent
HepG2 cells as described by Li and Kelly (22). Nuclear extracts from 80%
confluent HepG2 and 2.2.15 (32) cells were prepared as described by Dignam et
al. (10). The activity of the nuclear extracts was checked by an in vitro transcrip-
tion assay dependent on RNA polymerase II. The template for transcription was
a plasmid containing the adenovirus major late promoter linked to a 400-bp
DNA fragment lacking guanosines previously described by Sawadogo and Roe-
der (30).

RNA-protein cross-linking. Seventeen micrograms of either nuclear or cyto-
plasmic extract was incubated with 4 ng of uniformly labeled RNA in the pres-
ence of an excess of tRNA (2 pg) in binding buffer (5 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.5], 5% glycerol, 25 mM
KCl, 1.5 mM MgCl,, 0.5 mM dithiothreitol, 0.05 mM EDTA). After 10 min of
incubation at room temperature, the reaction mixtures were transferred to a
microliter dish on ice and UV cross-linked for 30 min, using a UV-Stratalinker
2400 (Stratagene) at a distance from the UV lamps of approximately 5 cm. A
mixture of RNases A (Sigma) and T, (Sigma) was added at final concentrations
of 0.5 pg/ul and 0.5 U/pl, respectively, and each reaction mixture was then
incubated for 30 min at 37°C. Finally, protein sample buffer (50 mM Tris [pH
6.8], 2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.01% bromophenol blue)
was added, and the complexes were analyzed on a an SDS-12.5% polyacrylamide
gel. Titration of increasing amounts of the labeled RNA on the 17 pg of nuclear
extract revealed that in these binding conditions, there is an excess of p65 to
labeled RNA. In the competition experiments, the nuclear extract was incubated
as described above, with the additional presence of increasing amounts of unla-
beled RNAs; the molar excess of the unlabeled RNAs to labeled RNAs varied in
different experiments (see the figure legends).

Cell culture, transfections, and RNA analysis. HepG2 human hepatoma and
293T (11) cells were grown in Dulbecco’s modified essential medium supple-
mented with 10% fetal calf serum. Transfections were performed by calcium
phosphate precipitation as previously described (5). In each transfection, we
used 7.5 ug of plasmid construct along with 3 pg of plasmid pXGHS for the
growth hormone assay (HGH-TGES Transient Gene Expression; Nichols Insti-
tute) used to determine the transfection efficiency. The poly(A)* mRNA was
prepared 48 h posttransfection as previously described (16) and then analyzed by
standard Northern (RNA) hybridization (29). The probe was prepared by ran-
dom priming on a template of the gel-purified Mlul-BglII fragment of src cDNA,
using a Rediprime kit (Amersham). Prehybridization and hybridization were
performed at 65°C in Church buffer (8).

