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Hepadnavirus polymerases initiate reverse transcription in a protein-primed reaction that involves the
covalent linkage of the first deoxyribonucleotide to the polymerase polypeptide. We recently expressed human
hepatitis B virus (HBV) reverse transcriptase (pol) in insect cells by using the recombinant baculovirus system.
The purified protein is active in nucleotide priming and reverse transcription reactions. In this report, we
demonstrate that the tyrosine residue at amino acid number 63 within the TP (terminal protein) domain of the
polymerase is the site of covalent linkage of the first nucleotide of minus-strand DNA. Analysis of pol
polypeptides with mutations in the TP and RT (reverse transcriptase) domains indicated that both domains
were required for in vitro nucleotide priming activity. Polymerase proteins with mutations in the TP and RT
domains were not capable of complementing each other in the nucleotide priming reaction, suggesting that
transcomplementation between full-length polypeptides was not possible. However, when the TP and RT
domains were expressed as separate polypeptides, they formed a highly stable complex that was active in
nucleotide priming and reverse transcription. The presence of an epsilon stem-loop dramatically increased the
nucleotide priming activity in transcomplementation assays, even though full-length pol displayed similar
activities in the absence and presence of epsilon. These data raise the possibility that in the transcomplemen-
tation assay, epsilon may play a role in the formation of a functional complex between TP and RT, rather than
being required only as the template for nucleotide priming. The results indicate that using the baculovirus
system, it is possible to dissect the protein-protein and protein-RNA interactions required for HBV genome
replication.

Hepadnaviruses replicate their nucleic acid through a re-
verse transcription step (11, 26, 41, 44). The hepatitis B virus
(HBV) reverse transcriptase, designated pol, is composed of
four domains. From the amino terminus, the domains are: (i)
the TP (terminal protein) domain, which becomes covalently
linked to negative-strand DNA by virtue of the protein-primed
initiation of reverse transcription; (ii) the spacer domain,
which is tolerant of mutations; (iii) the RT (reverse transcrip-
tase) domain, which contains the YMDD consensus motif for
reverse transcriptases; and (iv) the RNase H domain (3, 34).
The mechanism of genome replication for hepadnaviruses has
been determined by a variety of methods. The initial step
appears to be the recognition of the pregenomic RNA by the
polymerase. This recognition occurs best in cis, wherein pol
binds its own mRNA in an event that appears to be cotrans-
lational (2, 12, 13, 15, 17, 32). The essential RNA sequence for
this interaction, designated epsilon, is present at both ends of
the terminally redundant pregenomic RNA (13, 15, 17, 32).
Although epsilon is present on both ends of pregenomic RNA,
only the 59 copy appears to function in packaging (13, 15). The
epsilon sequence in itself is sufficient to induce the packaging
of foreign RNA sequences by HBV pol (13, 15), but an addi-
tional sequence is required for packaging in the duck HBV
(DHBV) system (6, 13). The packaging of pol is dependent on
an RNA molecule possessing a 59 copy of epsilon (4); thus,

neither pol nor pregenomic RNA can be packaged in the
absence of the other.
The second critical event in genome replication involves a

priming reaction in which a nucleotide becomes covalently
linked to pol (3, 5, 29, 47, 50). The addition of the first four
nucleotides is templated by a sequence in a bulge in the 59 copy
of epsilon (49, 51). The possibility that the priming reaction
occurs prior to encapsidation has not been excluded. The
primed pol complex is translocated to a complementary se-
quence in the 39 copy of DR1, where the synthesis of minus-
strand DNA resumes (8, 24, 30, 37, 39, 40, 49, 51, 54).
The synthesis of minus-strand DNA terminates at the 59 end

of pregenomic RNA (37, 54). The RNA template is degraded
by the RNase H activity of pol with the exception of a short
terminal oligoribonucleotide. This oligoribonucleotide is then
translocated, in the second translocation step, to a homologous
site, DR2, on minus-strand DNA, where it serves as the primer
for plus-strand DNA (25, 27, 38, 43). Once plus-strand DNA
synthesis has reached the 39 end of minus-strand DNA, a third
and final strand translocation to the 59 end of minus-strand
DNA occurs, resulting in a noncovalently closed, partially dou-
ble stranded, circular DNA molecule. The synthesis of plus-
strand DNA is only partially completed in mature virions,
yielding the gapped DNA substrate that is filled in following
infection of susceptible cells or during the endogenous poly-
merase assay (16, 19, 45).
Recently, several systems which permit the direct analysis of

pol function in the absence of viral replication and other viral
proteins have been described (23, 42, 47, 50). Two of the
systems utilize the DHBV pol, and both have demonstrated
reverse transcriptase activity that is template dependent and
protein primed. One of the DHBV systems utilizes in vitro
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translation of DHBV pol to obtain lysates that contain a func-
tional pol (50), while the other system packages an active
fusion protein of DHBV pol in a virus-like particle from the
yeast retrotransposon Ty1 (47). Both systems yield pol that
possesses accurate protein-primed, reverse transcriptase activ-
ity that synthesizes minus-strand DNA originating at epsilon
and DR1 (49, 51). The pol mRNA in both of these systems
contains a 39 copy of epsilon, but surprisingly no 59 copy of this
sequence is required in these systems. The realization that
nucleotide priming occurs at epsilon prior to translocation to
DR1 was first appreciated in studies with these two systems
(49, 51). More recently, a third pol system that utilizes purified
human HBV pol that is expressed via the baculovirus-insect
cell expression system has been described (23). The purified
HBV pol is active for in vitro protein priming and reverse
transcriptase reactions. Surprisingly, the in vitro translation
system for pol has not been successfully used for the human
counterpart, HBV, nor have reports been published on the
expression and purification of a functional form of DHBV pol
by using a conventional expression system.
In this report, we describe the expression of the HBV pol TP

and RT domains as independent polypeptides in insect cells by
using the recombinant baculovirus system. When expressed in
the same cells, TP and RT formed a stable complex that upon
purification was competent for nucleotide priming and reverse
transcription. The product of this reaction was a TP polypep-
tide with covalently attached minus-strand DNA.
Transcomplementation between TP and RT was enhanced if
the transcript encoding one of the polypeptides possessed an
epsilon stem-loop.

