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To correlate the hepatitis B virus P gene with the enzymatic activities predicted to participate in
hepadnavirus reverse transcription, a series of P gene mutants containing missense mutations, in-phase
insertions, and in-phase deletions was constructed by site-directed mutagenesis. These mutants were tested in
the context of otherwise intact hepatitis B virus genomes for the ability to produce core particles containing the
virus-associated polymerase activity. The results obtained suggest that the P protein consists of three functional
domains and a nonessential spacer arranged in the following order: terminal protein, spacer, reverse

transcriptase/DNA polymerase, and RNase H. The first two domains are separated by a spacer region which
could be deleted to a large extent without significant loss of endogenous polymerase activity. In cotransfection
experiments, all P gene mutants could be complemented in trans by constructs expressing the wild-type gene

product but not by a second P gene mutant. This indicates that the multifunctional P gene is expressed as a

single translational unit and independent of the core gene and furthermore that the gene product is freely
diffusible and not processed before core assembly.

Hepatitis B viruses (HBV), or hepadnaviruses, are char-
acterized by a small circular DNA genome of about 3
kilobases which is not covalently closed in that it is gapped
in one DNA strand (the plus strand) and contains a terminal
protein linked to the 5' end of the complementary DNA
minus strand. This peculiar structure arises intracellularly by
reverse transcription of an RNA pregenome through a pro-
cess which apparently involves the terminal protein during
priming of DNA synthesis and which then, by analogy to
retroviruses and retroelements, is assumed to be catalyzed
by the concerted action of DNA polymerase/reverse tran-
scriptase (RT) and RNase H activities (25).

It has been an open question whether these enzymes are
all encoded in the viral genome (12). A virus-associated
DNA polymerase has been detected on the basis of its ability
to repair the gap in the viral plus strand in vitro (16).
Furthermore, sequence analysis indicates that a large open
reading frame covering about 80% of the viral genome, and
designated the P frame, is the most probable candidate for
encoding this enzyme. Finally, short sequences homologous
to conserved sequences in retroviral RTs support the notion
that at least the hepadnavirus RT is P frame encoded (28).

Initial attempts to prove this hypothesis by biochemical
analysis of the viral DNA polymerase turned out to be
unsuccessful, since the hepadnavirus enzyme, unlike the
retrovirus enzyme, was found to be tightly linked to the viral
genome and unable to switch to an exogenously supplied
template (20). Therefore, biochemical studies of the DNA
polymerase activity have so far been limited to the use of the
viral genome as an endogenous template. As for the RNase
H activity, there is no experimental evidence of its existence
or of the gene that encodes it.

In this report, we use a mutational analysis of the HBV P
gene and its transient expression in HepG2 cells (1, 8, 26, 29,
31) to show that the P gene product does indeed contain the
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hepadnavirus DNA polymerase/RT and the viral RNase H
and, furthermore, that these catalytic domains are separated
by a nonessential spacer region from a third domain encod-
ing the HBV DNA terminal protein.

MATERIALS AND METHODS

Plasmid construction. (i) Basic constructs. The basic con-
structs used for creating all mutants are shown in Fig. 1. The
plasmid used as wild type, pMH -34/2922, contains a
terminally redundant HBV genome from nucleotide position
(NT) 2922 to NT 84 cloned downstream of the metallothio-
nein promoter upstream element (NT -280 to NT -34)
(modified from reference 15; M. Niepmann, Ph.D. thesis,
University of Heidelberg, Heidelberg, Federal Republic of
Germany, 1990). The single-stranded bacteriophages M13
mpl8-HBV(+) and M13 mpl8-HBV(-) contain the full-
length HBV sequence (EcoRI-EcoRI) plus and minus strand,
respectively, in the M13 vector mpl8.

(ii) Point mutations. Point mutations were constructed by
oligonucleotide-directed mutagenesis according to a stan-
dard protocol (32) by using M13 mpl8-HBV(+) or M13
mpl8-HBV(-). The mismatched oligonucleotides used, the
resulting nucleotide exchanges, and the newly created re-
striction enzyme cleavage sites are listed in Table 1.
Phage clones containing the mutated sequences were

detected by plaque hybridization with the 32P-labeled muta-
genizing oligonucleotides. Phage clones were plaque puri-
fied, and the nucleotide exchanges were confirmed by re-
striction enzyme analysis or DNA sequencing. For
functional analysis, the mutated sequences were transferred
into the HBV wild-type plasmid pMH -34/2922 by using
DNA fragments from replicative-form DNA of the mutated
M13 mpl8-HBV phages. The following fragments were
used: mutant P1, BstII-BstII (NT 760 to NT 915); mutant P2,
SpeI-AccI (NT 1961 to NT 2106); mutants P3 to P5, NsiI-
NcoI (NT 2346 to NT 2654). The transferred cassettes were
sequenced to exclude the possibility that other mutations
had occurred.

