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The mechanism of regulation for the ribozyme activity of hepatitis delta virus (HDV) RNA in infected cells
is unknown. Previously, we developed a direct assay capable of detecting the ribozyme activity of HDV dimer
or trimer RNAs in vivo (K.-S. Jeng, A. Daniel, and M. M. C. Lai, J. Virol. 70:2403–2410, 1996). In this study,
we used this method to examine the effects of hepatitis delta antigen (HDAg) on the ribozyme activities of HDV
RNA in vivo. The HDV multimer cDNAs were cotransfected with plasmids encoding either HDV small delta
antigen (SHDAg) or large delta antigen (LHDAg), and the self-cleavage of the primary transcripts from the
HDV cDNA was analyzed at day 2 posttransfection. The results were as follows. (i) Both HDAgs, particularly
LHDAg, enhanced the self-cleavage activity of HDV RNA; however, HDAgs are not required for HDV RNA
cleavage. (ii) HDAg could not restore the ribozyme activity of mutant HDV RNAs which have lost the ribozyme
function. (iii) The enhancement of ribozyme activity by HDAg does not require HDV RNA replication. (iv)
RNA-binding activity of HDAg is required for the enhancement of RNA cleavage. (v) The self-ligation activities
of HDV ribozyme also were enhanced by HDAg. These results suggest that HDAg can regulate the cleavage and
ligation of HDV RNA during the HDV life cycle.

Hepatitis delta virus (HDV) is a satellite virus that propa-
gates only in the presence of hepatitis B virus (34) and is the
causative agent of acute and chronic liver diseases, often lead-
ing to fulminant hepatitis (14). HDV contains a single-strand-
ed circular RNA genome of 1.7 kb, which is predicted to fold
into an unbranched, rod-like structure because of the high
degree of intramolecular base pairing (17, 30, 40). The HDV
genome is complexed with the only HDV-encoded protein,
hepatitis delta antigen (HDAg), forming a ribonucleoprotein
core (6, 25, 35). The ribonucleoprotein core is surrounded by
an outer envelope of hepatitis B surface antigen, which is
provided by its helper, hepatitis B virus (3, 34). HDAg is
encoded by the antigenomic-sense HDV RNA and usually
exists as two related protein species, a 27-kDa large form
(LHDAg) and a 24-kDa small form (SHDAg) (1, 3, 41). The
two forms are identical in sequence (195 amino acids), but
LHDAg contains 19 additional amino acids at the carboxyl
terminus; this difference arises from an RNA editing event
during HDV replication, in which an amber termination codon
is replaced, thereby extending the length of the HDAg-coding
open reading frame (26). The two proteins have many similar
biochemical characteristics and yet have very different biolog-
ical roles in the viral life cycle (21): SHDAg is required for
HDV RNA replication in a trans-acting manner (19), while
LHDAg inhibits HDV RNA replication (7) but is required for
virus assembly (5).
HDV RNA replication is thought to be carried out by cel-

lular DNA-dependent RNA polymerase II (12, 28) through a
double-rolling-circle mechanism (4). It involves the autocata-
lytic self-cleavage and self-ligation activities, which are parts of
the intrinsic properties of the HDV genomic- and antigeno-
mic-sense RNAs (20, 33, 36, 37, 43). Presumably, these ribo-

zyme activities are involved in the cleavage of the multiple-
unit-length RNA replication intermediates into monomeric
RNA and subsequent ligation of this monomeric RNA into
circular RNA. Indeed, mutations at the autocatalytic cleavage
sites of HDV RNA affected ribozyme activity and inhibited
HDV RNA replication correspondingly (29). More recently,
we have further generated ribozyme structural mutants and
demonstrated that all of the mutants that lost ribozyme activity
in vivo also lost replication ability, indicating that ribozyme
activity is required for HDV RNA replication (16).
HDV ribozyme activity requires a secondary structure with

