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Initiation of reverse transcription in hepadnaviruses is accomplished by a unique protein-priming mecha-
nism whereby a specific Y residue in the terminal protein (TP) domain of the viral reverse transcriptase (RT)
acts as a primer to initiate DNA synthesis, which is carried out by the RT domain of the same protein. When
separate TP and RT domains from the duck hepatitis B virus (DHBV) RT protein were tested in a trans-
complementation assay in vitro, the RT domain could also serve, unexpectedly, as a protein primer for DNA
synthesis, as could a TP mutant lacking the authentic primer Y (Y96) residue. Priming at these other, so-called
cryptic, priming sites in both the RT and TP domains shared the same requirements as those at Y96. A mini
RT protein with both the TP and RT domains linked in cis, as well as the full-length RT protein, could also
initiate DNA synthesis using cryptic priming sites. The cryptic priming site(s) in TP was found to be S/T, while
those in the RT domain were Y and S/T. As with the authentic TP Y96 priming site, the cryptic priming sites
in the TP and RT domains could support DNA polymerization subsequent to the initial covalent linkage of the
first nucleotide to the priming amino acid residue. These results provide new insights into the complex
mechanisms of protein priming in hepadnaviruses, including the selection of the primer residue and the
interactions between the TP and RT domains that is essential for protein priming.

The Hepadnaviridae family includes the hepatitis B virus
(HBV), a global human pathogen that chronically infects hun-
dreds of millions and causes a million fatalities yearly, and
related animal viruses such as the duck hepatitis B virus
(DHBV) (40). Hepadnaviruses contain a small (�3-kb), par-
tially double-stranded DNA genome that is replicated through
an RNA intermediate, called pregenomic RNA (pgRNA) by
reverse transcription (39, 43). The virally encoded reverse
transcriptase (RT) is unique among known RTs in its structure
and function (14). RT is composed of four domains. The N-
terminal TP (terminal protein) is conserved among all hepadna-
viruses but absent from all other known RTs and is required for
viral reverse transcription. The spacer domain, which does not
have any known role in RT functions, connects TP to the
central RT domain and the C-terminal RNase H domain. Both
the RT and the RNase H domains share sequence homology
with other RTs, including the RT active-site motif YMDD and
the catalytic RNase H residues (4, 5, 35, 57).

A prerequisite for the initiation of reverse transcription in
hepadnaviruses is the specific interaction between RT and a
short RNA signal called ε located at the 5� end of pgRNA (33,
51). RT-ε interaction is required to activate the polymerase
activity of RT and ε also serves as the template for the initial
stage of viral reverse transcription (13, 16, 44, 46, 47, 49).

Instead of relying on an RNA primer to prime DNA synthesis,
as is the case with most other RTs and DNA polymerases in
general, the hepadnavirus RT uses a specific Y residue in the
TP domain of the RT protein itself (Y96 in DHBV and Y63 in
HBV) as a primer to initiate minus-strand DNA synthesis (24,
25, 50, 56, 59). During this so-called protein priming reaction,
a short (3 to 4 nucleotides long) DNA oligomer is synthesized
that is covalently attached to RT through the primer Y residue,
using as a template an internal bugle of the ε RNA. Both the
TP and the RT domains are essential for RT-ε interaction and
protein priming but the RNase H domain is dispensable (10,
23, 33, 51). Also, isolated TP and RT domains, when combined
together, are able to reconstitute a functional RT protein that
is able to carry out protein priming in a trans-complementation
reaction (1, 23, 25, 27). Protein priming can be further subdi-
vided into two different stages, requiring distinct RT confor-
mations, the initial covalent attachment of the first nucleotide
of the minus-strand DNA (a dGMP in DHBV) to RT (to the
primer Y) called initiation and the subsequent addition of the
remaining 2 to 3 nucleotides to the initiating nucleotide called
polymerization (27, 54).

DHBV RT-ε interaction and protein priming have been
reconstituted in vitro using purified components. The full-
length RT requires the assistance of the host cell chaperone
proteins in order to establish and maintain a conformation that
is competent to recognize the ε RNA and to initiate protein
priming (9, 10, 13, 15, 17, 18, 41, 42). However, a truncated
DHBV RT protein, MiniRT2, with deletion of the entire
RNase H domain, the N-terminal third of the TP domain, and
most of the spacer, retains ε RNA binding and protein priming
activity but no longer requires the host chaperones (55). Re-
cently, we reported that the divalent metal ions, Mg2� versus
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Mn2�, have a dramatic effect on protein priming, including the
overall priming efficiency, the template and nucleotide speci-
ficity, and the transition from initiation to polymerization, fur-
ther attesting to the multiple RT conformational transitions
that occur during protein priming (27).

In the present study, we found, surprisingly, that DHBV RT
protein was able to initiate DNA synthesis using amino acid
(S/T as well as Y) residues on both the TP and the RT domains
in addition to the known Y96 site in the TP domain. We
characterized the requirements for protein priming from these
alternative or cryptic priming sites versus those from Y96 by
using the trans-complementation priming reaction, as well as
cis priming as carried out by MiniRT2 and the full-length
DHBV RT. The discovery of cryptic priming sites has impor-
tant implications on the selection of the primer residue, the RT
conformational changes during protein priming, and poten-
tially the role of protein priming in viral pathogenesis.

MATERIALS AND METHODS

Plasmids. pGEX-MiniRT2 and pQE-MiniRT2 express a truncated DHBV RT
protein, MiniRT2 (Fig. 1), that is fused to the glutathione S-transferase (GST)
and an N-terminal hexahistidine (6�His) tag, respectively, as described previ-
ously (10). pGEX-TP and pGEX-RT were derived from pGEX-MiniRT2 and
express the GST-tagged and truncated DHBV TP (residues 75 to 220) and
DHBV RT (residues 349 to 575) domains, respectively (26). Similarly, pQE-TP
and pQE-RT express the 6�His-tagged TP (residues 75 to 220) and RT (resi-
dues 349 to 575) domains, respectively, and were derived from pQE-MiniRT2 by
removing the RT and TP domain coding sequences, respectively. pHis-MBP-TP
expresses a maltose-binding protein (MBP)- and 6�His-tagged TP domain in a
modified pMCGS7 vector (34). A Tev protease cleavage site is present between
MBP and TP sequence in pHis-MBP-TP. pGEX-RT-YMHA was derived from
pGEX-RT and contains two amino acid substitutions in the RT active site
(changing the conserved YMDD motif into YMHA) (4, 54) that abolishes the
polymerase activity of RT. The pQE-TP-Y96F and pQE-MiniRT2-Y96F were
derived from pQE-TP and pQE-MiniRT2, respectively, by changing the Y at
position 96 to phenylalanine (59). pHP and pHP-Y96F express the full-length
DHBV RT (the wild type and the Y96F mutant, respectively) under the phage
SP6 promoter in vitro (59). All mutations were verified by DNA sequencing.