(iii) Deletion mutants. Mutant HBVA12 carries a 401-
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FIG. 1. Schematic representation of the basic
structs. The HBV DNA is shown as a black bar; the
are shown as open arrows. The human metallothion
moter sequence is shown as an open arrow in t
functionally intact promoter and as an open box in tl
truncated promoter element. Junction sequences be'
sequence and the HBV sequence are 13 nucleoti
-34/2922, 5 nucleotides for pMH -9/3091, and 20 n
pMH 3/407. The transcription initiation sites (M. Niep
lished data) are indicated by black arrows.

base-pair (bp) deletion in the HBV genome, I
(NT 1009) to XhoI (NT 1409), replaced with
synthetic DNA duplex carrying an EcoRI site ai
the two 21-mer oligonucleotides 5' GATCCGA
CTGCAC 3' and 5' TCGACTGCAGAGGTG
(complementary bases are underlined). Mutant
ries a 270-bp deletion (NT 1009 to NT 1279)
obtained by replacing most of the linker sequeni
mutant HBVA12 with the EcoRI-XhoI (NT 128(
HBV wild-type fragment. In mutant HBVA2,
inserted linker sequence was replaced by the B
(NT 1004 to NT 1280) HBV wild-type fragment
a construct in which 123 bp of HBV sequence
NT 1408) are deleted and 9 bp of foreign sequc

(iv) Linker insertion mutants. Mutants P6, P7
were constructed by J. Salfeld by inserting ai
with the sequence 5' GAAGCTTC 3' into the I
contained in plasmid pSH2.1 (6). Blunt-end ligz
out after filling in at the following restriction
P6, AvaI (NT 533); mutant P7, BglII (NT 937)
NcoI (NT 2654); and mutant P10, AvaI (NT
12-bp in-frame insertions.

(v) Further constructs. Plasmid pMT-HBVpol
metallothionein promoter sequence from NT -
(15) linked by a synthetic DNA sequence of 20 n
the HBV sequence from NT 407 (first nucleo
gene) to NT 84. This synthetic sequence (ACA
ACCGCCGCC) supplies an optimized 5' sequei

TABLE 1. Missense mutations in the P

Mutant Oligonucleotidea NT exchange

P1 NT 794-NT 815 NT 804 A *C
NT 806 C-*G

P2 NT 2016-NT 2032 NT 2024 G-*(
P3 NT 2549-NT 2570 NT 2559 G-*(
P4 NT 2570-NT 2589 NT 2578 T-*(

NT 2580 C- )

P5 NT 2609-NT 2624 NT 2616 A--
a Position of the mutagenic oligonucleotides.
b New restriction enzyme cleavage sites created by nucle

lational initiation (17). Mutant Cl carries a single nucleotide
pMH-3412922 deletion at position 221 in the HBV genome contained in

14 plasmid pMH -34/2922 (M. Nassal, unpublished data). This
results in a frameshift leading to a truncated C protein of the
74 N-terminal amino acids linked to 9 foreign amino acids.

pMH 9t09 Detection of core particle-associated HBV polymerase activ-
ity after transient expression of HBV DNA in tissue culture.
Transfection of HepG2 cells and isolation of cytoplasmic
core particles were carried out by methods described previ-
ously (22), with minor modifications. Briefly, HepG2 cells

p T-HIBVpoI grown in 10-cm dishes were transfected by the Ca3(PO4)2
,(PM 3407) precipitation technique with 3.5 pmol of plasmid (about 15

.1 ,ug of DNA) or, in the case of linker insertion mutants P6 to
P10, circularized HBV DNA (about 7 ,ug). For complemen-

plasmid con- tation assays, 3.5 pmol of each of two plasmids were pooled
C and P genes and cotransfected. Transfection efficiencies were deter-
the (MsT) pf a mined by testing a portion of the culture medium 3 days after
he case of a 3' transfection for the presence of hepatitis B e antigen and
tween the MT hepatitis B surface antigen by radioimmunoassay (Abbott
ides for pMH Laboratories, North Chicago, Ill.). The values did not vary
iucleotides for by more than ±20%, except for mutants HBVA1 and
)mann, unpub- HBVA12, for which the values were reduced to one-third

that of values for the wild type.
The medium was collected, and the cells were lysed in 500

[rom BamHI p,l of TNE (10 mM Tris hydrochloride [Tris-HCl] [pH 8.0],
1l7m bp of a

100 mM NaCl, 0.1 mM EDTA)-1% Nonidet P-40. The lysate17 bp of a was clarified by centrifugation, and the supernatant was