RESULTS

A 65-kDa host factor that binds to the 5’ end of HBV
pgRNA. To determine if any host factor was able to specifically
bind to the terminal regions of HBV pgRNA, we prepared
cytoplasmic and nuclear extracts from the human hepatoma
cell line HepG2. This cell line was chosen because it is fully
permissive for viral replication (32). Our first probe was a
172-nt in vitro transcript (HPg1-172) initiating near the cap site
of pgRNA and including the entire 5'-terminal redundancy
and 45 nt immediately downstream of it. The extracts were
incubated with uniformly labeled HPgl-172 RNA at room
temperature in the presence of an excess of nonviral RNA to
minimize the background from nonspecific interactions. The
protein-RNA complexes were UV cross-linked and, after ex-
tensive RNase digestion, analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE). This analysis revealed that at least
three labeled species could be detected (Fig. 1A, lane 4). The
faster-migrating band can be resolved in two bands corre-
sponding to two factors with estimated molecular masses of
40.5 and 42.5 kDa. The more slowly migrating band has an
estimated molecular mass of 65 kDa. All three species were
sensitive to proteinase K digestion, confirming their polypep-
tide nature (not shown). None of these proteins formed com-
plexes with a uniformly labeled control transcript from the T3
promoter of the pBS(—) vector (Fig. 1A, lane 2) even though
this transcript contains a 25-nt region that is 80% U/C rich.
These host factors are of nuclear origin: incubation of equiv-
alent amounts of cytoplasmic extract with labeled HPgl-172
revealed only faint signals at the same molecular weight as for
the nuclear extract (data not shown). It is possible that the faint
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FIG. 1. Nuclear proteins bind to the 5’ 172 nt of HBV pgRNA. (A) SDS-
PAGE analysis of nuclear extract from HepG2 cells incubated with either labeled
RNA from pBS(—) (lanes 1 and 2) or labeled HPg1-172 (lanes 3 and 4) and then
either stored on ice (lanes 1 and 3) or UV cross-linked (lanes 2 and 4). (B)
Competition experiment with unlabeled RNAs. The nuclear extract was incu-
bated and UV cross-linked with labeled HPgl1-172 only (lane 1) or with that
RNA in the presence of increasing amounts of unlabeled RNA from pBS(—)
(lanes 2 to 4) or HPg1-172 (lanes 5 to 7). The weight ratios of unlabeled to
labeled RNA were 40-fold in lanes 2 and 5, 200-fold in lanes 3 and 6, and
280-fold in lanes 4 and 7.

signals in the cytosolic extracts result from trace contamination
by nuclear components.

To confirm the specificity of the interactions, the nuclear
extract was incubated with labeled HPg1-172 and with increas-
ing amounts of unlabeled specific (HPg1-172) or nonspecific
[pBS(—) T3] competitor RNA. As shown in Fig. 1B, cross-
linking of the 65-kDa species to labeled HPg1-172 was specif-
ically competed for by HPg1-172 but not by the nonspecific
competitor. These results indicate that this 65-kDa factor binds
specifically to this region of HBV pgRNA; hereafter we shall
refer to it as p65. In this experiment, the cross-linking of 40.5-
and 42.5-kDa species to labeled HPgl-172 is very weak and
appears to be abolished by both the specific and the nonspe-
cific competitors. The intensity of the signal for these com-
plexes, however, varied from experiment to experiment, sug-
gesting either that they are degradation products of p65 or that
the binding conditions used are not adequate to allow consis-
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tent detection of these interactions. In this work, we studied
exclusively the more reproducible 65-kDa signal.

To determine whether active viral replication would cause a
change in the pattern of proteins bound to this region, a nu-
clear extract was also prepared from 2.2.15, a HepG2 cell line
that is stably transfected with HBV DNA and thus produces
HBV (32). Incubation of this extract with labeled HPgl-172
gave the same UV cross-linking pattern as with the nuclear
extract prepared from nontransfected HepG2 cells (not
shown). Although HBV P protein is thought to interact with €
sequences in this region, we did not detect this interaction by
UV cross-linking, a result which is likely attributable to the
extremely low abundance of P protein in infected cells and/or
to its preferential sequestration in cis by endogenous HBV
RNA in the extract.

p65 binds to two discrete sites in the 5’ region of HBV
pgRNA. It has previously been shown that some mutations in
the apical loop of DHBYV ¢ do not significantly affect the ability
of P protein to bind €. However, in both HBV and DHBV,
RNA packaging levels are severely affected by such loop mu-
tations (26, 27), suggesting that other factors, possibly of host
origin, may be involved in these processes. To determine
whether p65 might be one such factor, we tested the ability of
the nuclear extract to bind to HPg1-172 sequences carrying the
loop mutation Loopl-4, which changes 4 of the 6 nt in the
apical loop and strongly impairs RNA encapsidation in vivo
(26). As shown in Fig. 2A, p65 binds to this mutant RNA. This
result was also confirmed by competition experiments in which
the extract was incubated with labeled wild-type HPg1-172 in
the presence of increasing amounts of unlabeled Loopl-4
RNA as the competitor. In these experiments, Loop1-4 com-
peted efficiently with wild-type HPg1-172 for p65 binding (data
not shown).