Protein expression and purification. DHBV full-length RT proteins (the wild
type [WT] and Y96F mutant) were expressed in vitro using a coupled in vitro
transcription and translation reaction kit, the TnT rabbit reticulocyte lysate

(RRL) system (Promega), in the absence of any radiolabeling according to the
manufacturer’s instructions (9, 10, 50). GST-MiniRT2, -RT, and -TP were ex-
pressed in BL21DE3-CodonPlus-RIL cells and purified using the glutathione
resin (10, 12). His-MiniRT2, -RT, -TP, and -MBP-TP were expressed in M15-
(pREP4) cells and purified using Ni� affinity resins under native conditions (10).
For His-MBP-TP, the eluate from the Ni� affinity resins was further purified
using amylose affinity resins (New England Biolabs). To remove the His and
MBP tags, purified His-MBP-TP was digested with the Tev protease. His-
MiniRT2, -RT, and -TP proteins were also purified under denaturing conditions
and refolded as described previously (55) with minor modifications. Briefly, the
inclusion bodies were solubilized in 8 M urea, which was removed stepwise by
washing the Ni� resin in the refolding buffer (50 mM phosphate buffer [pH 8.0],
300 mM NaCl, 5 mM reduced glutathione [GSH], 0.5 mM oxidized GSH, 5 mM
�-mercaptoethanol, and 0.1% NP-40) while the proteins were still bound.

In vitro protein priming. Protein priming reactions were carried out as previ-
ously described (27, 50). Briefly, 1 pmol of purified RT or 5 �l of the in vitro
translation reaction was mixed with 6 pmol DHBV ε RNA (10) or 1 �g of yeast
tRNA, 1� EDTA-free protease inhibitor cocktail (Roche), 0.5 �l of [�-
32P]dGTP (3,000 Ci/mmol and 10 mCi/ml) (or another labeled deoxynucleoside
triphosphate [dNTP] or NTP, where indicated) per 10-�l reaction in TMnNK (10
mM Tris-HCl [pH 8.0], 1 mM MnCl2, 15 mM NaCl, 20 mM KCl) or, where
indicated, TMgNK (same as TMnNK, except containing 2 mM MgCl2 instead of
1 mM MnCl2). NP-40 (0.2% [vol/vol], final concentration) was added to stimu-
late protein priming by the purified proteins and/or domains (55). For the
trans-complementation assay, equimolar amounts (1 pmol each) of the TP and
RT domains were used. For the initiation reaction (I) only a single labeled dNTP
was used, whereas for the polymerization reaction (P) the other three unlabeled
dNTPs (i.e., other than the labeled dNTP) or the indicated dNTP combinations
or ddNTP, each at 10 �M, was also included. The protein priming reaction was
carried out at 30°C for 2 h. The reaction products were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and quantified
by phosphorimaging.

Phosphoamino acid analysis. Following SDS-PAGE, the gel was divided into
two parts. Both parts were fixed with 10% acetic acid and 10% isopropanol
mixture for 1 h with two changes. The gel pieces were rinsed in distilled H2O
twice. One part was then treated with 3 M KOH at 55°C for 14 h (6, 7), and the
other part was mock treated with water at the same temperature. After KOH or
water treatment, the gel pieces were treated with 10% acetic acid and 10%
isopropanol mixture for 2 h with three to four changes. Subsequently, both gel
pieces were rinsed in water for 30 min and dried. The 32P-labeled bands were
quantified by phosphorimaging.

Mapping of protein priming sites by thrombin and cyanogen bromide (CNBr)
cleavage. After protein priming, His-MiniRT2 was heat inactivated at 70°C for 10
min and then cooled to room temperature. To the heat-inactivated samples, 5
mM EDTA, 10 �g of E-64 protease inhibitor/ml, and 0.2 U of thrombin (GE
Healthcare) per 50 ng of MiniRT2 were added, and the mixture was incubated
overnight (ca. 15 h) at room temperature. For mock digestion, samples were
incubated with phosphate-buffered saline (pH 7.4) instead of thrombin in par-
allel. The samples were then subjected to SDS-PAGE. The priming-labeled and
thrombin-digested MiniRT2 protein, the TP and RT domains labeled as a result
of trans-complementation priming, or the priming-labeled full-length DHBV
(WT and Y96F mutant) RT proteins were transferred after SDS-PAGE to
nitrocellulose membrane and exposed to X-ray film to localize the 32P-labeled
bands. The labeled protein bands were excised from the membrane and incu-
bated with 100 mg of CNBr (Sigma)/ml in 70% (vol/vol) formic acid (Sigma) (28)
for 24 h at room temperature in the dark. At the end of digestion, the samples
were centrifuged for 5 min, and the CNBr solution (containing 90 to 95% of the
32P signal) was transferred to a new tube and dried using a Speed-Vac to remove
formic acid. The dried samples were dissolved in 40 �l of water and dried again.
The dried samples were directly dissolved in SDS sample buffer, and the protein
fragments were analyzed by 16% Tricine SDS-PAGE (48) and exposed to X-ray
film.

RESULTS

Expression and purification of DHBV RT proteins and do-
mains. To facilitate protein expression and purification, we
produced the DHBV MiniRT2 protein and the individual TP
and RT domains as GST or 6�His fusion constructs and pu-
rified by glutathione or Ni� affinity methods. In the case of
6�His-MBP-TP, the protein was purified with Ni� affinity,

FIG. 1. Schematic illustration of the DHBV RT protein and do-
main constructs. The primer Y residue (Y96) in the TP domain and the
YMDD catalytic motif in the RT domain are denoted, as are the
boundaries (in amino acid positions) of the truncated MiniRT2 protein
and the TP and RT domain constructs, the thrombin cleavage site
inserted into MiniRT2, the Tev protease cleavage site in His-MBP-TP,
and the different affinity tags (GST, MBP, and 6�His).
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followed by the amylose affinity method. Under native condi-
tions MiniRT2 and the TP and RT domains copurified with
GroEL and DnaK, two bacterial chaperone proteins known to
bind the DHBV and HBV RT, as well as degradation products
and other contaminants (Fig. 2, lanes N) (10, 12). In order to
exclude the possibilities that the bacterial chaperone proteins
and other contaminants might have influenced the results ob-
tained, we also purified the 6�His-tagged constructs from in-
clusion bodies under denaturing conditions and refolded them.
The protein samples that were purified under denaturing con-
dition did not contain the chaperone proteins and were �95%
pure (Fig. 2, lanes R). The low-molecular-mass species in the
refolded MiniRT2 preparations were mostly degradation prod-
ucts.