ATTCACCT subjected to immunoprecipitation. Antisera used for immu-
AATTCG 3' noprecipitation of cytoplasmic core particles were directed
HBVI&l car- against a recombinant hepatitis B core antigen (30). A

whBic1 car- portion of the immunoprecipitated material was suspended
ce inserted in in 30 Fl of polymerase buffer (50 mM Tris-HCI [pH 8.0], 40
toNeT 1409) mM MgCl2, 50 mM NH4Cl, 1% Nonidet P-40, 0.3% ,-toN140 2-mercaptoethanol) supplemented with 12.5 ,uM each of
part of the dCTP, dGTP, and dTTP and 10 ,uCi of [ot-32P]dATP (3,000

ramHI-EcoRI Ci/mmol; Amersham Buchler GmbH & Co. KG, Braunsch-
t, resulting in weig, Federal Republic of Germany) and incubated for 90
.(NT1285 to min at 37°C. After addition of unlabeled dATP to 12.5 ,uM,
ence remain. the incubation was continued for an additional 60 min.
, P9, andPne Subsequently, sodium dodecyl sulfate (SDS) and proteinase
n 8-bp lne K were added to final concentrations of 1% and 500 p,g/ml,
HBVon, carried respectively, and after 60 min at 37°C the sample was passedation, carried through a Sephadex G100 column to separate the unincor-
sites: mutant porated [a-32P]dATP from the labeled nucleic acids. The
);mutant P9, 32P-labeled nucleic acids were ethanol precipitated, dis-
2745), led to solved in TNE-1% SDS, and analyzed on a 1.5% agarose gel
I contains the containing 0.1% SDS (7).
28conasNThe3 Annealing of reaction products to cloned HBV plus- and

iu80eotodesNt minus-strand DNA. Strandedness of DNA products labeled
ulde of the P in the endogenous polymerase assay was determined by
AGCTTGGT annealing to M13 single-stranded phage DNA containing a
Ace fortTGGT- full-length plus or minus DNA strand of HBV. Samples were
nce for trans- denatured by heating for 5 min to 100°C in 10 ,ul of TE (10

mM Tris-HCl [pH 8.0], 0.1 mM EDTA) and then incubated
gene for 90 min at 68°C at a final volume of 20 ,ul in 0.6 M NaCl-40

mM Tris-HCl [pH 7.5]-2 mM EDTA containing 100 ng of
endoRb M13 mpl8-HBV(+) or M13 mpl8-HBV(-) DNA (25). Two

PstI micrograms of tRNA was added, and the nucleic acids were
ethanol precipitated, resuspended in TE, and analyzed on a

C NsiI 1% agarose gel.
Test for RNA-DNA hybrid molecules. RNA-DNA hybrid

PvuI molecules were detected by incubating the 32P-labeled prod-
ucts of the endogenous polymerase assay for 30 min at 37°C

r HpaI with 10 U of avian myeloblastosis virus reverse transcriptase
(AMV-RT) (Life Sciences, Inc., St. Petersburg, Fla.), 0.6 U

otide exchanges. of Escherichia coli RNase H (Boehringer GmbH, Mann-
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FUNCTIONAL ORGANIZATION OF THE HBV P GENE PRODUCT
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FIG. 2. Structural and functional organization of the HBV P gene as derived from a comparison of its sequence to sequences of other
hepadnaviruses and to those of retrovirus pol genes. (A) Study of sequence similarity between the P gene products of mammalian
hepadnaviruses (HBV, WHV) and those of mammalian (HBV) and avian (DHBV) hepadnaviruses (for details, see Materials and Methods).
(B) Segmentation of the P gene into four regions corresponding to regions of high or low amino acid identity between different hepadnaviruses
and amino acid sequence similarities to the domain of RT/RNase H retroviruses. (C) Alignment of the amino acid sequence of the HBV P gene
segment shaded and labeled C in panel B (amino acids [aa] 505 to 587) with the corresponding DHBV sequence (aa 479 to 561) and a region
of the retrovirus P gene product of Rous sarcoma virus (RSV) (aa 147 to 228) and Mo-MuLV (MoMLV) (aa 309 to 391). Amino acids identical
between HBV and DHBV or between one of the hepadnaviruses and RSV and/or Mo-MuLV are shaded. (D) Alignment of the amino acid
sequence of the HBV P gene segment in region IV shaded and labeled D in panel B (aa 680 to 741) with the corresponding DHBV sequence
(aa 657 to 719), the N-terminal part of E. coli. RNase H (aa 1 to 74), and a region of the RNase H of Mo-MuLV (aa 635 to 705). Amino acids
identical between HBV and DHBV or between one of the hepadnaviruses and E. coli and/or Mo-MuLV are shaded. Highly conserved amino
acids that were changed in the HBV P gene by point mutations (amino acid positions 540, 718, 725, and 737; Table 2) are indicated by
arrowheads.