To determine the location of the p65 binding site(s) in this
region, the extract was incubated with labeled RNAs corre-
sponding to either the 5’ half of pgRNA1-172 (HPg1-92) or the
3’ half of this region (HPg91-172). The result was that p65
binds to both fragments, indicating the presence of at least two
discrete binding sites in the 5’ 172 nt of HBV pgRNA (Fig.
2B). Cold competition experiments were performed to exclude
the possibility that the RNA-protein complex detected at 65
kDa was actually a mixture of two different proteins binding to
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FIG. 2. p65 binds to two discrete binding sites. (A) SDS-PAGE analysis of nuclear extract incubated (all lanes) and UV cross-linked (lanes 2 and 4) with either
labeled HPg1-172 (lanes 1 and 2) or labeled HPg1-172 containing loop mutation Loop1-4 (lanes 3 and 4). (B) SDS-PAGE analysis of nuclear extract incubated and
UV cross-linked with labeled HPgl1-172 (lane 1), labeled HPg1-92 (lane 2), or labeled HPg91-172 (lane 3). (C) Competition experiment with unlabeled RNAs. The
nuclear extract was UV cross-linked to labeled HPg1-172 only (lane 1) or to this RNA in the presence of increasing amounts of unlabeled HPg1-172 (lanes 2 and 3),
HPgl1-43 (lanes 4 and 5), HPg91-173 (lanes 6 and 7), or RNA from pBS(—) (lanes 8 and 9). The molar excesses of unlabeled to labeled RNA were 50-fold in lanes

2,4, 6, and 8 and 250-fold in lanes 3, 5, 7, and 9.
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FIG. 3. Delimitation of UBS. (A) SDS-PAGE analysis of nuclear extract UV
cross-linked to HPg1-92 (lane 1) and its derivatives containing deletions from the
5" end (lane 3), from the 3’ end (lanes 5, 6, and 8), or from both ends (lane 6).
In lane 2, the extract was UV cross-linked to HPg1-92 containing a mutation that
destroyed the pairing in the lower stem of €, HPg1-92/LowerL (26). In lane 3, the
labeled RNA, HPg27-115, contained a 5’ deletion but included additional 3’
sequence containing the poly(A) signal. (B) Scheme of the RNAs tested for their
ability to be recognized by p65 with respect to the indicated sequence landmarks
present in the first 92 nt of HBV pgRNA. At the right is shown a scoring of the
UV cross-linking results: ++, 25 to 100% of wild-type binding; +, binding
reduced to 10 to 25% of the wild-type level; —, less than 5 to 10% of wild-type
binding.

the two sites. Figure 2C shows the extract incubated with la-
beled full-length HPgl-172 in the presence of increasing
amounts of unlabeled competitor RNAs corresponding to ei-
ther the full-length RNA (HPgl-172 [lanes 2 and 3]), the
upstream binding site UBS (HPgl1-43 [lanes 4 and 5]), the
downstream binding site DBS (HPg91-172 [lanes 6 and 7]), or
a nonspecific RNA [pBS(—)T3 (lanes 8 and 9)]. Both UBS and
DBS can fully compete with HPg1-172 for p65 binding. Fur-
thermore, one aliquot of the extract was incubated with labeled
UBS and one was incubated with labeled DBS, both in pres-
ence of increasing amounts of unlabeled UBS or DBS. In both
cases, p65 binding to the labeled RNA was competed for by
both unlabeled RNAs. These results strongly suggest that iden-
tical or closely related factors bind to both UBS and DBS.
To map each binding site more precisely, we constructed a
series of plasmids that allowed expression of smaller portions
of the 5" region of HBV pgRNA. RNA transcribed in vitro
from each of these constructs was then tested for its ability to
be cross-linked to p65 in nuclear extracts. Figure 3 shows that
UBS is fully contained within nt 1 to 43, with fragments as
short as those spanning nt 19 to 43 still displaying detectable
(albeit reduced) binding. UBS therefore overlaps a portion of
one arm of the lower stem of €, but clearly the € secondary
structure cannot be required for p65 binding. UBS also over-
laps the HBV region corresponding to PS2, the sequence that
was found to be important for efficient usage of the poly(A)
signal in the closely related hepadnavirus GSHV (see Fig. 8)
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FIG. 4. Delimitation of DBS. (A) SDS-PAGE analysis of nuclear extract UV
cross-linked to HPg91-172 (lane 1) and its derivatives containing deletions from
the 5’ end (lanes 4, 7, and 8), from the 3’ end (lane 3), or from both ends (lanes
5 and 6). The RNA used in lane 2, HPg91-172, contained a mutated poly(A) site.
(B) Scheme of the RNAs tested for the ability to be recognized by p65. At the
right is a semiquantitiative scoring of the binding results as in Fig. 3B.