several stem-loops, including a pseudoknot structure (33). This
structural requirement has been demonstrated in vitro and in
vivo (16, 33, 43). However, this structure is not expected to
exist in the native structure of the full-length HDV RNA,
which has been demonstrated to form an unbranched, rod-like
structure (17). Thus, the ribozyme-active structure probably
exists only transiently and may alternate between different
RNA conformations. Indeed, the cleavage activity of HDV
ribozymes can be enhanced in a stepwise manner by repeated
denaturation and renaturation, suggesting that the RNA exists
in alternative RNA conformations (42). How the different
RNA conformations are regulated during HDV replication is
not clear. Conceivably, the formation of the ribozyme-active
conformation of the full-length or multiple-length HDV RNA
in the cells may be facilitated and regulated by cellular or viral
factors. Circumstantial evidence has suggested that cellular
factors are involved in the regulation of HDV RNA ribozyme
activity (23, 29). However, the identities of these factors have
not been determined. In contrast, the viral protein, HDAg,
appears not to be required for ribozyme activity in vitro (20, 36,
43) or in vivo (22, 23). However, all of the HDV RNAs used in
the previous ribozyme studies were truncated RNA fragments,
which may have simpler structures than the full-length HDV
RNA and therefore do not require HDAg for their ribozyme
activities. The potential effects of HDAg on the ribozyme ac-
tivity of the full-length or multiple-length HDV RNA have not
been studied. Since several other types of ribozymes have been
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shown to be stimulated by nonspecific RNA-binding proteins
(2, 10, 13, 31, 39) and HDAg is an RNA-binding protein (6), it
is conceivable that HDAg may modulate HDV ribozyme ac-
tivity even if it is not required for HDV RNA cleavage. So far,
this issue has not been studied in vitro or in vivo.
Recently, we have developed a direct assay that is capable of

detecting the ribozyme activity of HDV dimer or trimer RNA
in vivo (16). This method enabled us to examine the possible
effects of HDAg on the ribozyme activity of HDV RNA. In this
report, we have demonstrated that HDAg is not required for
HDV RNA cleavage but can enhance ribozyme activity (in-
cluding both the cleavage and ligation activities) in vivo
through its RNA-binding activity. LHDAg is more efficient
than SHDAg in enhancing HDV ribozymes. We also found
that the enhancement of cleavage by HDAg does not depend
on HDV RNA replication. This study thus suggests an addi-
tional functional role for HDAg in HDV RNA replication.

MATERIALS AND METHODS

Cell culture and transfection. HuH-7 cells (32) were cultured at 378C in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum,
100 IU of penicillin per ml, 100 mg of streptomycin per ml, 2 mM L-glutamate,
and 1% nonessential amino acids. All transfections were performed by the
calcium phosphate coprecipitation method as described previously (16). The
transfected cells were harvested, and total RNAs were prepared at day 2 post-
transfection.
Plasmids. Most of the plasmids used in this study have been described previ-

ously (16, 24). All other constructs are described below. Plasmids pKS/smd2
(sense orientation) and pKS/smd2-ag (antisense orientation) were constructed by
digesting plasmid smd2 (24) with XbaI and BglII to isolate the HDV dimer that
contains a frameshift mutation in the HDAg-coding region (24); the blunt-ended
fragment was then ligated in both orientations into SalI-XhoI-digested and blunt-
ended pKS/CMV vector (16).
Northern (RNA) blot analysis. Total RNAs were isolated from transfected

cells at day 2 posttransfection, using the guanidinium thiocyanate method (9).
The RNAs were digested with RQ1 DNase (Promega) to remove the contami-
nating plasmid DNA, then treated with formaldehyde, and electrophoresed
through a formaldehyde-containing 1.2 or 1.5% agarose gel in 3-[N-morpholino]-
propanesulfonic acid (MOPS) buffer (16). The RNAs were then blotted onto a
nitrocellulose membrane (Hybond C Extra; Amersham) and probed with a
32P-labeled antisense HDV RNA or antisense neo gene riboprobe or a glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) gene DNA probe as described
previously (16). The riboprobe for detecting genomic HDV RNA was tran-
scribed with T7 RNA polymerase (Promega) from pBS/HDV1.7(T3G) (16)
following linearization with EcoRV. The riboprobe for detecting neo transcripts
was transcribed with T7 RNA polymerase from EcoRI-linearized pSP6neo (16).
The GAPDH DNA probe was prepared from a PstI-XbaI fragment of pHcGAP
(38) by using a Random Primed DNA Labeling kit (Boehringer Mannheim).
RNA extracted from H1d9 cells, which expresses and replicates HDV RNA from
an integrated cDNA dimer (27), was used as a positive control in all Northern
blot analyses.