MATERIALS AND METHODS

Cells and viruses. The Spodoptera frugiperda Sf9 cell line was cultivated in
spinner culture as previously described (22). The cultivation medium was
TNMFH (46) supplemented with 5% fetal bovine serum and 0.1% pluronic F68
prior to infection and was changed to Grace’s medium supplemented with 2%
fetal bovine serum and 0.1% pluronic F68 after infections. The methods for
growth, isolation, and assay of recombinant baculoviruses were as previously
described (46), with the exception that some of the viruses were generated by
using the Bac to Bac system (Gibco BRL, Gaithersburg, Md.) in which transpo-
sition in bacteria creates the recombinant baculovirus genome rather than ho-
mologous recombination in insect cells (28).
Plasmid constructs. HBV sequences of the ayw subtype are numbered as

designated by Galibert and coworkers (10). The FLAG-Pol-Stem Loop (FPL-
pol) construct was previously described (23). The amino terminus of the pol open
reading frame (ORF) was fused in frame with the FLAG epitope (International
Biotechnologies Inc., New Haven, Conn.) such that the sequence Met Asp Tyr
Lys Asp Asp Asp Asp Lys Leu preceded the polymerase Met at nucleotide (nt)
2309 (Fig. 1), and the HBV sequences in the construct continued through 3182/1
to nt 1988, which resulted in the presence of DR1 and the epsilon stem-loop
structure found 39 of the pol ORF on pregenomic RNA. FPL-pol was cloned into
the baculovirus transfer vector pBacPAC9 (Clontech, Palo Alto, Calif.) for the
isolation of recombinant baculoviruses. The FPD39-pol construct was generated
from FPL-pol by deletion of all HBV sequences downstream of the FspI site (nt
1804), thus removing DR1 and epsilon. The Y63D mutant was created by using
PCR mutagenesis to change pol codon 63 from tyrosine to aspartic acid. The
D540H mutant was created by the same process, changing codon 540 from
aspartic acid to histidine. The mutations were then reconstructed into the FPL-
pol transfer vector to produce recombinant baculoviruses with the respective
mutations. The FTP334L-pol construct was generated by cleavage at the XhoI
site (nt 129) and filling in the ends with Klenow enzyme to yield a frameshift
mutation. This resulted in a virus encoding the first 334 amino acids of pol with
nine additional non-pol amino acids and still containing all downstream HBV
RNA sequences, including DR1 and the epsilon stem-loop. The FTP334 con-
struct was generated by cleavage of FPL-pol with XhoI (nt 129) and at a PstI site
engineered at nt 1988, filling in the ends with Klenow enzyme, and ligating the
blunt ends to generate a virus similar to FTP334L-pol but lacking all HBV
sequences downstream of pol amino acid 334. The TP199 construct, described
previously (1), contains the first 199 amino acids of pol but lacks a FLAG epitope
and all HBV sequences downstream of pol amino acid 199. FTP199 was similar
to TP199 but contained the FLAG epitope. FDTPL was constructed from FPL-
pol by cleavage with BspEI (nt 2331) and BglII (nt 2839) and religation to create
an in-frame deletion removing pol amino acids 8 to 175, thus removing the TP
domain. FDTPD39 (lacking both TP and epsilon) was generated from FDTPL by

deletion of all HBV sequences downstream of the FspI site (nt 1804). Pol 177-832
and Pol 199-758, described previously (1), contain pol amino acids 177 to 832 and
199 to 758 fused to polyhedrin leaders of four and three amino acids, respec-
tively, and thus lack the FLAG epitope and the HBV sequences downstream of
the pol ORF. The baculovirus expressing the pregenomic RNA was created by
placing a cDNA copy of pregenomic RNA downstream of the polyhedrin pro-
moter. Transcripts from this construct will contain a leader sequence of 120 nt
from the polyhedrin transcript that precedes the pregenomic RNA start site.
SDS-PAGE and immunoblot analysis. Insect cell lysates and purified pol

polypeptides were disrupted in electrophoresis sample buffer containing 2%
sodium dodecyl sulfate (SDS) and 2% 2-mercaptoethanol and were heated to
1008C for 5 min. Proteins were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) as previously described (18, 20). Gels from in vitro assays for
pol function were stained with Coomassie blue, dried, and autoradiographed.
For immunoblot analysis, proteins were electrophoretically transferred to a Flu-
rotrans polyvinylidene difluoride blotting membrane (Pall Biosupport, Glen
Cove, N.Y.), and membranes were processed as previously described (21), using
a rabbit polyclonal antibody to full-length pol (23) followed by 125I-protein A
(NEN, Boston, Mass.).
Immunoaffinity purification of pol. Pol polypeptides were purified as previ-