(7, 28). Figure 4 shows that the minimal region encompassing
all DBS sequences competent to bind p65 falls between nt 141
and 163. This site is 35 nt downstream of the poly(A) signal
and coincides with the U-rich region implicated in the polyad-
enylation of HBV RNAs (see Fig. 8) (33).
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FIG. 5. Mutational analysis of p65 binding sites. (A) Sequence of the mini-
mal region defining UBS and depiction of the nucleotide sequence changes
introduced in each mutant RNA; at the right is a scoring of the binding assay as
in Fig. 3B. WT, wild type. (B) SDS-PAGE analysis of nuclear extract UV
cross-linked either to labeled HPgl-43 (lane 1) or to each of the indicated
labeled mutant RNAs. (C) Sequence of the minimal region defining DBS and
scheme of the changes made in each mutant RNA, with schematic scoring of the
binding reaction at the right. (D) SDS-PAGE analysis of nuclear extract UV
cross-linked either to labeled HPg141-172 (lane 1) or to each of the indicated
labeled mutant RNAs.
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FIG. 6. Measurement of the efficiency of the HBV poly(A) site in the pres-
ence or absence of mutations interfering with p65 binding. (A) Scheme describ-
ing the tandem poly(A) site assay. The wavy lines represent the RNA products
after polyadenylation at either the HBV poly(A) site (HBVpA) or the SV40
poly(A) site (SV40pA). (B) Northern analysis of poly(A)* RNAs from HepG2
cells (left) and 293T cells (right) transfected with vector alone (srcAs: lanes 1 and
6), vector with wild-type (wt) HBV sequence between nt 1636 and 2400 (lanes 2
and 7), or the HBV sequence from nt 1636 to 2400 containing the UBS2
mutation (lanes 3 and 8), the DBS3 mutation (lanes 4 and 9), or the UBS2/DBS3
double mutation (lanes 5 and 10).

Characterization of p65 binding sites. Both UBS and DBS
are about 20 nt long but do not show any significant primary
sequence homology to one another (Fig. SA and C). Both are,
however, highly pyrimidine rich: UBS is 66% U/C rich, and
DBS is 90% U/C rich. To characterize the two sites in more
detail, blocks of 5 adjacent nt were converted to their comple-
mentary sequences in each binding site, and the resulting mu-
tant RNAs were tested for p65 binding by UV cross-linking in
nuclear extracts (Fig. 5). The mutations were examined in the
context of the shortest RNAs that were efficiently bound by
p65; accordingly, the UBS mutations were introduced into
pHPgl1-43, and the DBS mutations were introduced into
pHPg141-172. Figure 5A shows that only the central core of
UBS is critical for p65 binding (mutants UBS2 and UBS3).
Strikingly, this central core is 80% U/C. In contrast, a some-
what larger region seems to be necessary for p65 binding to
DBS, as all four clusters of mutations in DBS severely affected
the binding (Fig. 5B). These results were confirmed by com-
petition experiments in which the extract was incubated with
either labeled HPgl1-43 or labeled HPg141-172 in the presence
of increasing amounts of unlabeled UBS mutants or DBS mu-
tants, respectively. Only those mutants which scored as binding
competent in Fig. 5 effectively competed with wild-type se-
quences for p65 binding under these conditions (data not
shown).