Both TP and RT domains served as a primer to initiate DNA
synthesis. Independent TP and RT domains are known to
trans-complement each other to carry out the protein priming
reaction using the TP domain as a protein primer to initiate
DNA synthesis (1, 25, 27). When the priming reactions were
carried out in the presence of Mn2�, which is known to stim-
ulate priming relative to Mg2� (27), we found, surprisingly,
that the RT domain, as well as TP, acted as a protein primer
for initiating DNA synthesis (Fig. 3). The ability of the RT
domain to serve as a protein primer for initiating DNA syn-
thesis was independent of the nature of the tag on the RT or
TP domain. Thus, 6�His-tagged (lanes 1, 2, 9, and 10) or
GST-tagged (lanes 3 to 8) RT primed the initiation of DNA
synthesis when trans-complemented with 6�His-tagged (lanes
1, 2, 5, 6, 9, and 10) or GST-tagged (lanes 3 and 4), 6�His and

MBP double-tagged (lane 7), or untagged (lane 8) TP. Priming
at both the TP and RT domains in the trans-complementation
was nearly as efficient with refolded domains as with natively
purified domains (lanes 9 and 10). On the other hand, unre-
lated proteins such as GST (lanes 2 and 4), bovine serum
albumin, MBP, or rabbit serum proteins (data not shown)
failed to serve as a protein primer for DNA synthesis when
mixed with TP and RT domains.

Priming at either the TP or RT domain required both the
TP and the RT domains and the � RNA template. To verify
that priming from both the RT and the TP domains was due to
authentic priming activity, we assessed whether the trans-com-
plementation reaction required the ε RNA template, the RT
domain, and the TP domain, which are known to be required
for priming at the authentic Y96 site. As shown in Fig. 4A,
initiation of DNA synthesis from either the TP or the RT
domain indeed required all three components; in particular,
the RT catalytic site was required since the reaction with the
RT domain containing the YMHA mutation did not show any
RT or TP priming (lanes 1 to 6, 9, 10, and 13). However, when
the RT domain was trans-complemented with the TP-Y96F
mutant, which lacked the authentic Y96 priming site, we could
still detect the priming signal both on the RT and the mutant
TP domain, albeit less efficiently (�4-fold less priming from

FIG. 2. MiniRT2 proteins and TP and RT domains purified from
bacteria. The DHBV MiniRT2 proteins and the TP and RT domains
were expressed in E. coli and purified by affinity methods. The His-
tagged proteins/domains were purified under either native (N) or re-
folding (R) conditions. The GST-tagged domains were purified under
native (N) conditions. His-MBP-TP was purified by a two-step (nickel
followed by amylose affinity) method under native (N) conditions. The
purified proteins and domains were analyzed by SDS-PAGE and
Coomassie blue staining. The intact (undegraded) proteins or domains
are denoted by the asterisks. The copurifying bacterial chaperone
proteins, DnaK and GroEL are indicated. The protein molecular mass
markers are indicated on the left in kilodaltons.

FIG. 3. In vitro protein priming by trans-complementation of puri-
fied RT and TP domains. Purified TP and RT domains were mixed
together to reconstitute protein priming by trans-complementation, in
the presence of [�-32P]dGTP. The domains used were natively purified
(lanes 1, 2, 5, and 9) or refolded (lanes 6 and 10) His-tagged, GST-
tagged (lanes 3 and 4), His- and MBP-double tagged (lane 7), or
untagged (Tev cleaved, lane 8) TP domains and natively purified (lanes
1, 2, and 9) or refolded (lane 10) His-tagged or GST-tagged (lanes 3 to
8) RT domains. GST (1 �g) was also added to the reactions shown in
lanes 2 and 4. The 32P-labeled TP and RT domains (arrows) as a result
of protein priming were resolved by SDS-PAGE and detected by
autoradiography. The arrowhead denotes degradation products from
GST-TP and/or GST-RT.

7756 BOREGOWDA ET AL. J. VIROL.



TP) than when the WT TP was used (lane 7 versus lane 5),
indicating that another site(s) in TP, different from Y96, could
also serve to initiate DNA synthesis. Interestingly, the Y96F
mutation in TP also decreased the RT domain priming signal
(by �2-fold) (see also Fig. 5A, Fig. 6C, and Fig. 7). Priming
from the mutant Y96F TP still required the ε RNA (Fig. 4, lane
8). These results indicated that protein priming from the RT
domain and from the site(s) in TP other than Y96 shared
requirements similar to those from the known Y96 TP site.
Also, priming from the authentic Y96 TP site seemed to stim-
ulate priming from the RT domain. The putative sites for
priming DNA synthesis in the RT domain and in TP (other
than Y96) were termed cryptic priming sites since these sites
were apparently not used effectively when Mg2�, instead of
Mn2�, was present in the in vitro priming reaction (see below),
nor are they utilized effectively in vivo (21, 25, 56, 59; see also
the Discussion).

Previously, we showed that MiniRT2, in the presence of
Mn2�, was able to use tRNA as a template for protein priming,
albeit at a lower efficiency than the authentic ε RNA (27). The
full-length DHBV and HBV RT were also shown to synthesize
DNA independent of the ε RNA, albeit inefficiently (25, 46,
51). We were thus interested in determining whether tRNA
could serve as a template in trans-complementation to support
protein priming from either the TP or the RT domain. As
shown in Fig. 4A, tRNA indeed served as a template for
initiating DNA synthesis on both the TP and RT domains
though only at low efficiency (lane 12) (ca. 4% compared to the
ε RNA), whereas complete omission of any RNA template
eliminated priming at either the TP or RT domain (lanes 4, 6,
8, and 13). Interestingly, even when tRNA was used as the

template, priming (from the RT domain) seemed to still re-
quire TP (lack of RT domain labeling in lane 14 versus the
weak RT labeling in lane 12).

The nature of the TP and RT priming products were further
verified by protease and DNase digestion of the reaction prod-
ucts and inclusion of different nucleotide substrate labels in the
priming reactions (Fig. 4B). As expected from protein-primed
initiation of DNA synthesis, the priming products from both
the TP and the RT domains were degraded by protease (lane
2) but not by DNase (lane 3), and [�-32P]dGTP (lane 1; see
also Fig. 6 below) but not [�-32P]UTP (lane 4) supported
labeling of the TP or RT domain. Neither TP nor RT was
labeled by using [	-32P]ATP (lane 5), indicating that the do-
mains were not labeled by a protein kinase reaction (Fig. 4B).