ously described (23). Briefly, spinner cultures were harvested 48 h postinfection
with recombinant baculoviruses. Cells were washed three times with phosphate-
buffered saline. The cell pellet was extracted with PEB (phosphate-buffered
saline containing 10% glycerol, 0.5% Nonidet P-40, protease inhibitors [100 mM
leupeptin, 1 mM Pefabloc, 10 mM aprotinin, 10 mg of pepstatin per ml, and 1 mM
EDTA), 50 U of RNasin [Promega] per ml, and 5 mM dithiothreitol). The
clarified extract was passed over an affinity column containing the M2 monoclo-
nal antibody (International Biotechnologies), and the column was washed se-
quentially with TNG (100 mM Tris HCl [pH 7.5], 30 mM NaCl, 10% glycerol),
TNG with 1 M NaCl, and TNG. Bound polypeptides were eluted with 0.1 M
glycine (pH 3.0)–10% glycerol, collected in 1-ml fractions, and neutralized with
67 ml of 0.8 M Tris HCl (pH 8.4)–3% Triton X-100–80 mM dithiothreitol.
Purified pol polypeptides were frozen at 2708C until use.
Polymerase assays. The polymerase assays were performed as previously de-

scribed (23) with 10 ml of purified pol polypeptide in the elution/neutralization
buffer supplemented to contain 10 mM MgCl2, 100 mM unlabeled deoxyribo-
nucleoside triphosphates (dATP, dGTP, and dCTP), and 5 mCi of [a-32P]TTP
(3,000 Ci/mmol; NEN). Alternatively, polymerase reactions were conducted with
immunoprecipitated pol polypeptides still bound to the M2 affinity beads. The
beads were suspended in TNM (100 mM Tris HCl [pH 7.5], 30 mMNaCl, 10 mM
MgCl2) containing the above-described nucleotide mixture. Assays were rou-
tinely performed at 308C for 30 min unless stated otherwise.

FIG. 1. Nucleotide priming occurs at tyrosine 63 of HBV pol; both the TP
and RT domains of pol are required for nucleotide priming; and full-length
mutant pol polypeptides cannot transcomplement each other. (A) Pol polypep-
tides were purified from insect cells infected with FPL-pol, Y63D, and D540H as
described in Materials and Methods. The purified proteins were subjected to
nucleotide priming reactions in a buffer containing 5 mCi of 32P-labeled TTP and
100 mM unlabeled dATP, dCTP, and dGTP for 30 min at 308C, and the products
were analyzed by SDS-PAGE and autoradiography. (B) Purified pol proteins
from cells infected with FPL-pol and S64,65A were used in nucleotide priming
reactions as described above. (C) Pol polypeptides were immunoprecipitated
from insect cells infected with FPL-pol, Y63D, and D540H and coinfected with
Y63D plus D540H. The immune complexes were washed three times with TNG,
with the second wash containing 1 M NaCl. Nucleotide priming reactions were
conducted with the pol polypeptides still bound to the affinity beads, using the
conditions described above. Following priming reactions, the beads were washed
once more in TNG, and pol polypeptides were eluted in SDS-gel sample buffer.
Samples were analyzed by SDS-PAGE and autoradiography.

VOL. 71, 1997 TRANSCOMPLEMENTATION OF NUCLEOTIDE PRIMING 2997



RESULTS

Nucleotide priming requires the tyrosine at amino acid 63 in
the TP domain and the YMDD motif in the RT domain. Stud-
ies with in vitro-translated DHBV pol have previously mapped
the site of covalent linkage of the first nucleotide of minus-
strand DNA to a tyrosine at amino acid 96 within a GxY motif
in the TP domain of pol (53, 56). A similar motif is found in
HBV pol at amino acid 63. To determine if tyrosine 63 in HBV
pol was the site of covalent linkage of the first nucleotide of
minus-strand DNA, we created a point mutation changing the
tyrosine to an aspartic acid (Y63D). A recombinant baculovi-
rus was generated, and pol polypeptide was purified from in-
fected insect cells. The purified polypeptide was tested in the
nucleotide priming-reverse transcriptase assay in which pol was
incubated in a buffer containing [32P]TTP and unlabeled
dATP, dCTP, and dGTP. The reaction products were analyzed
by SDS-PAGE, Coomassie blue staining, and autoradiography.
This variant of FPL-pol was defective in nucleotide priming, as
determined by the lack of a labeled band at the position of pol
polypeptide in the gel (Fig. 1A). The possibility that disruption
of pol function was due not to elimination of the nucleotide
priming site but to local effects on pol structure was deemed
unlikely, since a double mutant changing adjacent serine resi-
dues 64 and 65 to alanine residues (S64,65A) had no detri-
mental effect on pol function in the in vitro assays (Fig. 1B). In
addition, analysis of cyanogen bromide digests of FPL-pol fol-
lowing the in vitro nucleotide priming reaction localized the
covalently bound, labeled nucleotide to a fragment spanning
amino acids 2 to 111 (data not shown). Since we have previ-
ously demonstrated that in vitro nucleotide priming labels a
tyrosine residue (23), and the labeled cyanogen bromide frag-
ment contains only two tyrosine residues, with the tyrosine at
amino acid 63 being within the only GxY motif, the assumption
that this is the site of nucleotide priming is warranted.
Studies with in vitro-translated DHBV have also demon-

strated that the YMDD motif of the RT domain was required
for nucleotide priming (56). Mutation of amino acid 540 of
FPL-pol at the first aspartic acid of YMDD to histidine
(D540H) also resulted in an HBV FPL-pol defective in the in
vitro nucleotide priming assay (Fig. 1A). These results confirm
that both the TP and RT domains of HBV pol are required for
nucleotide priming.
Lack of transcomplementation between the TP and RT do-