p65 is not involved in HBV polyadenylation. As noted above,
both UBS and DBS overlap regions that have been previously
found to be important for polyadenylation of hepadnaviral
RNAs. This finding suggested that p65 may play a role in this
process. To test this possibility, we examined the effects of
wild-type and mutant UBS and DBS sequences on polyadenyl-
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ation in vivo, using a tandem poly(A) site assay previously
characterized (6). In this assay (Fig. 6A), an HBV region (nt
1636 to 2400) containing all information required for efficient
usage of the HBV poly(A) signal was cloned downstream a
1.6-kb c-src cDNA driven by a simian virus 40 (SV40) pro-
moter. In this construct, 3’ of the HBV DNA there is an SV40
early poly(A) signal. When the HBV poly(A) signal is used, the
resulting RNA is 1.8-kb long. When the HBV signal is not
used, the RNA is polyadenylated at the SV40 signal, producing
a larger RNA of 2.7 kb. The relative ratio of the two RNAs is
a measure of the efficiency of the usage of the HBV poly(A)
signal. For wild-type HBV sequences, 65% of the transcripts
were processed at the HBV poly(A) site; the remaining 35%
read through and were processed at the SV40 poly(A) site.
Into this construct we then introduced the UBS2 mutation, the
DBS3 mutation, or the UBS2/DBS3 double lesion and ana-
lyzed the efficiency of polyadenylation at the HBV site. Figure
6B shows that in HepG2 cells, mutations that abolish p65
binding at DBS have no effects on polyadenylation at the HBV
poly(A) site (lane 4). Mutations abolishing binding to UBS
slightly improve the utilization of the HBV site (lane 3). How-
ever, since this effect is small and is not conserved in the
mutant with both binding sites altered (lane 5), the effects of
UBS mutation on polyadenylation do not seem to be signifi-
cant. Identical results were also obtained in a nonhepatic cell
line, 293T (Fig. 6B, lanes 6 to 10).

p65 specifically binds to the termini of another hepadnavi-
ral pgRNA. If p65 plays an important role in hepadnaviral
infection, the binding sites for this factor would be expected to
be conserved in other mammalian hepadnaviruses. To explore
this possibility, we examined whether p65 would interact with
the terminal region of the pgRNA of the related virus GSHV.
Similarly to what we observed with the HBV pgRNA, a UV
cross-linking assay on labeled 5’ 177 nt of GSHV pgRNA
incubated with HepG2 nuclear extract revealed a 65-kDa com-
plex (Fig. 7A, lane 1). Moreover, competition experiments in
which the extract was incubated with labeled GSHV pgRNA
(GPg1-177) in the presence of increasing amounts of unlabeled
specific GSHV RNA (GPgl-177) or unlabeled nonspecific
RNA [pBS(—)] showed that this complex results from a highly
specific interaction, since only the GSHV RNA competed with
the probe for p65 binding (Fig. 7A, lanes 1 to 5). To assess if
this complex was formed by the same 65-kDa protein binding
to HBV pgRNA, the extract was incubated with labeled GSHV
pgRNA in the presence of unlabeled HBV RNA containing
either UBS (HPg1-92) or DBS (HPg91-177). Both HBV RNAs
efficiently competed with the GSHV RNA for p65 binding
(Fig. 7A, lanes 1 and 6 to 9), indicating that the same factor
specifically binds to both hepadnaviral pgRNAs.