heim, Federal Republic of Germany), or RNase A (10 ,ug/ml)
in an appropriate buffer and by analyzing them on a 1%
agarose gel. The buffer for the RNase H reactions with E.
coli RNase H or AMV-RT consisted of 20 mM Tris-HCl (pH
8.3), 10 mM MgCl2, 1 mM dithiothreitol, and 50 mM NaCl;
the buffer used for completing the viral DNA synthesis with
AMV-RT consisted of 50 mM Tris-HCl (pH 8.3), 6 mM
MgCl2, 10 mM dithiothreitol, 100 mM NaCl, and dATP,
dCTP, dGTP, and dTTP, each at 200 ,uM.
Computer sequence analysis. Computer sequence analysis

was carried out by using a program for sequence similarity
comparison (0. Steinau, unpublished data). A "window" of
five amino acids in the HBV sequence (11) was compared, in
one-amino-acid steps, to the sequences from woodchuck
hepatitis B virus (WHV) or duck hepatitis B virus (DHBV)
(10, 23), resulting in an identity value between 0 and 5. For
alignment with the HBV P amino acid sequence, the follow-
ing changes were introduced into the WHV and the DHBV
sequences: WHV deletions, amino acids 18 to 22, 184 to 223,
and 356 to 357; empty space, two amino acids between
amino acids 501 and 502; DHBV deletions, amino acids 19 to

51, 360 to 364, 549, 647 to 649, and 671; empty space,
between amino acids 127 and 128 (10 amino acids), between
amino acids 471 and 472 (54 amino acids), and between
amino acids 504 and 505 (1 amino acid).

RESULTS

Prediction of functional domains in the P protein and design
of mutations. To identify functionally important parts of the
HBV P gene product which might be used as preferred
targets for a mutational analysis, a sequence comparison of
the P gene products encoded in the different hepadnaviruses
was carried out. Sequences conserved between hepadnavi-
rus P proteins were also compared to functionally defined
amino acid sequences of retrovirus pol gene products (Fig.
2C and D). The first part of this analysis (Fig. 2A) shows that
the hepadnavirus P protein sequence is well conserved, even
between the quite distantly related avian and mammalian
members of this virus family, except for a rather variable
region covering the second quarter of the gene (amino acids
178 to 336; domain II in Fig. 2B [23]). The sequences
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616 RADZIWILL ET AL.

preceding this variable region (domain I) are unique to the
hepadnaviruses and have recently been related, in the case
of DHBV, to the protein that is covalently linked to the viral
genome (5). The P protein sequences following domain II are
again quite highly conserved and are characterized by seg-
ments of significant sequence homology to retrovirus DNA
polymerase/RT (Fig. 2C) (28) and also to RNase H (Fig. 2D).
Accordingly, with the Moloney murine leukemia virus (Mo-
MuLV) pol domains (27) as a basis, this part of the P protein
was subdivided into domains III and IV. It should be noted
that the homologies to the retrovirus RNase H sequence are

rather low and therefore became clearly significant only after
emphasizing amino acid residues found to be conserved
between the RNase H sequences from retroviruses and
those from E. coli (14) (Fig. 2D). By using essentially the
same reasoning, the identical prediction for the HBV RNase
H gene has been made independently (F. Schodel, T. We-
imer, H. Will, and R. Sprengel, AIDS Res. Hum. Retrovi-
ruses 4:IX-XI, 1988).
On the basis of this analysis, three sets of mutations in the

P gene were constructed: (i) in-phase deletions removing
large parts of the variable domain II (mutants HBVA1,
HBVA2, and HBVA12), to test whether this region was
dispensible; (ii) in-phase insertions in domain I (mutants P6
and P7) or domain IV (mutants P9 and P10), to test whether
an uninterrupted coding sequence of the P gene was required
for polymerase activity; and (iii) point mutations changing
highly conserved amino acids in the domains I, III, and IV
(mutants P1 to P5), to test for the predicted functional
importance of these regions. The locations of these muta-
tions in the P gene are outlined in Fig. 3A, while the changes
in nucleotide sequence and amino acid sequence are listed in
Tables 1 and 2. More details of their construction are given
in Materials and Methods.

Functional analysis of P gene mutations. The P gene muta-
tions described above were tested for their effect on the
synthesis of viral gene products in the context of cloned
full-length HBV genomes capable of expressing all viral
proteins and of producing viruslike particles indistinguish-
able from authentic virus. To facilitate the transfer of mu-
tated viral DNA segments, two plasmids were used. Both
specify the synthesis of the HBV pregenomic RNA (and its
translation products from the core gene and P gene) from
terminally redundant HBV genomes without any need for
excision and circularization prior to transfection. As out-
lined in Fig. 1, these constructs differ by using either the
authentic HBV core gene promoter (linked to a foreign
upstream element; pMH -34/2922) or a foreign promoter
(pMH -9/3091) to direct genomic RNA synthesis. Similarly
high yields of viral gene products, in particular of viral cores