RESULTS

HDAgs enhance HDV RNA cleavage in vivo. To test whether
HDAg can modulate the ribozyme activity of HDV RNA in
vivo, we used a recently established experimental protocol
which enabled the detection of the self-cleavage of HDV RNA
in vivo (16). In this method, a wild-type HDV trimer cDNA
under a cytomegalovirus immediate-early promoter that tran-
scribed a trimer HDV RNA, plus some vector sequence, was
cotransfected with an SHDAg- or LHDAg-expressing plasmid,
and the RNA was examined at 2 days posttransfection. As
shown previously, most of the HDV RNA detected at this time
point represents the primary transcript and its cleaved product
from the transfected cDNA, and very little RNA was replicated
(16). As shown in Fig. 1, the primary transcript from this plas-
mid was processed into trimer, dimer, and monomer RNAs,
the majority of the products being either the primary transcript
itself or trimers (lane 1). When the HDV cDNA was cotrans-
fected with an SHDAg-expressing (lane 2) or LHDAg-express-
ing (lane 3) plasmid, the amounts of the monomer and dimer

RNAs significantly increased. Correspondingly, the amounts of
the primary transcript and the trimer HDV RNA, particularly
in the presence of a cotransfecting LHDAg, decreased. These
results suggest that HDAg enhanced the self-cleavage of HDV
RNA in the cells and that LHDAg was more efficient than
SHDAg in enhancing HDV RNA cleavage. Since HDV RNA
cannot replicate in the presence of LHDAg (7), this result
further indicates that the monomer RNAs seen in this exper-
iment represent the cleavage products rather than the replica-
tion products of HDV RNA. A control study showed that the
expression levels of the neo gene were similar in all of the
transfected cells, indicating that the transfection efficiencies
were similar. We conclude that HDAgs, particularly LHDAg,
can enhance the cleavage activity of HDV RNA in vivo.
Effects of HDAg on the cleavage of ribozyme mutants. Pre-

viously, we constructed a series of ribozyme structural mutants
that have lost the ribozyme activity and some other mutants
that have restored the ribozyme activity through compensatory
mutations (16). We used these mutants to explore two ques-
tions. (i) Can HDAg restore the cleavage activity of the defec-
tive ribozyme mutants? (ii) Does the enhancement of HDV
RNA cleavage by HDAg depend on HDV RNA replication?
Several ribozyme mutants were used. H1(D3), H2(D2), H3-
2(D3), and H4(D2) had a mutation in one of the four helices
(I, II, III, and IV, respectively) (33) of the HDV ribozyme and
were defective in ribozyme activity (D2 and D3 signify a dimer
or trimer cDNA construct, and they gave identical results)
(16). H19(D3) and H29-1(D2) have compensatory mutations
(as indicated by the pseudoknot model) in helices I and II,
respectively, and have restored ribozyme activity (16). H29-
2(D2) and H29-3(D2) have compensatory mutations in helix II
(as judged from alternative ribozyme structures) but are still
defective in ribozyme activity (16). These constructs were co-
transfected with either vector (Fig. 2A) or an SHDAg-express-
ing plasmid (Fig. 2B). As shown in Fig. 2, among all of the
ribozyme mutants, only H19(D3) and H29-1(D2) can cleave the
primary transcripts into monomer HDV RNA (lanes 8 and 9),