mains in full-length pol polypeptides. To determine whether
the functional TP domain of the D540H pol mutant was able to
interact with and complement the functional RT domain of the
Y63D pol mutant in nucleotide priming reactions, the two
purified mutant polypeptides were mixed in vitro and subjected
to a nucleotide priming reaction. No labeling of the pol
polypeptides occurred in this reaction despite intense labeling
of wild-type (WT) FPL-pol in parallel reactions (data not
shown). To test the possibility that the mutant polypeptides
require interaction in vivo, perhaps in a cotranslational event,
insect cells were coinfected with the two baculoviruses express-
ing the mutant polypeptides, and pol was immunoprecipitated
from cell extracts by using the M2 monoclonal antibody reac-
tive with the FLAG epitope. In these experiments, instead of
using purified pol polypeptides, we conducted nucleotide prim-
ing reactions with immunoprecipitated pol polypeptides while
the proteins were still bound to the M2 affinity beads. Under
these conditions, FPL-pol yielded a positive nucleotide prim-
ing reaction indistinguishable from that observed with purified
pol preparations (Fig. 1C). The single infections with Y63D
and D540H failed to yield a positive nucleotide priming reac-
tion (Fig. 1C). Coinfection with the two mutant viruses yielded

a weak pol reaction. Although this could represent partial
complementation between the two defective viruses, we be-
lieve that this reaction is due to a minor amount of WT virus
generated by homologous recombination. Data from coinfec-
tions with viruses encoding truncated forms of pol support this
conclusion (see below) but do not exclude the possibility that
low-level complementation is occurring. Staining of the gels
with Coomassie blue confirmed the presence of comparable
amounts of pol polypeptides in the immunoprecipitates of
FPL-pol and the coinfection of Y63D and D540H, indicating
that sufficient pol was present for an in vitro nucleotide prim-
ing reaction. These results confirm observations previously re-
ported for DHBV that TP and RT mutants are not capable of
transcomplementation for nucleotide priming (56).
Transcomplementation of nucleotide priming with TP and

RT domains expressed as independent polypeptides. Although
full-length pol polypeptides were not capable of interacting
and complementing each other in the nucleotide priming as-
say, we reasoned that the TP and RT domains may have strong
interactions that are formed during or soon after translation.
The fact that pol has a preference for a cis interaction with its
own mRNA in genome packaging (2, 12, 13, 15, 17, 32) sug-
gests that pol folding and RNA interaction may be cotransla-
tional events. Such a folding scheme would highly favor in-
tramolecular interactions of TP and RT over intermolecular
interactions between different pol polypeptides. This would
prevent transcomplementation in our experiments if the mu-
tant TP and RT domains were still competent for their respec-
tive protein-protein interactions. To explore this possibility, we
constructed baculoviruses that would independently express
the TP and RT domains.
We produced several constructs which contained different

TP and RT domains, because the exact functional boundaries
of TP and RT have not been determined (Fig. 2). Initially, four
constructs which expressed the TP domain were made. One
construct (TP199) has been described previously (1) and con-
tains the amino-terminal 199 amino acids of pol without a
FLAG epitope. A new version of this virus which contained the
amino-terminal FLAG epitope (FTP199) was produced for
immunoprecipitation and affinity purification. In the event that
the spacer domain was required for proper folding or interac-
tion with the RT domain, we produced another TP virus
(FTP334) which encoded a polypeptide with the amino-termi-
nal 334 amino acids of pol, containing both the TP and spacer
domains. In the event that DR1 and epsilon were required for
activity, a virus similar to FTP334 was produced by introducing
a frameshift mutation into FPL-pol at amino acid 334, so that
the construct would still contain downstream HBV RNA se-
quences, including the ε sequence at the end of the viral tran-
script. This virus was designated FTP334L to indicate the pres-
ence of an epsilon stem-loop at the 39 end of the transcript. A
single virus containing the RT and RNase H domains was
produced and was designated FDTPL to indicate the deletion
of the TP domain but the presence of a FLAG epitope and an
epsilon stem-loop. This virus was created by an in-frame dele-
tion of pol amino acids 8 to 175 of FPL-pol.
Pol polypeptides were purified from insect cells infected with

each of these viruses with the exception of TP199, which lacked
a FLAG epitope for affinity purification. Comparison of the
purified proteins by SDS-PAGE and Coomassie blue staining
indicated that each of the pol polypeptides was expressed well
and could be affinity purified (Fig. 3A). The FPL-pol polypep-
tide had an apparent molecular weight (MW) of 84,000; the
FTP199 polypeptide had an MW of approximately 26,500;
FTP334 and FTP334L polypeptides had apparent MWs of
40,700; and the FDTPL polypeptide had an apparent MW of
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64,300. Several cellular or baculoviral proteins were present in
the purified pol preparations. The distinction of these proteins
from pol polypeptides was accomplished by Western blotting
with an antiserum produced against full-length pol (Fig. 3B)
and by the fact that they were identical in size in each of the pol
preparations, while the size of the pol polypeptides varied as
expected. These proteins have been described previously with
regard to FPL-pol preparations (23). The largest of the non-
pol proteins has an apparent MW of 110,000 and fortuitously
reacts with the M2 monoclonal antibody by Western blotting
(23). The other three prominent proteins had MWs of 70,000,
56,000, and 46,000. Although these proteins appear to be spe-
cifically associated with pol in the purified preparations (data
not shown), the nature of their association with pol is not clear,
since they are present in pol preparations in which very little
overlap exists in the pol amino acid sequences, for example,
the seven-amino-acid overlap between FTP199 and FDTPL.