containing viral nucleic acids and DNA polymerase, were
obtained upon transfection of HepG2 cells with either plas-
mid.
For functional analysis, the mutated viral genomes were

introduced and transiently expressed in the human hepatoma
cell line HepG2. After 3 days, cytoplasmic core particles
were isolated and assayed for the presence of the core-

associated DNA polymerase activity incorporating radioac-
tively-labeled deoxynucleotides into the viral genome. La-
beled nucleic acids were then characterized by separation on

an agarose gel and autoradiography.
Typical results obtained with this assay procedure (desig-

nated endogenous polymerase assay) with HBV wild-type
DNA and P gene mutants are presented in Fig. 3B and C.
When wild-type HBV was used (lane wt), two (or sometimes
three) strongly labeled DNA bands, corresponding to linear
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FIG. 3. Test of P gene mutants for core-associated polymerase
activity. (A) Schematic representation of the HBV P gene indicating
the positions of the P gene mutations in the postulated functional
domains (I, terminal protein; II, spacer; III, DNA polymerase; IV,
RNase H). (B and C) Analysis of the DNA products labeled in the

endogenous polymerase assay, followed by agarose gel electropho-
resis (for details, see Materials and Methods). HepG2 cells were

transfected with wild-type HBV (wt) or mutant DNA or were mock
transfected (-). The same amount of cell lysates was used in each

assay, except for lanes 8 (one-third the amount), 9 (one-eighth the

amount), and 10 (one-twelfth the amount). The position of the

circular HBV DNA is indicated by the arrowhead.

and circular viral genomes, were observed. The strength and
the pattern of these signals were more or less affected when
mutant DNA genomes were tested. Thus, mutant P1, which
carries two neighboring amino acid exchanges in the N-
terminal part of the P gene product, produced essentially the
same pattern of labeled DNA as did wild-type HBV, but the

TABLE 2. Changes in the P gene product and their effects on the
endogenous polymerase activity

Mutant Amino acida Changeb activityc

P1 133/134 YP-bSA 1
P2 540 D}-H <0.3
P3 718 E-bH 10
P4 725 A-*D <0.3
PS 737 DV 20
P6 44< >45 G<KLLG>N <0.3
P7 178< >179 D<RSFD>L <0.3
P9 751< >752 W<KLPW>L <0.3
PlO 781< >782 R<EASR>G <0.3
HBV812 201< >335 S<EFTSA>L <0.3
HBVb1 201< >292 S< >E 40
HBV82 293< >335 F<TSA>L <0.3

a Positions in the P gene product.
b Changed amino acids (-*) and insertions or deletions (< >).
Incorporation of 32P-labeled nucleotides into viral DNA relative to that in

the wild type (about 20,000 cpm) measured in the endogenous polymerase
assay (see Materials and Methods).

J. VIROL.

pl

wl. . 2 1 1 ' "

As

.1.0
i. ...

1. -, ': ..: ..
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FIG. 4. Test for selective first-strand (minus-strand) synthesis.
32P-labeled products from the endogenous DNA polymerase assay
were heat denatured, annealed to phage M13 DNA carrying the
HBV genome in plus (lanes +) or minus (lanes -) orientation, and
then analyzed for hybrid formation by sizing on a 1% agarose gel (for
details, see Materials and Methods). wt, Wild type.

signals were reduced to about 1% and were therefore detect-
able only after the amount of the material analyzed was
increased (lanes 3 and 9). Mutants P2 and P4, which contain
single-amino-acid exchanges in the regions homologous to
retrovirus RT and RNase H, respectively, were completely
negative in the endogenous polymerase assay (lanes 4 and 6),
as were mutants P6, P7, P9, and P10, which encode inser-
tions of four amino acids in domains I or IV of the P protein
(Table 2). Mutants P3 and P5, carrying independent mis-
sense mutations in the predicted RNase H region, displayed
substantially reduced incorporation in the endogenous poly-
merase assay (Table 2), with an altered pattern of labeled
nucleic acids, the upper signals that represent circular viral
genomes being absent (lanes 5 and 7). Finally, of the three
deletions in domain II (Fig. 3B), two abolished polymerase
activity; the mutation in HBVA1, although deleting 10% of
the P protein sequence, displayed nearly normal levels of
DNA synthesis on a slightly shortened HBV DNA genome
(Fig. 3B, lane 3).
Taken together, these results demonstrate that missense

mutations and in-phase insertions in any one of the three
conserved P gene domains that are assumed to encode the
terminal protein, the DNA polymerase, and the RNase H are
critical for catalytic activity, as determined in the endoge-
nous polymerase assay. In contrast, a large segment can be
removed from domain II without abolishing the synthesis of
viral genomes as detected in this assay.
Mutants P3 and P5 selectively abolish RNase H activity. As

shown above, there were two mutants with missense muta-
tions in domain IV, HBV P3 and HBV P5, whose labeling
pattern of core-associated nucleic acids differed from that of
the HBV wild type in that they lacked the signals represent-
ing circular double-stranded HBV DNA. Since these muta-
tions change amino acids that are highly conserved in RNase
H sequences of various origin (Fig. 2D), it appeared likely
that the observed DNA products might be related to the
persistence of hybrid molecules consisting of genomic RNA
and minus-strand DNA, a result expected to accompany a
loss of RNase H activity. To test this assumption, the
labeled DNA products from all three RNase H mutants were
analyzed for their strandedness by annealing to HBV DNA