p65, however, binds to only a single site on GSHV pgRNA
terminal region. Incubation of the extract with the labeled 5’
half of nt 1 to 177 of GSHV pgRNA (GPgl-102) did not
produce the UV cross-linked product of 65 kDa (Fig. 7B, lane
2). This result shows that GSHV does not contain a p65 bind-
ing site overlapping PS2 and corresponding to UBS of HBV;
this finding is consistent with the data showing that p65 does
not function in the polyadenylation processes. The 3’ half of
the nt 1 to 177 region of GSHV (GPgl12-177) was efficiently
bound by p65 (Fig. 7B, lane 3). The binding site is located
between nt 120 and 160, and significant binding activity is
retained by GPgl30-177 (data not shown). This p65 binding
site on the GSHV pgRNA termini maps in roughly the same
position as DBS of HBV. The sequence does not exhibit a high
primary sequence homology to either HBV UBS or HBV
DBS; nevertheless, like UBS and DBS, it is 83% pyrimidine
rich.



6808 PERRI AND GANEM

A A R
,'\ D f”w :
~ N ~ (=)
& g =Y >
& & & &
Cold A A A A

mRNA -

0?000000‘
P 3
— 28 kDa
A
~
S Sy
B LR NN
5SS
g
& &
~ M 206 kDa
.. —105 kDa
b '.— 71 kDa
— 44 kDa
- -
— 28 kDa
12 3

FIG. 7. p65 binds to the terminal region of GSHV pgRNA. (A) SDS-PAGE
analysis of nuclear extract incubated with labeled GPgl1-177 alone (lane 1) and in
the presence of increasing amounts of unlabeled GPg1-177 (lanes 2 and 3),
unlabeled RNA from pBS(—)T3 [pBS(—); lanes 4 and 5), and unlabeled HBV
RNAs containing either UBS (HPg1-92; lanes 6 and 7) or DBS (HPg91-172;
lanes 8 and 9). The molar excesses of unlabeled to labeled RNAs were 50-fold in
lanes 2, 4, 6, and 8 and 250-fold in lanes 3, 5, 7, and 9. (B) SDS-PAGE analysis
of nuclear extract incubated with labeled full-length GPgl-177 (lane 1), with
labeled 5" half of the RNA (GPgl-102; lane 2), or with labeled 3’ half of the
RNA (GPgl112-177; lane 3).

DISCUSSION

This study indicates that a 65-kDa host factor, present in the
nuclei of uninfected cells, can interact with two sites (UBS and
DBS) present in the first 170 nt of HBV pgRNA. Figure 8
shows a schematic depiction of the locations of UBS and DBS,
with reference to several other well-known landmarks in this
region of HBV or GSHV. Since a portion of this 170-nt se-
quence is also duplicated at the 3’ end of pgRNA, another
copy of UBS is present at the opposite end of the transcript.
The 3’ copy of DBS lies just downstream of the cleavage site
for polyadenylation and hence is excluded from mature
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pgRNA, but it is included within the nuclear pre-mRNA prior
to polyadenylation.

The binding sites for p65 are at least partially coextensive
with elements known to function in both polyadenylation and
encapsidation of pgRNA. The present data, however, indicate
that p65 interaction with these sites probably plays no major
role in either process. Explicit attempts to detect effects on
polyadenylation by using a sensitive in vivo assay known to
detect other regulators of hepadnaviral polyadenylation (7, 28)
showed no effect of mutational ablation of UBS, DBS, or both
(Fig. 6). Furthermore, GSHV pgRNA has not conserved the
p65 binding site (UBS) overlapping the polyadenylation up-
stream element (PS2). As regards RNA packaging, DBS and
the 3’ copy of UBS lie outside sequences previously shown to
be sufficient to allow encapsidation of heterologous RNAs
(26). The 5" UBS element partially overlaps sequences in-
volved in packaging, but it does not include the € stem-loop
structure known to be the principal determinant of this activity.
Certainly p65 is not the putative host factor proposed to ac-
count for the behavior of € mutations which block packaging
without affecting P protein binding (27).