To test the ability of the TP and RT polypeptides to interact
with and complement each other in nucleotide priming reac-
tions, insect cells were coinfected with one of the TP-express-
ing viruses and FDTPL (RT function). Pol polypeptides were
immunoprecipitated with M2 affinity beads, and priming reac-
tions were conducted with the pol polypeptides still bound to
the beads. Coinfection of cells with FDTPL and either TP199
or FTP199 yielded positive priming reactions in which the TP
polypeptide was intensely labeled by covalent attachment of
labeled nucleotides (Fig. 4A). The TP polypeptides formed a
labeled smear extending well up the gel, suggestive of elonga-
tion of the priming product by reverse transcription. These
data demonstrate that two functional domains of pol required
for nucleotide priming can be independently expressed and
still form a complex capable of nucleotide priming. The fact
that the TP199 polypeptide, in conjunction with the FDTPL
polypeptide, yielded a reaction similar in intensity and charac-
teristics to the FTP199 polypeptide indicated that the complex
formed between TP and RT was quite strong. This conclusion

FIG. 2. Structures of pol constructs. The structure of the FPL-pol transcript from the baculovirus construct is depicted. The HBV polymerase ORF is represented
as a rectangular box. At the amino terminus, the hatched section represents the 10-amino-acid FLAG epitope. The putative boundaries of TP, spacer, RT, and RNase
H domains are indicated above the polymerase ORF, as are the positions of the GLY and YMDD motifs of the TP and RT domains, respectively. The 39 end of the
transcript indicates the presence of DR1 and epsilon (ε) regions. The structures of the pol transcripts and pol-encoding domains of some of the baculoviruses used in
this study are depicted below FPL-pol. Constructs containing a FLAG epitope are designated by F, and those containing a 39 epsilon sequence are designated by L.

FIG. 3. Analysis of purified pol proteins. Sf9 cells were harvested 48 h postin-
fection with the recombinant baculoviruses FPL-pol, FTP199, FTP334,
FTP334L, and FDTPL. A cell extract was prepared with a detergent extraction
buffer (PEB), and a clarified extract was purified on an M2 monoclonal antibody
immunoaffinity resin as described in Materials and Methods. Samples from the
purification were analyzed by SDS-PAGE and Coomassie blue staining (A) or by
Western blotting with an antiserum produced against full-length pol followed by
125I-protein A (B). The positions of the various pol polypeptides are indicated on
the left.

FIG. 4. The TP and RT domains of pol transcomplement each other for
nucleotide priming when expressed as separate polypeptides. Pol polypeptides
were immunoprecipitated from insect cells infected or coinfected with the vari-
ous baculoviruses indicated at the top. Nucleotide priming reactions were con-
ducted with pol polypeptides still bound to the affinity beads as described in the
legend to Fig. 1. The positions of the FPL-pol (pol) and TP199 (TP) polypeptides
are indicated on the left.
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was drawn because the TP199 polypeptide lacks a FLAG
epitope and was thus present in the immunoprecipitate due to
interaction with FDTPL, and the immunoprecipitates were
washed three times with TNG buffer, with one of the washes
containing 1 M NaCl. Additional studies revealed that the
TP-RT interaction was not affected by a wash with 1 M urea
and was only partially disrupted by a 3 M urea wash.
Although FTP199 was competent for transcomplementation

with FDTPL for nucleotide priming and reverse transcription,
coinfections with FTP334 and FDTPL did not yield a positive
reaction. A weak reaction product was observed at the position
of the gel of FPL-pol. This product of the nucleotide priming
reaction was presumably due to homologous recombination
between the FTP334 and FDTPL viruses to generate WT FPL-
pol. This product was observed in numerous reactions with
various intensities (Fig. 4B, FTP334L 1 FDTPL) whenever
sufficient overlap between the TP- and RT-expressing viruses
existed to permit homologous recombination. This product was
not observed in the reactions from coinfections between
FTP199 and FDTPL, because insufficient overlap is present for
efficient recombination. The inability of the FTP334 polypep-
tide to participate in the transcomplementation reaction was
not due to low levels in the immunoprecipitate; the FTP334
polypeptide was expressed well and was present in the immu-
noprecipitate, as determined by Coomassie blue staining of the
gel. One possible interpretation of these data is that a se-
quence between amino acids 199 and 334 is inhibitory to the
TP function in these transcomplementation assays.
In subsequent experiments, we examined whether the addi-

tion of DR1 and epsilon to the FTP334 construct would correct
the defect in nucleotide priming. Coinfection of cells with
FTP334L and FDTPL also failed to yield a complex positive for
nucleotide priming at the position of the FTP334L polypeptide
(Fig. 4B), although a positive reaction at the position of FPL-
pol, due to recombination, was again observed. Control infec-
tions with FPL-pol and TP199 plus FDTPL were again in-
tensely positive, while control single infections with the
FTP334L and FDTPL viruses were negative, demonstrating
that the reaction product from the coinfection that comigrated
with FPL-pol was not a product of either virus alone.
The ability of FTP199 to complement the TP mutant Y63D

was examined as well. Coinfection of insect cells with these
viruses and immunoprecipitation of the pol polypeptides did
not yield a positive nucleotide priming reaction (Fig. 4C). This
finding confirms that the Y63D polypeptide is not available for
interaction with an independently expressed TP domain and
supports the conclusion that the weak priming reaction present
from coinfection with Y63D and D540H was due to the cre-
ation of WT virus by recombination.
Dependence of transcomplementation on the presence of an

epsilon stem-loop. HBV genomic replication is initiated by the
protein priming event in which the covalent linkage of the first
nucleotide to pol is templated by the 59 epsilon sequence. In
vitro nucleotide priming in the DHBV system is dependent on
a 39 copy of epsilon which cannot support packaging and/or
genomic replication in vivo (35, 49, 51). The baculovirus system
for HBV pol nucleotide priming also provides a 39 copy of
epsilon for nucleotide priming, but the dependence of priming
on this sequence has not been apparent (see below). To de-
termine whether the transcomplementation reaction between
TP and RT was dependent on the 39 copy of epsilon, this
sequence was deleted from the FDTPL construct to create
FDTPD39. Coinfection of insect cells with FTP199 and either
FDTPL or FDTPD39 and immunoprecipitation of the pol
polypeptides resulted in complexes competent for nucleotide
priming with both FDTPL and FDTPD39; however, the inten-