Cryptic priming sites supported DNA polymerization. Since
the cryptic sites in the TP and RT domains were able to initiate
DNA synthesis, we were interested in determining whether
these sites could also support subsequent DNA polymeriza-
tion. We have recently shown that MiniRT2 was able to carry
out DNA polymerization, i.e., the extension of the single
dGMP attached to the protein to form a short (several nucleo-
tides long) DNA oligomer in the presence of Mn2� but not in
the presence of Mg2� (27, 54). Therefore, we performed trans-
complementation in Fig. 5A using His-TP and GST-RT (lanes
1 to 4) or His-RT (lanes 5 to 8) in the presence of Mn2� and
[�-32P]dGTP, as well as the other three unlabeled dNTPs.
DNA polymerization indeed occurred on the RT domain, as
well as the WT or mutant (Y96F) TP domain (lanes 2, 4, 6, and
8). As with the initiation reaction, DNA polymerization from
the Y96F TP was also much less efficient compared to the WT
TP (lanes 3, 4, 7, and 8), and the Y96F TP mutation again

FIG. 4. In vitro trans-complementation priming with WT or mutant TP and RT domains, different RNA templates, and nucleotide substrates.
(A) Domains used in the priming reactions include the WT GST-TP (lanes 1, 3, and 4), His-TP (lanes 5, 6, and 10 to 13), His-TP-Y96F mutant
(lanes 7 and 8), WT GST-RT (lanes 2 to 8, and 11 to 14), or GST-RT-YMHA mutant (lanes 9 and 10). The ε RNA (lanes 1 to 3, 5, 7, and 9 to
11) or tRNA (lanes 12 and 14) was added as the template for priming. The arrowhead denotes a degradation product from GST-RT. The
quantifications of the TP and RT priming signals are indicated at the bottom, with the signals (TP and RT) shown in lane 5 or 11 set as 100% and
the signals in lanes 6 to 8 normalized to lane 5 and those in lane 12 normalized to lane 11. (B) The trans-complementation reactions were
performed with GST-TP, GST-RT, and the ε RNA. The 32P-labeled nucleotide substrate used was [�-32P]dGTP (lanes 1 to 3), [�-32P]UTP (lane
4), or [	-32P]ATP (lane 5). The priming reaction products were further digested with proteinase K (lane 2) or DNase I (lane 3) before SDS-PAGE.
Radiolabeled domains detected by autoradiography are indicated.
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reduced (by �2-fold) priming initiation from the RT domain
(lanes 3 and 7), as shown above in Fig. 4A. However, the Y96F
mutation, compared to the WT TP, apparently increased (by
ca. 2- to 3-fold) the polymerization signal from the RT domain
(lane 4 versus lane 2; lane 8 versus lane 6) (see Discussion).
With the WT TP, and particularly the RT domain, polymer-
ization reactions, the unlabeled dNTPs apparently quenched
the priming signals (lane 2 versus lane 1 and lane 6 versus lane
5; also see Fig. 5B below) by competing with the labeled dGTP
for attachment to the RT priming site(s) due to the lowered
dNTP selectivity with Mn2� (see Fig. 6 below and Discussion).

Cryptic site priming shared the same nucleotide preference
as the authentic site priming. Previously, we showed that the
nucleotide selectivity for initiating protein priming in the pres-
ence of Mn2� was reduced compared to that with Mg2� (when
only dGTP was utilized) but dGTP was still preferred as the
first nucleotide attached to the protein, followed by dATP,
TTP, and dCTP (27). As shown in Fig. 6A, the nucleotide
selectivity for initiating protein priming from the RT domain
was similar to that for priming from the TP domain or
MiniRT2 (27). This result indicated that initiation of protein
priming from the cryptic sites, as priming from the authentic
Y96 site, likely utilized the authentic template, i.e., the internal
bulge of the ε RNA, with the first base of the RNA template
being a C residue.

To test whether the DNA oligomer synthesized during the
polymerization reaction had the d(GTAA) sequence, as pre-

dicted from the ε RNA template sequence (UUAC), poly-
merization reactions were conducted by omitting selected
dNTPs or adding the chain terminators ddNTPs (Fig. 5B).
First, omitting dCTP did not affect DNA polymerization from
either the TP or the RT domain (lanes 4 to 6), a finding
consistent with the lack of dC in the DNA oligomer synthe-
sized from either domain. The labeling of TP and RT with
radioactive dCTP alone in Fig. 6 was apparently due to the
misincorporation of dC opposite the template residue C as
discussed above. Again, the unlabeled dNTPs quenched the
RT domain polymerization signals (lane 4 versus lane 1 and
lane 6 versus lane 3) by competing with the labeled nucleotides
due to the lowered dNTP selectivity with Mn2�, as described in
Fig. 5A above. Inclusion of dGTP, without dATP, allowed
fairly efficient labeling of both TP and RT with radioactive
TTP (lane 7) but not radioactive dATP (lane 8), which is
consistent with the addition of T, but not dA, immediately
following the initiation of dG. The labeled products under
these conditions migrated between the initiation products
(lanes 1 to 3) and full polymerization products (lanes 4 to 6),
a finding consistent with truncated polymerization due to the
omission of a dNTP substrate. Omitting dGTP, with inclusion
of TTP, largely abolished the polymerization product labeled
by radioactive dATP (lane 9), which is consistent with the
incorporation of dA only after dG (and T, see above); the
labeled TP and RT species under this condition was similar in
signal intensity to those with radioactive dATP alone (lane 3)

FIG. 5. Priming initiation and DNA polymerization from the cryptic priming sites. (A) Trans-complementation priming reactions were
performed using GST-RT (lanes 1 to 4) plus His-TP (lanes 1 and 2) or His-TP-Y96F (lanes 3 and 4) or using His-RT (lanes 5 to 8) plus His-TP
(lanes 5 and 6) or His-TP-Y96F (lanes 7 and 8). For the initiation (I) reactions, [�-32P]dGTP alone was used (lanes 1, 3, 5, and 7); for the
polymerization (P) reactions, the other three unlabeled dNTPs were also included. The quantifications of the TP and RT priming signals are
indicated at the bottom, with the signals (TP and RT) shown in lane 1 or lane 5 set as 100% and the signals in lanes 2 to 4 normalized to lane
1 and those in lanes 6 to 8 normalized to lane 5. (B) Trans-complementation priming reactions were performed using GST-RT plus His-TP. For
the initiation (I) reactions, the indicated [�-32P]dNTP alone was used (lanes 1 to 3); for the polymerization (P) reactions (lanes 4 to 11), other
unlabeled dNTP or dNTPs, or ddNTP as indicated, were also included. The quantifications of the TP and RT priming signals are indicated at the
bottom, with the signals (TP and RT) shown in lane 1 set as 100% and the signals in lanes 2 to 11 normalized to lane 1. Note the upward mobility
shift of the labeled bands from the polymerization compared to the initiation reactions.
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and migrated also like the initiation product, suggesting again
misincorporation of dA at the first position rather than DNA
polymerization. Furthermore, inclusion of ddGTP blocked la-
beling by TTP (lane 10) and of ddTTP blocked labeling by
dATP (lane 11). Therefore, the results obtained with both
omission of dNTPs and inclusion of ddNTPs were consistent
with the notion that the DNA polymerization product synthe-
sized, under these conditions, from priming sites in the TP
(mostly from the cryptic site or sites, see Fig. 7 below) and RT
(exclusively from the cryptic site or sites) domains had the
sequence d(GTA(A)), the same as the polymerization product
previously shown for the authentic Y96 site (50, 54), and thus
was likely templated by the same ε internal bulge sequence
(UUAC).