FIG. 1. Effects of HDAg on HDV RNA cleavage in vivo. RNAs were ex-
tracted from cells cotransfected with wild-type HDV trimer cDNA and an
SHDAg- or LHDAg-expressing plasmid at day 2 posttransfection and separated
by electrophoresis on a 1% agarose gel. The RNA blot was probed with a
32P-labeled HDV (top panel) or neo (bottom panel) antigenomic-strand ribo-
probe to detect HDV genomic-strand RNA and neo transcripts. The positions of
various RNA species are indicated at the left. Lane 4 contained RNA from
mock-transfected HuH-7 cells, and lane 5 contained RNA from a stably trans-
formed cell line (H1d9) producing HDV RNA (27).
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consistent with previous findings (16). A faint RNA band
slightly larger than the monomer RNA probably represents the
rRNA. In the presence of a cotransfecting HDAg, the amounts
of monomer RNA of H19(D3) and H29-1(D2) increased, and
their primary transcripts correspondingly decreased, indicating
that HDAg enhanced the cleavage activity. None of the other
ribozyme mutants yielded any monomer RNA in the presence
of HDAg, indicating that HDAg could not restore the cleavage
activity of the defective ribozymes. Interestingly, the previous
study had shown that neither H19(D3) nor H29-1(D2) can
replicate RNA despite their restored ribozyme activities (16),
and yet the current finding shows that their ribozyme activities
were enhanced in the presence of HDAg, suggesting that the
enhancement of RNA cleavage by HDAg does not depend on
HDV RNA replication. Taken together, these data clearly
show that the enhancement of RNA cleavage by HDAg does
not depend on RNA replication and that HDAg cannot restore
the cleavage activity of the defective ribozymes.
HDAgs are not required for the cleavage of the full-length

HDV RNA in vivo. Previous studies have suggested that HDAg
is not required for the ribozyme activity of the small fragments
of HDV RNA in vitro (20, 36, 43) or in vivo (22, 23). However,
whether the in vivo cleavage activity of the full-length HDV
RNA depends on HDAg is unknown. This is a significant issue
since the conformation of the full-length HDV RNA is signif-
icantly different from that of the RNA containing only the
minimum HDV ribozyme domain, and since all of the HDV
RNA mutants used in previous in vivo ribozyme studies (16,
29) have a functional HDAg. Therefore, whether the in vivo
cleavage activity of HDV RNA detected in the assays de-
scribed above depended on the presence of HDAg is not cer-
tain. To address this question, a replication-defective HDV
dimer cDNA, smd2, which has a frameshift mutation in the
HDAg-coding region (24), was cotransfected with and without
HDAg. As shown in Fig. 3, in the absence of HDAg, smd2
yielded, in addition to the primary transcript, a small amount
of the monomer or dimer HDV RNA at 26 h posttransfection
(lane 2), which slightly increased at 50 h posttransfection (lane

7), indicating that HDAg is not required for the cleavage of
HDV RNA in vivo. The amounts of the cleaved products
(monomer and dimer) noticeably increased when smd2 was
cotransfected with HDAg (lanes 3, 4, 8, and 9), particularly at
50 h posttransfection. It is particularly significant that in the
presence of the LHDAg, the amounts of the dimer and mono-
mer RNAs were even larger than those in the presence of
SHDAg. LHDAg is known to inhibit RNA replication (7);
thus, the increase of the monomer and dimer HDV RNAs
could have resulted only from the increase of cleavage effi-
ciency. This result also confirmed the previous finding (Fig. 1)
that LHDAg is more efficient than SHDAg in enhancing HDV
RNA cleavage. We conclude that HDV RNA cleavage occurs
at low efficiency in the absence of HDAgs and that HDAgs,
particularly LHDAg, indeed enhance the cleavage of HDV
RNA in vivo.
RNA-binding activity of HDAg is required for the enhance-

ment of cleavage. We next examined the possible mechanism
by which HDAgs enhance the cleavage of HDV RNA. Since
several nonspecific RNA-binding proteins have been shown to
enhance the activity of various ribozymes (2, 10, 13, 31, 39) and
HDAg has an RNA-binding activity (6, 8, 24), we examined
whether the RNA-binding activity of HDAg is involved in
enhancing the cleavage. The replication-defective HDV dimer
cDNA, smd2, was cotransfected with two RNA-binding mu-
tants, A1 and A2, of HDAg (24). The A2 mutant retains partial
RNA-binding and trans-activating activities, while the A1 mu-
tant has lost both (24). As shown in Fig. 3, the A2 mutant
enhanced the cleavage of HDV RNA (lanes 5 and 10), al-
though the extent of enhancement was not as high as that of
the wild-type SHDAg or LHDAg (lanes 3, 4, 8, and 9). In
contrast, the A1 mutant did not enhance the cleavage of HDV
RNA (lanes 6 and 11). These results suggest that the enhance-
ment of HDV RNA cleavage by HDAg requires the RNA-
binding activity of HDAg.
HDAgs also enhance the circularization of HDV RNA. The