sity of the reaction from complexes containing FDTPD39 was
much less than that for complexes containing FDTPL (Fig.
5A). The reduction in nucleotide priming activity was not due
to lower levels of the FDTPD39 polypeptide, since Coomassie
blue staining of the gel indicated that the two RT polypeptides
were present in the immunoprecipitates at similar levels (data
not shown). These data suggest that the transcomplementation
reaction was facilitated by the presence of an epsilon stem-
loop. The absolute dependence of this reaction on an RNA
template coprecipitating with the pol polypeptides was dem-
onstrated by the lack of nucleotide priming activity when the
complex was pretreated with nuclease prior to the reaction
(data not shown and reference 23).
Transcomplementation was also tested using two other RT

constructs lacking a 39 epsilon sequence. Baculoviruses ex-
pressing pol amino acids 199 to 758 and 177 to 832 have been
described previously (1). Both constructs lack a FLAG epitope
and HBV sequences downstream of the pol ORF. Coinfections
between FTP199 and Pol 199-758 did not yield a complex
competent for nucleotide priming, while coinfections between
FTP199 and Pol 177-832 yielded complexes with greatly dimin-
ished nucleotide priming activity in comparison to coinfections
with FTP199 and FDTPL (Fig. 5B). The level of nucleotide
priming activity for complexes containing Pol 177-832 was sim-
ilar to that of FDTPD39. These viruses express nearly identical
proteins except that Pol 177-832 lacks the FLAG epitope,
which indicates that the presence of the FLAG epitope on
either the TP or RT domain is sufficient to permit the immu-
noprecipitation of both polypeptides in a functional complex.
The failure of Pol 199-758 to complement FTP199 was not due
to low protein expression, since this polypeptide is expressed at
higher levels than Pol 177-832. Since Pol 199-758 is truncated
at both the amino and carboxyl termini in comparison to Pol
177-832, these data imply that either one or both of these
regions, amino acid sequences between 177 and 199 and be-
tween 758 and 832, are required as part of the RT domain in
the transcomplementation reaction.
The exact role that the epsilon stem-loop plays in the

transcomplementation reaction is not clear. Comparison of

FIG. 5. The epsilon stem loop is needed for transcomplementation between
the TP and RT domains but not for in vitro nucleotide priming per se. Insect cells
were infected or coinfected with the various baculoviruses indicated at the top,
and the pol polypeptides were immunoprecipitated with M2 affinity beads. Nu-
cleotide priming-reverse transcriptase reactions were conducted with pol
polypeptides bound to the affinity beads as described in the legend to Fig. 1. The
positions of the FPL-pol (pol) and FTP199 (TP) polypeptides are indicated on
the left. Although transcomplementation reactions were highly dependent of the
presence of epsilon, nucleotide priming activities of full-length pol were similar
in the presence and absence of epsilon.
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FPL-pol with a full-length pol construct lacking the 39 epsilon,
FPD39-pol, revealed that for the full-length pol polypeptide, no
decrease in the nucleotide priming reaction was apparent in
the absence of epsilon (Fig. 5C). These data suggest that within
this system, epsilon may play a role in the formation of a
functional complex between individually expressed TP and RT
domains.
In the transcomplementation assays described above, epsi-

lon was provided at the 39 terminus of the transcript for the RT
domain. To determine whether epsilon could be provided in
trans from a third baculovirus construct, a baculovirus express-
ing a transcript similar to pregenomic RNA with 59 and 39
copies of epsilon was constructed. As before, infection of cells
with WT FPL-pol or coinfection of cells with FTP199 plus
FDTPL resulted in intensely labeled polypeptides in the prim-
ing reactions, while the labeling of the TP polypeptide was
dramatically reduced in a coinfection with FTP199 plus
FDTPD39 (Fig. 6). A triple infection with FTP199, FDTPD39,
and the virus expressing a pregenomic RNA resulted in partial
restoration of the priming activity. The lower priming activity
of the complexes from the triple infection in comparison to
complexes from cells coinfected with FTP199 plus FDTPL may
be due to the difficulty in obtaining efficient triple infections. A
single infection with the virus expressing pregenomic RNA did
not yield a positive priming reaction (data not shown). Al-
though this virus contains the ORFs of both core and pol, only
core polypeptide was expressed at detectable levels in cells
infected with this virus. These data demonstrate that epsilon
can be provided in trans to TP and RT for the formation of a
functional complex in transcomplementation assays.

DISCUSSION

Many viruses have proteins covalently bound the 59 end of
the RNA or DNA genomes. In most instances, these terminal
proteins are involved in the protein priming of genome repli-
cation (reviewed in reference 36). The terminal protein pro-
vides a 39OH from serine, threonine, or tyrosine to replace the
requirement for a 39 OH from an RNA primer to initiate

nucleic acid synthesis. The best-known examples are adenovi-
rus and phage f29. For the TP protein of adenovirus, the
linkage to DNA is via serine with dCMP. The only other viral
factors required for initiation are the DNA polymerase and
template; however, two host transcription factors, NF1 (CTF)
and NF3 (OTF-1), stimulate initiation. f29 is the representa-
tive member of a group of phages using protein-primed initi-
ation of DNA synthesis. The f29 TP protein initiates via serine
with dAMP, and again, the only other viral factors required are
the DNA polymerase and template. Other groups of phages
with TP proteins involved in initiation of DNA synthesis in-
clude PRD1, which initiates with dGMP linked to tyrosine;
Cp1, which initiates with dAMP via a threonine; and HB-3.
Linear double-stranded DNA plasmids also have TP proteins
involved in initiation of DNA synthesis. Many RNA viruses
have VPg proteins that are terminal proteins. The most nota-
ble examples are the picornaviruses and caliciviruses, but five
groups of plant RNA viruses have VPg terminal proteins as
well.
The TP domain of hepadnaviruses is unique in that it is part