Since tRNA could serve as a (weak) template during trans-
complementation (Fig. 4), we were interested in determining
the nucleotide specificity of priming carried out in the presence
of tRNA. As shown in Fig. 6B, the nucleotide specificity of
protein priming in the presence of tRNA was clearly different
from that using the ε RNA. When tRNA was used as the
template, TTP and, to a slightly lesser extent, dGTP (lanes 1
and 3) were used to initiate priming from TP, whereas dATP
or dCTP was used only barely or not at all (lanes 2 and 4). This
result, together with the nucleotide selectivity observed above
when ε was used as the template, further supported the notion

that cryptic site priming, like the authentic Y96 site, was tem-
plate directed.

Cryptic site priming could occur in the presence of Mg2�,
albeit at reduced efficiency compared to that with Mn2�. All
the priming reactions described thus far used Mn2� as the
metal ion to support polymerase activity since Mn2� was much
more efficient in stimulating protein priming than Mg2� (27).
Since the metal ion that the RT protein uses in vivo is presum-
ably Mg2� rather than Mn2� (27; see also the Discussion), we
were interested in determining whether the cryptic priming
sites in the TP and RT domains uncovered above using Mn2�

were able to initiate priming also in the presence of Mg2�.
Indeed, the “cryptic” sites on both the TP and the RT domains
were used to initiate protein priming in the presence of Mg2�

using the correct nucleotide (dGTP) substrate (Fig. 6A, lane 5,
and Fig. 6C), albeit less efficiently compared to Mn2�. The
Y96F mutation reduced the TP priming signal dramatically (to
6% of WT), and the RT priming signal was also reduced (by
5-fold) by the Y96F mutation (Fig. 6C), again suggesting that
priming at the authentic Y96 site might stimulate priming from
the RT domain, as shown in Fig. 4A and 5A.

The cryptic priming sites were S/T in the TP domain and Y,
as well as S/T, in the RT domain. Three different amino acid
residues, S, T, and Y, each with a -OH group, are known to
serve as primers to initiate DNA or RNA synthesis (38). Al-

FIG. 6. Nucleotide preferences for cryptic site priming initiation and effects of metal ions. (A) Trans-complementation priming reactions were
performed using GST-TP, GST-RT, and the ε RNA in the presence of four different 32P-labeled dNTPs (G, lanes 1 and 5; A, lanes 2 and 6; T,
lanes 3 and 7; and C, lanes 4 and 8) and either Mn2� (lanes 1 to 4) or Mg2� (lanes 5 to 8). The bottom panel is a longer exposure of the same
reactions shown at the top. (B) Trans-complementation priming reactions were performed using GST-RT and His-TP in the presence of Mn2� and
four different 32P-labeled nucleotides (G, lane 1; A, lane 2; T, lane 3; and C, lane 4). Either ε RNA (top panel) or tRNA (bottom panel) was used
as the template. The quantifications of the TP and RT priming signals are indicated at the bottom of the top image shown, with the signals (TP
and RT) shown in lane 1 set as 100% and the signals in lanes 2 to 4 normalized to lane 1. The signals for the bottom image (with tRNA) were
too weak to obtain reliable quantifications. (C) Trans-complementation priming reactions were performed using GST-RT, the ε RNA, and either
His-TP (lane 1) and or His-TP-Y96F (lane 2) in the presence of Mg2� and [�-32P]dGTP. The arrowhead denotes a degradation product from
GST-RT. Note that 5-fold more proteins and ε RNA were used in the reactions shown in panel C to more clearly visualize cryptic site priming
in the presence of Mg2�. The quantifications of the TP and RT priming signals are indicated at the bottom, with the signals (TP and RT) shown
in lane 1 set as 100% and the signals in lane 2 normalized to lane 1.
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though the known priming residue to initiate viral minus-
strand DNA synthesis in hepadnaviruses is a Y residue within
the TP domain (25, 56, 59), the cryptic priming sites uncovered
here could be one or more of the three known priming resi-
dues. It has been shown that the phosphate ester linkage in
phosphoserine or phosphothreonine is susceptible to base hy-
drolysis, whereas that in phosphotyrosine is generally resistant
to such treatment, although phosphothreonine ester linkages
surrounded by proline on either side require more stringent
and prolonged base treatment to disrupt (6, 7, 20, 29, 31). We
therefore subjected the 32P-labeled RT and TP (WT or Y96F)
domains, as a result of protein priming in the presence of
either Mn2� or Mg2�, to 3 M KOH treatment at 55°C for 14 h
(which can hydrolyze even the phosphoserine or phospho-
threonine linkages surrounded by proline) following resolution
of the labeled proteins by SDS-PAGE as a way to determine
the sites of linkage between the labeled nucleotide (dGMP)
and the TP or RT domain (Fig. 7). Priming signals from S or
T priming sites would be eliminated by this treatment, whereas
those from Y would remain. Since the WT TP priming signal
with Mg2� was almost exclusively (ca. 94%) from Y96 (lane 3
versus lane 1; also see Fig. 6C above), we normalized the
priming signals with or without the 3 M KOH treatment to that

from the WT TP with Mg2�, which served as an internal
control for the priming signal from Y with or without the KOH
treatment. Any signal that was eliminated by the 3 M KOH,
after the normalization, was thus attributed to priming at the S
and/or T residue(s). The KOH treatment significantly reduced
the priming signal from the WT TP with Mn2�, and the re-
maining signal was now equivalent to the TP priming signal
with Mg2� (lanes 5, 6, 9, and 10). This indicated that the
stimulation of TP priming by Mn2� relative to Mg2� was
mainly derived from priming at a cryptic S/T site(s) without
affecting significantly priming at the authentic Y96 site. The
priming signal from the Y96F TP mutant in the presence of
Mn2� was completely eliminated (lanes 8 and 12), indicating
that the cryptic priming site(s) in the TP domain was a S and/or
a T residue(s). However, the same KOH treatment only mod-
estly reduced (�2-fold) but did not eliminate the priming sig-
nal on the RT domain, indicating that Y, and possibly also S/T
residues, served as cryptic priming sites in the RT domain
(lanes 6, 8, 10, and 12).

The cryptic priming sites were used during cis priming by
MiniRT2 and the full-length DHBV RT protein. We were next
interested in determining whether cryptic priming sites were
also utilized during cis priming by MiniRT2 or the full-length
RT. As shown in Fig. 8A, the mutant MiniRT2 with the Y96F
mutation was indeed able to carry out protein priming in the
presence of Mn2�, although the priming signal was 2- to 3-fold
lower than the WT MiniRT2 (top panel, lane 6 versus lane 4).
This indicated that MiniRT2 was able to prime DNA synthesis
from at least one cryptic site (on either the TP or RT domain
or both). To determine whether the cryptic site(s) was located
in the TP or RT domain, we took advantage of an engineered
thrombin cleavage site (59) between the TP and RT domains
in MiniRT2 and digested the primed MiniRT2 with thrombin.
The released TP and RT domains, from either the WT or the
Y96F MiniRT2, both showed priming signals (top panel, lanes
3 and 5), indicating that cryptic priming sites were located on
both the TP and the RT domains, as observed above during
trans-complementation. Again, the Y96F mutation decreased
the priming signal not only from the TP domain (by 3- to
4-fold) but also from the RT domain (by �2-fold) as well (top
panel, lane 5 versus lane 3).