FIG. 5. Characterization of RNA-DNA hybrid molecules. 32P-
labeled products of the endogenous DNA polymerase assay using
the wild type (HBV-wt) (lanes 1 to 5) or mutant HBV-P5 (lanes 6 to
11) were analyzed on an agarose gel directly after synthesis (lanes 1
and 6), after heat denaturation (lanes 2 and 7), after incubation with
AMV-RT/RNase H in the absence (lanes 3 and 8) or presence (lanes
4 and 9) of deoxyribonucleoside triphosphates, after incubation with
E. coli RNase H (lanes 5 and 11), or after incubation with RNase A
(lane 10). The end-labeled EcoRI fragments from plasmid pSH2.1
(3.2 kbp = HBV genome; 2.1 kbp = pSVO8 [6]) were used as size
markers.

single strands cloned into M13 phage vectors in minus- or
plus-strand orientation (Fig. 4). As expected, the labeled
DNA products from mutants P3 and P5 hybridized selec-
tively with the plus-strand HBV probe but not with the HBV
minus strand; mutant P4, which gave no DNA signal in the
original sizing analysis (Fig. 3C, lane 6), was again negative
in this more sensitive assay in which all labeled DNA
products are concentrated into a single band. In the control
with HBV wild type, the labeled DNA annealed equally well
to both HBV DNA strands. These results demonstrate that,
in contrast to the mutant P4, which is totally defective in
viral DNA synthesis, HBV mutants P3 and P5 are still
capable of synthesizing viral DNA minus strands, although
at a reduced level, but not of synthesizing plus strands.

Further evidence for this notion was obtained by more
detailed structural analysis of the RNA-DNA hybrid mole-
cules produced by the RNase H mutants and labeled in the
endogenous polymerase assay. To demonstrate the presence
of an RNA moiety, these molecules were subjected to
RNase H digestion using either E. coli RNase H or AMV-RT
in the absence of deoxynucleoside triphosphates. Additional
samples were treated with RNase A, which does not degrade
RNA-DNA hybrids, or were heat denatured to obtain the
labeled DNA as single strands. As a control, the same
treatments were carried out with the labeled DNA products
produced by the HBV wild type.
The results obtained in these experiments for the DNA

products from mutant P5 are shown in Fig. 5. They demon-
strate that incubation with either RNase H activity (lanes 8
and 11) altered the electrophoretic mobility of the labeled
DNA products such that it became comparable to that of the
DNA single strands obtained after heat denaturation (lane 7).
In contrast, the pattern of labeled DNA did not change after
repair DNA synthesis with AMV-RT in the presence of
deoxynucleotides (lane 9) or after incubation with RNase A
(lane 10). Thus, the RNA pregenome had been converted
into RNA-DNA duplex structures of heterogeneous sizes

VOL. 64, 1990 617
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FIG. 6. Complementation of P gene mu

structs producing the wild-type P gene produ
individual mutations in the HBV P gene;

wild-type P gene but a defective core gene.

the endogenous polymerase assay after cotra
tive HBV genomes. (C) Complementation
construct expressing the P gene under for
(pMT-HBVpol, MP; for plasmid structure,
particle-associated polymerase activity was c
the legend to Fig. 3.

and of less than full genome length.
control experiment with the wild typ(
with added AMV-RT plus deoxynuclh
resulted in more slowly migrating DN
that gap filling had been incomplete du

polymerase assay. Results similar to t
for mutant P5 were also obtained with
shown).
Taken together, the results describe

sistent with the notion that HBV mutani
core particles containing a P gene prodi
as RT but not as RNase H. Therefore,
most 3'-terminal conserved domain of
IV) encodes an hepadnavirus RNase H
P gene mutations can be compensated

not intragenic, complementation. The i

tional analysis described above indicate
missense mutations in domain IV (P3 an
RNase H function residing in this dor
cantly affecting the priming and chain
required for minus (first) strand synthes
DNA strand was synthesized by the thi
this result may be taken to indicate th
function independently of domain IV
general question of whether P protein se
autonomously, i.e., can complement
after being released by proteolysis fron
product. To test this possibility expi
mutants were cotransfected in pairs and
enous polymerase assay for their ability
gene functions. As a positive control,
was cotransfected with a construct carr

but also carrying a frameshift mutation i
therefore unable by itself to synthesiz
containing core particles (mutant HBV
sentative results of this analysis are
Cotransfection of mutant Cl with any

mutants resulted in core particles containing polymerase
activity and not different in their labeling patterns from cores