of the same polypeptide as the polymerase, which in this case
is a reverse transcriptase. Despite differences in replication
schemes, picornavirus VPg proteins share the GxY consensus
motif with the hepadnavirus TP domains. The DHBV GxY
motif at amino acid 96 is the site of nucleotide priming (53, 56),
and we have now shown that nucleotide priming for HBV pol
maps to the GxY motif at amino acid 63 (Fig. 1). Predictions
based on other TP systems suggest that both the TP and RT
domains are required for nucleotide priming, and this has been
confirmed by mutagenesis of the TP and RT motifs (50, 56)
(Fig. 1).
As with the DHBV pol system (56), full-length HBV pol

proteins with mutations in the TP and RT domains were un-
able to complement each other in nucleotide priming reac-
tions. These data are also consistent with earlier observations
by Radziwill and coworkers (34), who did not observe comple-
mentation between HBV pol mutants during HBV replication.
These data might have been predicted, since intramolecular
interaction of TP and RT would be favored over intermolec-
ular interaction between two different pol polypeptides. Thus,
if the TP and RT domains have specific interactions, comple-
mentation may be possible only between incomplete pol ORFs.
Indirect genetic data from DHBV suggested that the TP and
RT domains may be able to complement each other in trans. A
DHBV frameshift mutant that terminates the pol ORF to yield
a TP protein of 307 amino acids and a pre-S–pol fusion protein
replicates at 10% of WT levels (55).
A strong interaction between TP and RT was conclusively

demonstrated by the formation of a stable TP-RT complex
functional for in vitro nucleotide priming activity (Fig. 4). Since
independently expressed TP and RT polypeptides interact to
complement each other for nucleotide priming, a high prefer-
ence for intramolecular interaction of the TP and RT domains
must prevent intermolecular interactions between full-length
pol polypeptides. This hypothesis implies that intramolecular
folding is rapid and that mutations in the GLY and YMDD
motifs do not interfere with interaction between the TP and
RT domains. Several lines of evidence support a cotransla-
tional folding of pol and interaction with its template. Hepad-
navirus polymerases have a high degree of preference for bind-
ing in cis the pregenomic RNA that served as mRNA for pol
(2, 12, 13, 15, 17, 32). DHBV pol requires interaction with the
host chaperone Hsp90 in order to bind the epsilon stem-loop
(14), presumably a cotranslational event. In addition, the bind-
ing of epsilon by in vitro-translated DHBV pol results in a
conformational change that appears to be needed for enzy-

FIG. 6. The epsilon stem-loop can be supplied in trans for transcomplemen-
tation reactions between the TP and RT domains. Insect cells were infected or
coinfected with the various baculoviruses indicated at the top. To supply epsilon
in trans, a triple infection was conducted with FTP199, FDTPD39, and pgRNA, a
baculovirus expressing pregenomic RNA with 59 and 39 copies of epsilon. The pol
polypeptides were immunoprecipitated with M2 affinity beads. Nucleotide prim-
ing-reverse transcriptase reactions were conducted with pol polypeptides bound
to the affinity beads as described in the legend to Fig. 1. The positions of the
FPL-pol (pol) and FTP199 (TP) polypeptides are indicated on the left.
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matic activity and can be monitored by protease resistance
(48). In the HBV pol-baculovirus system, transcomplementa-
tion between TP and RT polypeptides requires coinfection of
insect cells with baculoviruses expressing these proteins. In
vitro mixing of the purified proteins, with or without additional
template, does not result in a functional interaction between
TP and RT, nor does the mixing of lysates from individually
infected insect cells prior to immunoprecipitation (data not
shown). Even with full-length FPL-pol, it has not been possible
to form a functional pol-template complex in vitro. Removal of
the endogenous template from purified HBV pol by nuclease
treatment results in a loss of nucleotide priming activity (23),
and this activity cannot be restored by supplementation with
synthetic epsilon or pregenomic RNA (data not shown).
Pol is highly sensitive to mutations with respect to the viral

replication cycle with the notable exception of the spacer re-
gion. The sensitivity to mutations may be a reflection of the
requirement for a complex folding scheme that involves RNA
binding as well as interaction of distant domains and perhaps
interaction with the capsid protein. The packaging of pre-
genomic RNA and pol into a capsid requires the entire pol
ORF, and yet none of the enzymatic functions appear to be
essential (2, 7, 12). Despite the strict requirements for the pol
ORF in replication, in vitro pol reactions do not require the
full pol ORF. Mutagenesis of DHBV pol has been performed
by both Wang and coworkers (52) and Pollack and Ganem
(33). Pol can lose at least 74 amino acid from the amino
terminus and still maintain in vitro activity, and the COOH
terminus can be deleted up to amino acid 568. Although the
amino acid sequences of HBV and DHBV pol are not highly
conserved, the sequences can be partially aligned by making a
number of deletions and insertions (34). The alignment sug-
gests that HBV pol should tolerate an NH2-terminal deletion
of 41 amino acids and a COOH-terminal deletion to amino
acid 607, but the difference in these viruses dictates that such
assumptions be confirmed by mutagenesis studies. The obser-
vation that Pol 177-832, but not Pol 199-758, was competent
for complementation of TP in nucleotide priming (Fig. 5)
suggests that differences with DHBV may exist. The lack of
activity of Pol 199-758 is due either to the absence of the pol
amino acid sequence from 177 to 199, which is within the
spacer domain, or to the absence of the sequence from 758 to
832. This represents a significant divergence from the predic-
tions based on DHBV if the loss of activity is due to the
truncated COOH terminus. Although the truncation at the
amino terminus is within the spacer domain, the differences
between TP199 and TP334 indicate that the spacer domain is
not completely neutral with regard to TP function in
transcomplementation assays. The additional sequence from
199 to 334 may induce improper folding of the TP domain, but
this too will require experimental validation.
Hepadnavirus replication utilizes the 59 copy of epsilon for