KOH treatment of the WT MiniRT2 priming signal prior
to thrombin cleavage showed that the Mn2� priming signal
was reduced (by ca. 2- to 3-fold) by the treatment, indicating
that S and/or T, in addition to Y, were used to prime DNA
synthesis by MiniRT2 (Fig. 8A, lane 4, bottom versus top
panels). The MiniRT2 signal that remained after the treat-
ment (i.e., priming from Y) was still significantly higher than
the priming signal obtained with Mg2� (Fig. 8A, bottom,
lane 4 versus lane 2), suggesting that Mn2� was able to
stimulate priming at the authentic Y96 site in TP by
MiniRT2 (i.e., cis priming), in contrast to the trans-comple-
mentation reaction where Mn2� did not stimulate Y96 prim-
ing (Fig. 7) or that there was significant priming signal from
Y residue(s) in the RT domain that contributed to the
overall signal on MiniRT2. KOH treatment of thrombin
cleaved MiniRT2 priming products showed that the priming
signal remaining (i.e., priming from Y) from the thrombin-
released TP was in fact stronger (by 6- to 7-fold) than the TP
signal released from the Mg2� reaction, indicating that

FIG. 7. Differentiation of S and/or T versus Y priming sites via
alkaline treatment. Trans-complementation priming reactions were
carried out using GST-RT (lanes 1 to 8) plus His-TP (lanes 1, 2, 5, and
6) or His-TP-Y96F (lanes 3, 4, 7, and 8) in the presence of ε RNA and
either Mg2� (lanes 1, 3, 5, and 7) or Mn2� (lanes 2, 4, 6, and 8). The
reaction products were resolved by SDS-PAGE. The gel was then cut
into two parts; one part was mock treated (lanes 1 to 4), and the other
part was treated with 3 M KOH (lanes 5 to 8). Lanes 9 to 12 represent
a longer exposure of lanes 5 to 8. The quantifications of the TP and RT
priming signals are indicated at the bottom, with the TP signal shown
in lane 1 or lane 5 set as 100% and the signals in lanes 2 to 4
normalized to lane 1 and those in lanes 6 to 8 normalized to lane 5. For
the RT domain, the signal in lane 2 or lane 6 was set as 100% and the
signals in lanes 3 and 4 normalized to lane 2 and those in lanes 7 and
8 normalized to lane 6.
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Mn2� was able to stimulate priming at Y residue (probably
Y96, see below) in the TP domain in the cis priming reac-
tion. The priming signal from the thrombin-released mutant
(Y96F) TP domain from MiniRT2-Y96F was completely
eliminated upon KOH treatment, supporting the notion that
the only Y residue used for priming in the TP domain of
MiniRT2 was the authentic Y96 site and the cryptic site(s)
was either S and/or T, as was the case in the trans-comple-
mentation reaction shown above. Also, as with the trans-
complementation reaction, the RT domain signal released
from MiniRT2 or MiniRT2-Y96F was only partially re-
moved after the KOH treatment, suggesting that both Y and
S/T residues were used in the RT domain as cryptic priming
sites.

Given that cryptic priming sites were used during cis prim-
ing by MiniRT2, we sought to determine whether cryptic
priming sites might also be utilized during priming by the
full-length RT protein. To express a priming active full-
length DHBV RT, we used the well-established RRL in vitro
translation system (9, 50) to produce both the WT full-
length RT and the Y96F mutant version. As shown in Fig.
8B, in the presence of Mn2�, higher (�2-fold) priming sig-
nal was obtained with the WT RT compared to that with

Mg2� (lane 3 versus lane 1) as we reported earlier (27). In
addition, the Y96F mutant full-length RT was also able to
carry out priming in the presence of Mn2� (lane 4), albeit at
a much reduced level (5% of the WT). A barely detectable
priming signal by the Y96F full-length RT protein in the
presence of Mg2� was also present (lane 2). These results
thus indicated that the full-length RT was able to use prim-
ing sites other than Y96 to initiate DNA synthesis.

Peptide mapping of cryptic priming sites in the TP and RT
domains. To help localize the cryptic priming sites, CNBr
cleavage was carried out on primed TP and RT domains from
the trans-complementation reaction, as well as the TP and RT
domains released from the MiniRT2 cis priming reaction via
thrombin digestion. As shown in Fig. 9B, the WT TP domain
primed (either in cis or in trans) in the presence of Mg2� gave
the expected cleavage product corresponding to a peptide con-
taining the authentic Y96 priming site (T1*, 2.7 kDa, residues
75 to 98; lanes 1 and 6). The TP domain primed in the presence
of Mn2� also produced the same 2.7-kDa peptide (but stronger
signals as expected) (lanes 3 and 8). With the mutant Y96F TP
domain, CNBr cleavage of the Mn2� priming reaction again
produced the 2.7-kDa peptide (lane 5 and 10). These results
together suggested that the cryptic priming site in the TP

FIG. 8. Cryptic site priming by MiniRT2 and the full-length DHBV RT protein. Protein priming reactions were performed using purified and
refolded His-MiniRT2 (A, lanes 1 to 4) or His-MiniRT2-Y96F (A, lanes 5 and 6) or in vitro-translated full-length WT DHBV RT (B, lanes 1 and 3)
or the full-length Y96F mutant (B, lanes 2 and 4) or the negative control luciferase (B, Lucif, lanes 5 and 6), in the presence of Mg2� (A, lanes 1 and
2; B, lanes 1, 2, and 5) or Mn2� (A, lanes 3 to 6; B, lanes 3, 4, and 6). The MiniRT2 priming reaction products were then cleaved with thrombin to separate
the TP and RT domains (A, lanes 1, 3, and 5) or mock digested (A, lanes 2, 4, and 6). Upon resolution via SDS-PAGE, the gel was either mock treated
(A, top) or treated with 3 M KOH for 14 h at 55°C (A, bottom) to eliminate the priming signal at S and T, but not Y, sites. The priming reactions from
the in vitro translated proteins were simply resolved by SDS-PAGE and detected by autoradiography (B, top, short exposure; bottom, long exposure).
The labeled MiniRT2 protein and the TP and RT domains (A) or the full-length RT proteins (B, FL) are indicated.
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domain was most likely localized on the same CNBr peptide as
Y96, i.e., S93, since it is the only S residue within the peptide
and there is no T in this peptide. In contrast to this 2.7-kDa TP
peptide for which the priming product using Mg2� served as a
precise control, the identification of the RT domain CNBr
peptides was less definitive because peptides may not always
migrate according to their size alone (see, for example, refer-
ence 36) and the covalent nucleotide attachment may also
affect their mobility. Nevertheless, the two major and smallest
peptides derived from the RT domain, designated R1 and R2
(lanes 2, 4, 7, and 9), were most consistent with the two pre-
dicted species containing residues 441 to 480 (predicted mo-
lecular mass of 4.5 kDa) and residues 513 to 568 (predicted
molecular mass of 6.4 kDa), respectively. These CNBr peptides
derived from the RT domain were detected regardless of the
TP domain sequence (WT, lanes 2 and 7, or Y96F, lanes 4 and
9) provided in cis (lanes 7 and 9) or in trans (lanes 2 and 4).
The identification of two major primed CNBr peptides in the
RT domain and the reduction of the RT domain priming signal
by KOH treatment (Fig. 7 and 8A) suggested that the RT
domain contained multiple cryptic priming sites that included
both Y and S/T residues.