F2 F;, 4 ,'; produced from an HBV wild-type genome. In contrast, no

77'__ t--',-V-< -1 DNA polymerase activity could be detected by using any
------------------------ -pair of P gene mutants, as exemplified for mutants P1, P2,

and P4 in Fig. 5B (further data in G. Radziwill, Ph.D. thesis,
C University of Heidelberg, 1989). These results demonstrate

that the recovery of core-associated DNA polymerase activ-
vd Mi_ 'P > ity is due to a free mixing of core gene products and P gene

products in the cotransfected cell and not to recombinational
events shown to occur after mixed transfection in vivo (24).
They also demonstrate that the mutations introduced affect
polymerase activity directly, not indirectly, by interfering

-k .S with a packaging signal in the RNA template.
5 ; The complementation data described above also indicate
* 3 that P protein synthesis does not depend on a translational

coupling of core gene and P gene expression. This conclu-
:::.~sion is supported further by complementation experiments

with plasmid pMT-HBVpol, a construct in which all HBV
itants in trans by con- sequences upstream of the P gene were removed and re-

t- (A) Positions of the placed by the human metallothionein promoter (Fig. 1). As
(B) Results obtained in exemplified in Fig. 6C by using mutant HBV P2, this
Lnsfection of two defec- construct is able to complement polymerase-negative HBV
of mutant P2 with a genomes in trans so that the normal pattern of labeled

reign promoter control (circular and linear) DNA molecules is obtained in the
see Fig. 1). The core endogenous polymerase assay. Similar results were obtained
letected as described in with the polymerase-defective deletion mutant HBVA12,

demonstrating that construct pMT-HBVpol produces, in the
absence of C gene translation, a fully functional P gene

Surprisingly, in the product which can reverse transcribe pregenomic RNA
e, reaction products molecules that by themselves are defective in P gene func-
eoside triphosphates tion. These results again support the notion that the three
[A bands, indicating components forming the viral core, namely the genomic
iring the endogenous RNA, the core protein, and the P protein, exist in a freely
;hose described here diffusible state and that they thus may originate from sepa-
mutant P3 (data not rate, and potentially defective, viral genomes.

d above are all con- DISCUSSION
ts P3 and P5 produce
uct that can function The results of the present mutational analysis of the HBV
we conclude that the P gene lead to several conclusions regarding the functional
the P gene (domain and structural organization of the gene. First, we provide

[. strong experimental evidence to support the long-standing
for by intergenic, but prediction that the P gene encodes the hepadnavirus DNA
results of the muta- polymerase/RT in that mutations throughout the P frame
that two of the three drastically reduced the enzymatic activity detected in the
Ld P5) inactivated the endogenous polymerase assay. This was the case for several
main without signifi- in-phase insertions and in-phase deletions, as well as for five
l-elongation reaction missense mutations affecting highly conserved amino acid
sis. Although no first sequence motifs (Fig. 2 and 3). Of the latter, mutation P2 at
rd mutant (HBV P4), amino acid 540 is particularly noteworthy since the target
at domains I and III sequence (YMDD) is present in many retrovirus RTs (2) and
'. It also raises the has been identified as being essential for RT activity in the
egments can function case of human immunodeficiency virus by changing YMDD
each other in trans to YMHD (18) as was done in creating HBV P2. Therefore,
n the primary P gene we conclude that the domain containing the YMDD motif
,erimentally, P gene (domain III) encodes the HBV DNA polymerase/RT.
I tested in the endog- Second, point mutations near the C terminus of the P gene
to reconstitute all P product (plus strand) (domain IV) led to the complete loss of
each P gene mutant second strand DNA synthesis in the endogenous polymerase
ying an intact P gene assay. This confirmed experimentally the RNase H function
in the core gene, and which we predicted for this region from a low degree of
e DNA polymerase- sequence similarity to RNase H sequences from retroviruses
Cl; Fig. 6B). Repre- and E. coli (Fig. 2D). Domain IV seems to contribute to
shown in Fig. 6. some extent to the DNA polymerase activity residing in the
one of the P gene neighboring domain III since all three RNase H mutations
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lead, in addition to abolishing plus-strand DNA synthesis, to
a significant reduction (P3, P5) or even complete loss (P4) of
minus-strand DNA synthesis (Table 2 and Fig. 4).