ribozymes of HDV include both self-cleavage and ligation ac-
tivities. Presumably, the ligation activity is involved in the li-
gation of the cleaved monomer HDV RNA into a circular
RNA. To explore whether HDAg can also modulate the liga-
tion activity of HDV ribozyme, the HDV RNAs from the

FIG. 2. Effects of SHDAg on the cleavage of ribozyme mutants. HDV dimer
and trimer cDNAs carrying various ribozyme mutations (16) (see text) were
cotransfected with vector (A) or an SHDAg-expressing plasmid (B). RNA anal-
ysis was performed as for Fig. 1. The arrows indicate the positions of various
RNA species. HDV(D3) is a wild-type trimer HDV cDNA.

FIG. 3. Effects of HDAg and its RNA-binding mutants on the cleavage of the
replication-defective HDV RNA. HuH-7 cells were cotransfected with mutant
HDV dimer cDNA smd2, which is defective in RNA replication (24), and various
HDAg-expressing plasmids. RNA was extracted at either 26 or 50 h posttrans-
fection and analyzed as for Fig. 1. The control blot (bottom) was probed with a
32P-labeled GAPDH gene. A2 and A1 are SHDAg mutants that have partial or
no RNA-binding activities, respectively (24).
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transfected cells were separated by electrophoresis in a high-
percentage agarose gel under denaturing conditions to sepa-
rate the circular RNA from linear RNA (16). As shown in Fig.
4, the amounts of the circular monomer RNA in the presence
of HDAg were significantly higher than in its absence (lanes 3
to 5). Also, the ratio of circular HDV RNA to linear HDV
RNA in the presence of HDAg appears to be slightly higher
than in the absence of HDAg. Similarly, the A2 mutant also
enhanced the amounts of the circular HDV RNA (lane 6),
whereas the A1 mutant failed to enhance the formation of
either circular or linear monomer RNA (lane 7). These results
indicate that HDAg also enhanced the ligation activity of HDV
ribozyme.

DISCUSSION

The results presented in this report first showed that HDV
RNA ribozyme activity was stimulated by the presence of
HDAgs, particularly LHDAg. This study was made possible by
the development of an in vivo ribozyme assay system (16)
which allows the direct detection, without the requirement of
RNA replication, of the primary transcript from a multimer
HDV cDNA construct and its cleavage product. The results
demonstrated that in the presence of HDAg, the amounts of
monomer HDV RNA increased significantly, while the amounts
of the primary transcript decreased correspondingly. Since this
result was seen in the presence of the LHDAg, which should
inhibit HDV RNA replication (7), and also with mutant HDV
RNAs that cannot replicate, the increase of the monomer
HDV RNA most likely was the result of the enhanced RNA
cleavage. This result also is in agreement with a previous study
in which the presence of HDAg was shown to increase the
amount of the HDV RNA when a relatively large, but not the
small, HDV subgenomic cDNA fragment was used for trans-
fection (22). However, that finding was interpreted to indicate
that HDAg can stabilize HDV RNA (22). Since in that study
the primary transcript was not observed, it was not possible to
distinguish between the possibilities that HDAg enhanced
RNA cleavage or stabilized RNA. The finding presented here,
that the accumulation of the monomer HDV RNA was accom-
panied by the decrease of the primary transcript, would be
most consistent with the enhancement of RNA cleavage, rath-
er than the stabilization of RNA, by HDAg. Although we
cannot completely rule out the possibility that HDAg also