both packaging and nucleotide priming (13, 15, 31, 49, 51). In
the DHBV system, in vitro nucleotide priming utilizes a 39 copy
of epsilon or epsilon supplied in trans. The reaction is highly
dependent on the presence of epsilon, and Hsp90 is required
to facilitate the interaction between epsilon and pol (14). The
lack of a requirement for a 59 copy of epsilon suggests that the
requirements for in vitro priming reactions are more relaxed
than those imposed during genome replication. Surprisingly,
the current system for in vitro nucleotide priming for full-
length FPL-pol is not dependent on the presence of epsilon. In
our initial characterization of FPL-pol, it was assumed that the
addition of the 39 copy of epsilon was at least partially respon-
sible for our success in purifying active pol (23); however, in
those studies a construct lacking epsilon was not evaluated.

The current data suggest that the addition of a FLAG epitope
and rapid affinity purification were the essential changes from
our previous unsuccessful attempts to purify active pol (1).
Although epsilon was not essential for nucleotide priming ac-
tivity with full-length pol, our previous studies suggested that
when present, epsilon may be used as the template for priming.
Indeed, at least a portion of the DNA synthesized by FPL-pol
in insect cells maps to DR1 by primer extension (23), which
suggests that priming may have occurred at epsilon with strand
translocation to DR1. HBV pol activity has been demonstrated
in Xenopus oocytes in the absence of epsilon as well; however,
the actual priming reaction has not been characterized in that
system (42). These data again suggest that the requirements
for in vitro priming are less stringent than in vivo, since an
absolute requirement for the 59 copy of epsilon in HBV
genomic replication has been demonstrated in mutagenesis
studies (9, 31, 35), and sequencing experiments have confirmed
that the 59 copy of epsilon is the template for nucleotide prim-
ing with HBV (31).
There are multiple potential reasons why full-length HBV

pol in our system does not require epsilon for nucleotide prim-
ing, some of which we have explored. We have previously
determined that the specific activity of purified pol is low in the
in vitro nucleotide priming assay, with less than 1% of the
molecules being active (23). The lack of a requirement for
epsilon and the low specific activity of FPL-pol may be inter-
related. Pol may not properly associate with epsilon, and this
may cause the low specific activity. One possible explanation is
that pol expressed in insect cells is lacking a critical mamma-
lian or liver specific host factor. Yet, FPL-pol expressed in
Huh7 cells by using a vaccinia virus vector has the same specific
activity as FPL-pol expressed in insect cells (unpublished data).
Alternatively, human HBV pol may have a requirement for a
59 copy of epsilon for nucleotide priming. We have also ex-
pressed HBV pol with both 59 and 39 copies of epsilon in the
vaccinia virus system and did not observe a significant increase
in specific activity (unpublished data). The difference between
in vitro reactions with DHBV and HBV pol may be due to
inherent differences in the enzymes. Some differences between
the two enzymes are obvious, since in vitro-translated HBV pol
is not active in nucleotide priming, while DHBV pol is very
active in this system. Major differences exist in the RNA se-
quences required for pregenomic RNA encapsidation as well
(6, 13, 15). However, we have found that DHBV pol expressed
in insect cells has a specific activity similar to that of HBV
FPL-pol (unpublished data). The low specific activity may sim-
ply be a result of overexpression of the protein, such that
inadequate levels of epsilon are available for the amount of pol
translated; alternatively, inadequate levels of an essential host
factor may be available, or overexpression may lead to im-
proper folding for other reasons.
Finally, the discrepancies in requirements for in vitro prim-

ing between DHBV and HBV pol may be due to inherent
differences in the assay systems. In the baculovirus system,
total cellular RNA is available for pol to seek an alternative
stem-loop structure for folding and priming. In the in vitro
translation system, no RNA is present except for the single pol
transcript, and in the yeast Ty-pol fusion system, pol is pre-
sumably encapsidated such that cellular RNA is not available.
We have found that in vitro-translated DHBV pol retains ap-
proximately 10% of the priming activity in the absence of
epsilon, indicating that even in this system, some epsilon inde-
pendent priming is possible (data not shown). It is possible that
even during HBV replication, pol occasionally primes by using
an alternative stem-loop structure. The product of these reac-
tions may be too rare to detect by the current methods of
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analysis. Reverse transcription of cellular RNAs could even be
involved in the development of hepatocellular carcinoma.
The current system of transcomplementation offers the op-

portunity for further definition of the protein-protein and pro-
tein-RNA interactions required for nucleotide priming. A role
for the epsilon stem-loop that was not observed with full-length
pol is apparent in this system. One possibility is that epsilon
stabilizes the TP-RT complex and that a highly stable interac-
tion is not required when both domains are present on the
same polypeptide. Although the current system makes possible
a dissection of HBV pol in a manner not previously possible,
the inability to reconstitute a functional pol in vitro places
restrictions on the types of analysis performed as well as the
ease in which such studies can be performed. Hopefully, future
studies will provide a method of in vitro reconstitution of this
reaction.
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