Many interesting and important potential functions for the
p65-pgRNA interaction remain to be explored. Since p65 ap-
pears to be a nuclear protein, it could be involved in functions
such as the regulation of transcriptional pausing or elongation,
RNA stability, or the nuclear-cytoplasmic transport of pgRNA.
Its mainly nuclear localization, though, does not exclude a role
for this protein in processes that occur in the cytoplasm. The 5’
copy of UBS is in the 5" nontranslated region of the RNA and
could play a role in regulating the efficiency of translation
initiation at the C gene AUG. The 5’ copy of DBS is within the
C open reading frame, where it could affect translational elon-
gation of C protein or even initiation of P protein biosynthesis.
Certainly, p65 loaded onto the RNA in the nucleus could
remain associated with the transcript in the cytosol to regulate
translation.

Other important potential functions of p65-RNA interac-
tions could involve viral DNA synthesis. Since p65 molecules
can be bound to both ends of the RNA, it is tempting to
speculate that they may be involved in bringing the two ends of
the RNA template together, for example, by protein-protein
interactions either with each other or with additional polypep-
tides. Such an activity could facilitate the transfer of nascent
minus-strand DNA from the 5’ copy of € to the 3’ copy of DR1.
The binding of p65 to the 5’ copy of UBS, which is just down-
stream of DR1, could also play a role in the generation or
translocation of the RNA primer for plus-strand DNA synthe-

PolyA cleavage

FIG. 8. Schematic depiction of landmarks within the 5’ 172 nt of HBV pgRNA. The locations of p65 binding sites are noted with respect to elements known to
influence various functions in which this region plays an important role in several hepadnaviruses (see the text for more details). Black bar, PS2 polyadenylation-
enhancing element; DRI, extent of direct repeat sequence involved in DNA strand transfers; UAUAAA, HBV polyadenylation signal; arrows, poly(A) addition sites;

long box, U-rich region required for accurate and efficient poly(A) addition.
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sis (23, 35). Since p65 appears to be a nuclear factor, and since
viral DNA synthesis is largely cytoplasmic, any role for p65 in
this process would most likely require that the factor be loaded
onto the nuclear pre-RNA. There is ample precedent for im-
portant viral regulators interacting with nuclear representa-
tions of viral transcripts (for instance, tat and rev of human
immunodeficiency virus [9, 15]). We are now carrying out a
detailed analysis of the effects of UBS and DBS mutations on
viral RNA synthesis and genomic replication in HBV-trans-
fected HepG2 cells. Preliminary results reveal striking effects
on viral DNA synthesis whose nature and extent depend on
which p65 binding site is ablated. Such studies strongly suggest
that p65 binding is not simply a curiosity of in vitro experimen-
tation and indicate that p65 may play multiple roles in repli-
cation. The exact nature of these roles is under investigation.

We do not yet know the identity of p65 or understand its
normal role in uninfected cells. Certainly, other host proteins
are known to preferentially interact with pyrimidine-rich RNA
sequences. Examples of these include PTB, which was initially
defined as a splicing factor but also appears to play a role in
translational control in some picornaviruses (19), and U2AF, a
factor involved in RNA splicing (41). Both of these proteins
share with p65 the ability to bind to multiple different U/C-rich
primary sequences (34). Although PTB is described as a 57-
kDa protein, U2AF was initially defined as a 65-kDa RNA-
binding protein, making it a potential candidate for p65. Our
preliminary evidence, however, suggests that p65 is not iden-
tical to U2AF. Using RNA mobility shift asays, we find that
purified U2AF will, not surprisingly, bind to UBS and DBS,
but this binding is not ablated by all the mutations that block
UV cross-linking to p65 (25). Clearly, purification and charac-
terization of p65 will be required to unambiguously determine
its structure and clarify its function.
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