Third, an extended spacer which is to a large extent
nonessential for polymerase function was identified in the
second quarter of the HBV P gene (domain II). This spacer
separates the RT/RNase H region from a domain located in
the N terminus region that is well conserved between
hepadnaviruses, but not related to any retroviral protein,
and that was recently shown to encode the protein that is
covalently linked to the viral genome (DNA terminal protein
[5]).
Because quite similar results have been obtained in paral-

lel studies with mutated DHBV genomes (5, 21; unpublished
results from our laboratory), we conclude that the hepadna-
virus P gene product is a multifunctional protein with several
distinct domains that catalyze the major steps in hepadnavi-
rus reverse transcription, i.e., priming, DNA synthesis, and
removal of the RNA template. Compared with the retrovirus
pol gene product (Fig. 2B), the hepadnavirus P protein lacks
an endonuclease, which is not surprising since there is no
specific integration into the host genome. Furthermore, the
retrovirus protease is replaced by the HBV DNA terminal
protein, which is consistent with the absence of core-
polymerase fusions in hepadnaviruses (9, 21). RT and RNase
H remain arranged in the same order but are located in HBV
near the end of the P gene. Another distinct difference is the
presence of the extended spacer/tether that links the HBV
terminal protein to the catalytic domains but that is absent in
retroviruses, in which a protease precursor is directly adja-
cent to the RT/RNase H precursor (19). This HBV tether
does not correspond to the tether predicted to connect RT
and RNase H in the retrovirus pol gene product (14) but
meanwhile shown to be part of the polymerase domain (27).
Finally, it should be noted that the HBV DNA polymerase
(domain III) appears to be divided into two subdomains by
sequences around amino acid 460 which are poorly con-
served between mammalian hepadnaviruses and totally re-
moved by a 54-amino-acid deletion in avian viruses (Fig. 2A)
and which tolerate mutational changes without affecting
DNA polymerase activity (R. Bartenschlager, unpublished
data).
The model organizing the P gene in several functional

domains as proposed above raises the questions of whether
these domains are able to function independently of each
other in vitro, or more importantly, in vivo, and whether
they are always synthesized as part of the full-length P gene
product. As discussed further below, no satisfactory assays
are presently available that would allow reliable monitoring
of P gene functions in vitro with exogenous substrates, as
can be done with retrovirus pol gene products. Therefore, in
the present study we were forced to rely on the endogenous
polymerase assay. This assay, however, monitors only DNA
polymerase activity in core particles that arose intracellu-
larly in a complex process involving core assembly, RNA
packaging, DNA priming, and DNA synthesis, and therefore
primarily only questions regarding the overall process could
be addressed. However, by using our mutants also in com-
plementation experiments, additional conclusions regarding
P gene function could be drawn. First, since P gene muta-
tions residing in separate functional domains did not com-
plement each other in trans, it seems most likely that the P
gene is expressed as a single translational unit from its first
translational start codon, and not additionally from internal
starts, to yield subgenic products (as occurs in pre-S/S gene
expression). The absence of intragenic complementation

strongly suggests, in addition, that the primary P gene
product remains intact, at least until core assembly, and that
it is not processed into freely diffusible subunits with partial
replication functions. It also argues against processing after
assembly, unless there is only a single P protein molecule in
the core particle. Thus, our data are consistent with a model
in which the P protein remains intact while performing its
replication functions (5). This seems to be more likely, since
detailed studies with purified DHBV cores support the
notion that the P gene product is tightly, probably cova-
lently, linked to its endogenous DNA product/template (5,
20).

This model seems difficult to reconcile with recent reports
from Laub and co-workers (3, 4) which describe two HBV-
related RT activities detected in activity gels, a major and a
minor species migrating at about 70 and 90 kilodaltons,
respectively, and seemingly corresponding to a processed
and nonprocessed P gene product, respectively. In repeating
these experiments, we have also been able to detect RT
activities of similar sizes in about equal amounts in extracts
from HepG2 cells transfected with replication-competent
HBV genomes (Radziwill, Ph.D. thesis). However, the
experimental procedure was poorly reproducible in our
hands, and in addition, two observations made an interpre-
tation of our results even more difficult. (i) The HBV-related
RT was lost during further purification of the core virus
fraction used as starting material (as was observed earlier
with DHBV [20]), and (ii) surprisingly, there was always a
low level of RT activity that migrated the same distance
released from mock-transfected HepG2 cells. In the light of
these conflicting results, we feel that additional experiments
using better assays and better purification procedures will be
needed to reach more conclusive answers.

Finally, it should be noted that the demonstration of
intergenic complementation between P gene mutants and C
gene mutants from HBV indicates that these two genes are
expressed independently and act in trans and therefore that
the HBV P gene product is synthesized uncoupled from the
HBV core gene. This conclusion is in keeping with results
obtained recently from detailed analyses of the mechanism
of P gene expression in DHBV (9, 21) which demonstrate
that the DHBV P gene is most probably translated from its
own start codon and not, as has been shown for several
retroviruses (13), by ribosomal frameshifting from the over-
lapping core gene.
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