selectively stabilizes some HDV RNA species, the most logical
interpretation of the data presented here and in previous stud-
ies is that HDAg enhances the HDV ribozyme activity. This
newly identified functional role of HDAg adds to the growing
list of demonstrated functions for HDAg (21).
The mechanism of the ribozyme enhancement by HDAg is

not known. The data presented here showed that this activity
correlated with the RNA-binding activity of HDAg. HDAg has
been shown to bind to several regions of HDV RNA, probably
recognizing a secondary structure unique to HDV RNA rather
than specific HDV nucleotide sequences (8, 18, 25). Conceiv-
ably, the binding of HDAg would alter the conformation of
HDV RNA, facilitating the formation of the ribozyme-active
structure. The protein binding to HDV RNA may be crucial
for an active HDV ribozyme in vivo, since the full-length HDV
RNA tends to form a rod-like structure (17), which will prevent
the formation of the ribozyme-active structure. The require-
ment of the RNA-binding activity of HDAg for the ribozyme
enhancement activity is reminiscent of the previous demon-
stration that several catalytic RNAs can be modulated by non-
specific cellular or viral RNA-binding proteins. For examples,
the group I intron ribozyme can be enhanced by the Neuro-
spora CTY-18 protein (31), and the human immunodeficiency
virus p7 nucleocapsid protein can increase the efficiency of
cleavage by a hammerhead ribozyme (39). Other proteins, such
as heterogeneous nuclear ribonucleoprotein A1 and Esche-
richia coli ribosomal protein S12, also have been shown to
enhance the efficiency of cleavage by a hammerhead ribozyme
(2, 10, 13). However, these modulating factors are heterolo-
gous to the assay systems and thus not relevant to the in vivo
regulation of these ribozymes. Our finding here represents one
of the first biologically relevant proteins shown to regulate a
ribozyme in vivo.
Our finding also shows that HDAg is not an absolute re-

quirement for HDV RNA cleavage in vivo. Even in the ab-
sence of HDAg, a low level of HDV RNA cleavage could be
detected (Fig. 3). It is conceivable that certain cellular RNA-
binding proteins may specifically or nonspecifically bind to
HDV RNA and induce a basal level of HDV ribozyme activity
in the absence of HDAg. Recently, we have indeed detected a
cellular protein capable of binding to the sequence around
HDV ribozyme in vitro (11). Nevertheless, in the absence of
HDAg, the extent of HDV RNA cleavage in vivo was very low
(Fig. 3). Therefore, HDAg likely plays a significant role in
facilitating HDV RNA cleavage during HDV replication.
It is not clear why LHDAg is much more efficient than

SHDAg in this ribozyme enhancement function. LHDAg and
SHDAg have very similar RNA-binding activities (15). It is
possible that LHDAg recruits certain cellular factors, such as
helicase-like proteins to unwind the rod-like structure, to fa-
cilitate the formation of the ribozyme-active secondary struc-
ture. Preliminary data showed that this ribozyme enhancement
activity of HDAg was present in several different cell lines
studied; however, there was some difference in the efficiency of
this activity among the different cell types, suggesting the pos-
sible contributions of cellular factors to this activity (data not
shown). This conclusion is also consistent with the previous
finding from the cleavage-site mutants of HDV RNA that the
ribozyme activity may vary with different host cells (29). Since
LHDAg is more abundant later in the viral life cycle (26) and
promotes viral assembly (5), the ribozyme-enhancing activity
of LHDAg may serve to produce monomer HDV RNA in
preparation for viral assembly. This interpretation is in agree-
ment with our finding here that LHDAg promotes the forma-
tion of circular RNA as well. Thus, HDAg participates in an
ever-enlarging list of activities in the HDV replication cycle.

FIG. 4. Effects of HDAg on the ligation activity of HDV RNA ribozyme. The
RNA samples were from the experiment shown in Fig. 3. RNAs were treated
with formaldehyde and separated by electrophoresis in a 1.5% agarose gel
containing 2 M formaldehyde in MOPS buffer. The method of detection was the
same as for Fig. 1, using 32P-labeled antigenomic sense HDV RNA as a probe.
The circular and linear RNAs are indicated.
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