CNBr cleavage of the full-length RT was also carried out
to localize cryptic priming site(s) on the full-length protein.
As shown in Fig. 9B, cleavage of the full-length WT RT
primed in the presence of Mg2� produced a 5.8-kDa peptide
(T1, peptide 45-98) containing the authentic Y96 priming
site as expected (lane 11). Cleavage of the full-length RT
primed in the presence of Mn2� produced the same 5.8-kDa
band (lane 12) as obtained in the presence of Mg2�, with the
expected stronger signal. Cleavage of the Y96F mutant full-
length RT primed in the presence of Mn2� also produced
the 5.8-kDa peptide (with a much reduced signal, as ex-
pected [lane 13]), suggesting the existence of one or more
cryptic priming sites within the TP peptide 45-98 and con-
sistent with the above identification of S93 as a cryptic
priming site using the truncated TP domain (T1*). The two
RT domain peptides identified above using trans-comple-
mentation and MiniRT2 could not be identified using the
full-length RT protein, suggesting that the putative cryptic
priming sites in the RT domain might not be utilized in the
context of the full-length protein. The other higher-molec-
ular-mass species derived from the full-length RT protein,
as well as from the individual TP and RT domains in Fig. 9B

FIG. 9. Peptide mapping of cryptic priming sites. (A) Shown schematically on the top is the domain structure of the DHBV RT protein. The
authentic priming site Y96 in the TP domain and the catalytic YMDD motif in the RT domain are highlighted, as are the boundaries of the
domains (numerals in amino acid positions on top of the line). The truncated TP and RT domains used for the peptide mapping are shown below,
with the truncated domain boundaries shown on top of the lines. The CNBr cleavage sites (in amino acid position of the full-length RT protein)
are indicated at the bottom. The 
1 number refers to the cleavage site on the vector sequence immediately N-terminal to the TP fusion site.
(B) The RT and TP (either WT or Y96F) domains labeled from the trans-complementation reaction (lanes 1 to 5), the labeled domains released
from MiniRT2 (WT or Y96F) after thrombin digestion (lanes 6 to 10), or the priming labeled full-length RT protein (WT or Y96F) (lanes 11 to
13) were subjected to CNBr digestion after transfer to nitrocellulose membrane. In each case, the priming reaction in the presence of Mg2� was
used to label the authentic Y96 priming site and help identify the Y96-containing peptide (lanes 1, 6, and 11). The other priming reactions all
contained Mn2� (lanes 2 to 5, 7 to 10, and 12 to 13). The peptide molecualr mass markers are indicated on the right in kilodaltons. T1, the TP
peptide 45-98 containing the authentic Y96 site; T1*, the truncated TP peptide 75-98 containing the Y96 site; R1, the RT peptide from residues
441 to 480; R2, the RT peptide from residues 513 to 568.
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(mostly minor), did not appear to match predicted peptides
based on complete CNBr digestion, and their identification
was complicated by the possibility of incomplete CNBr
cleavage and aberrant mobility of the peptides, as discussed
above.

DISCUSSION

Hepadnaviruses are thought to utilize a specific Y residue in
the TP domain of their RT protein to prime viral minus-strand
DNA synthesis. Here, we have found that for the DHBV RT,
additional priming sites, other than the authentic Y96 site, in
both the TP and RT domains, could also be utilized to prime
DNA synthesis in vitro. These so-called cryptic priming sites
initiated DNA synthesis in the trans-complementation priming
reaction, where separately purified TP and RT domains were
combined together, and in the normal cis priming reaction
whereby the truncated MiniRT2 and the full-length RT carried
out priming when the TP and RT domains were covalently
linked in cis. Priming from either the TP or the RT cryptic
sites, as from Y96, required the RT domain (in particular, the
RT active site), the TP domain, and the authentic viral RNA
template ε. These cryptic priming sites not only allowed the
covalent attachment of a nucleotide to the protein (nucleo-
tidylation or the initiation step of protein priming) but could
also support subsequent DNA polymerization to generate
DNA oligomers as in authentic protein priming. One cryptic S
priming site was localized to the TP domain, and both S (T)
and Y residues appeared to be used as priming sites in the RT
domain.

The identification of both Y and S/T residues as protein
priming sites suggests that the RT active site is rather flexible
in accommodating the amino acid residues used to prime DNA
synthesis. Indeed, both Y and S are known to initiate DNA or
RNA synthesis by other DNA or RNA polymerases, mostly
from viruses (38), and even highly related viruses can use
different amino acids (either Y or S) as substrates for the
nucleotidylylation (i.e., the covalent attachment of a nucleotide
to an amino acid residue in the protein) reaction (30). The fact
that cryptic site priming was much more prominent in the
presence of Mn2� than in the presence of Mg2� is consistent
with our recent observation that Mn2� may induce an RT
conformation that is more catalytically active but less stringent
in its selection of the template and nucleotide substrates (27).
The results reported here further suggest that this conforma-
tion is also less stringent in its selection of primers. Further, we
found here that Mn2� did not significantly enhance priming at
the authentic Y96 site in the trans-complementation reaction
despite its dramatic stimulatory effect on cryptic site priming.
However, Mn2� did enhance Y96 priming, as well as cryptic
site priming, by MiniRT2 (i.e., priming in cis), suggesting that
priming site selection may be somewhat different between
priming in trans and in cis. It would be difficult to precisely
identify all cryptic priming sites, and the structural basis for
selecting any particular priming site, whether authentic or
cryptic, remains elusive. However, the fact that one likely TP
priming site (S93) is close to the authentic Y96 site suggests
that some local structural characteristics may be involved. That
the full-length RT protein did not appear to use the same
cryptic priming sites in the RT domain as those used by the

truncated MiniRT2 (or the truncated TP and RT domains in
trans) suggests that sequences distant from the priming sites
and/or the overall RT protein structure can also influence
cryptic priming site selection.

Although its relevance for viral replication in vivo remains
uncertain (see below), priming from the cryptic sites may nev-
ertheless provide opportunities to dissect aspects of protein
priming that would otherwise be difficult to study. For exam-
ple, it is well established that TP, in addition to the RT domain,
is required for ε binding (11, 12, 33, 51) and harbors the primer
Y residue (25, 56, 59). We have shown here that TP was still
required for priming at the cryptic sites in the RT domain,
when it did not serve as a primer and when tRNA, instead of
ε RNA, served as the template. Assuming TP was not required
for the RT domain to bind tRNA as a (presumably nonspecific
or generic) template, these results suggest that TP may also
serve as an allosteric activator of the RT catalytic activity or as
a structural component of the catalytic activity itself.

Another intriguing finding was that TP priming was signifi-
cantly reduced (by �4-fold) by the Y96F mutation in the trans-
complementation reaction with Mn2�, which was much more
than expected from just the loss of Y96 priming, since the
latter contributed only ca. 30% of the total TP priming signal
under the same conditions. Furthermore, the Y96F mutation
also decreased priming from the RT domain. This result sug-
gests that Y96 and, presumably, priming at this authentic site
could activate the RT catalytically so that it could more effi-
ciently catalyze priming at the cryptic sites. Also, the Y96F
mutation apparently enhanced the DNA polymerization signal
from the cryptic RT domain priming sites. As we reported
earlier, the nucleotide selectivity during protein priming is
reduced in the presence of Mn2� compared to Mg2� (27). In
the case of the WT TP and RT domains, the unlabeled dNTPs
added to the polymerization reaction could quench the label-
ing of the priming signal by competing, due to the low dNTP
selectivity, with the labeled dGTP for attachment to the RT
priming site(s). The Y96F mutation might have somehow in-
creased the dNTP selectivity in the presence of Mn2� and,
hence, the apparently enhanced polymerization signal. Inter-
estingly, the same mutation did not show such an enhancing
effect on polymerization on the cryptic TP priming sites: it
dramatically reduced the TP polymerization signal just as it did
the TP initiation signal, suggesting that priming from the cryp-
tic TP and RT sites may not be entirely the same, a notion also
supported by the observation that the TP priming signal was
consistently stronger than the RT priming signal, whether the
authentic Y96 priming site was present or not.

The significance of protein priming at the cryptic sites iden-
tified here for either viral replication or pathogenesis is not yet
clear. As alluded to earlier, it is currently uncertain whether
cryptic site priming is relevant for viral DNA synthesis. Elim-
ination of the authentic Y96 priming site (including the same
Y96F mutation used here) in DHBV or the analogous Y63 site
in HBV decreased viral DNA synthesis in cells to undetectable
levels (21, 56), suggesting that cryptic site priming, if it occurs
in vivo, is unable to sustain viral replication. This could be due
to the low efficiency of cryptic site priming but could also be
due to the lack of the stimulating effect in RT catalytic activity
induced by priming at the authentic site, as discussed above. It
is also possible that priming at the cryptic sites does not allow
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the subsequent template switch from ε to the 3� end of pgRNA
to continue minus-strand DNA synthesis, which normally oc-
curs following protein priming (45, 49). The possibility that
authentic site priming depends on priming first at the cryptic
sites, which would be unprecedented for protein-primed DNA
or RNA synthesis, has been excluded in the case of one cryptic
site in the RT domain (see the accompanying report by Beck
and Nassal [1a]). This possibility formally remains in the case
of the cryptic site(s) in the TP domain and possibly other
site(s) in the RT domain. However, the very low priming effi-
ciency of the cryptic sites in the presence Mg2�, the presump-
tive metal ion used in cells by RT, makes this unlikely. We also
note that TP S93 is highly conserved among hepadnaviruses,
but it can also be a residue other than S, T, or Y. On the other
hand, low-level DNA synthesis independent of the authentic
priming site, by the full-length DHBV RT expressed in vitro
(51) and HBV RT packaged within nucleocapsids (21), has
been reported before and interpreted as primer independent,
similar to RNA polymerases. The discovery of cryptic priming
sites suggests that the DNA synthesis activity detected in such
cases might actually have been due to protein-primed DNA
synthesis using the cryptic sites. Interestingly, elimination of
the normal priming site (Y3) in the poliovirus protein primer,
VPg, which is normally used to prime viral RNA-dependent
RNA synthesis, did not completely prevent viral replication; a
very low level of RNA replication persisted, primed by a
nearby cryptic priming site (T4) on VPg, allowing for the se-
lection of revertant viruses (3). By analogy, the DHBV or HBV
mutant with the authentic primer Y eliminated may sustain
very low levels of replication. In a spreading infection system
such as the liver in vivo, such low levels of replication could
lead to the selection of revertants as well.

The identification of cryptic priming sites on RT also sug-
gests that RT may be able to use other proteins, viral or host,
as primers to initiate DNA synthesis. As mentioned above, the
RNA-dependent RNA polymerase of poliovirus also uses the
protein primer VPg, which is not covalently linked to the poly-
merase, to initiate viral RNA synthesis (32). Similar to what we
found for the DHBV RT protein, the poliovirus RNA poly-
merase could also use priming site(s) on the polymerase pro-
tein itself to initiate RNA synthesis, i.e., self uridylylation or
the covalent attachment of UMP to the RNA polymerase (37).
Although uridylylation of the poliovirus RNA polymerase was
found to be dispensable for viral replication, the viral RNA
polymerase was found to uridylylate also cellular proteins. Fur-
thermore, certain cellular proteins are modified by covalent
attachment of nucleotides (nucleotidylation) during normal
cellular metabolism and signaling (19). It is thus conceivable
that the hepadnavirus RT may also modify cellular proteins
with covalent nucleotide or DNA oligomer attachment. We
have tested a number of different proteins in our in vitro prim-
ing assay and found that none tested thus far, including GST,
bovine serum albumin, MBP, and rabbit serum proteins, could
serve as a protein primer for the DHBV RT in vitro. One
prerequisite for a cellular protein to be subjected to such a
modification would likely be a close interaction with RT so that
it can gain access to the RT active site. The RT protein is
known to interact with a number of cellular proteins, including
molecular chaperone proteins (13, 15), the helicase DDX3
(52), and the translation factor eIF4E (22). The RT protein is

also thought to be cytotoxic when overexpressed and has been
reported to affect cellular functions such as interferon signaling
and gene expression (2, 8, 14, 53). Perhaps, the formation of
nucleotide abducts of cellular proteins, i.e., RT-mediated pro-
tein priming from these cellular proteins, can contribute to the
cellular effects of the RT protein and thus could play a role in
cytotoxicity and viral pathogenesis, especially if substantial
amounts of the RT protein are unpackaged (58).
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