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Hepatitis delta virus (HDV) RNA replicates in the nuclei of virus-infected cells. The mechanism of nuclear
import of HDV RNA is so far unknown. Using a fluorescein-labeled HDV RNA introduced into partially
permeabilized HeLa cells, we found that HDV RNA accumulated only in the cytoplasm. However, in the
presence of hepatitis delta antigen (HDAg), which is the only protein encoded by HDV RNA, the HDV RNA was
translocated into the nucleus, suggesting that nuclear import of HDV RNA is mediated by HDAg. Deletion of
the nuclear localization signal (NLS) or RNA-binding motifs of HDAg resulted in the failure of nuclear import
of HDV RNA, indicating that both the NLS and an RNA-binding motif of HDAg are required for the
RNA-transporting activity of HDAg. Surprisingly, any one of the three previously identified RNA-binding
motifs was sufficient to confer the RNA-transporting activity. We have further shown that HDAg, via its NLS,
interacts with karyopherin a2 in vitro, suggesting that nuclear import of the HDAg-HDV RNA complex is
mediated by the karyopherin a2b heterodimer. The nuclear import of HDV RNA may be the first biological
function of HDAg in the HDV life cycle.

Hepatitis delta virus (HDV) genome is a circular, single-
stranded, viroid-like RNA of 1.7 kb which has a large number
of intramolecular complementary sequence (23, 25, 29, 44),
resulting in a rod-like RNA structure (23, 25). Hepatitis delta
antigen (HDAg), the only protein encoded by HDV RNA, is
localized almost exclusively in the nuclei of virus-infected cells
(6, 41). It usually consists of two protein species, a large HDAg
of 214 amino acids and a small HDAg of 195 amino acids, the
latter being identical to the former except for a truncation of
19 amino acids at the C terminus. The small HDAg is required
for HDV RNA replication (24), while the large HDAg inhibits
RNA replication (7, 14) but is required for virion assembly (5,
42). Both antigens have several structural domains, including a
nuclear localization signal (NLS) and RNA-binding domains
(25). The NLS is located between amino acids 68 and 88 from
the N terminus (46), consisting of a bipartite, basic amino
acid-rich region, which is required for nuclear localization of
the HDAg (46). The main RNA-binding domain consists of
two stretches of arginine-rich motifs (ARMs) (amino acids 97
to 107 and 136 to 146), both of which are required for in vitro
binding of HDAg to HDV RNA (26). Another stretch of
sequence located between amino acids 2 and 27 from the N
terminus also contains a cryptic RNA-binding activity, as dem-
onstrated by peptide binding (39). The RNA-binding proper-
ties of HDAg, at least its major RNA-binding domain, have
been demonstrated to be specific for HDV RNA (27) and are
required for its trans-acting activity for HDV RNA replication.

The genome of HDV is presumed to replicate in the nuclei
of infected cells, since both HDAg and HDV RNA are local-
ized mainly in the nucleus (18). However, it is not clear
whether HDV RNA is transported into the nucleus indepen-
dently or together with the HDAg. Considering that HDV
RNA is a viroid-like RNA, which generally can enter the nu-

cleus without any viral proteins (11, 19), it is plausible that
HDV RNA has an intrinsic nuclear importing capability. This
would be advantageous for the virus because HDV virion con-
tains both the small and large HDAg, the latter of which
inhibits HDV RNA replication (7, 14); thus, the nuclear im-
port of HDV RNA independent of HDAg will ensure the
successful replication of RNA. However, it has been shown
that nuclear import of influenza virus RNA is mediated by the
viral nucleoprotein and nuclear transport factors of host cells
(36). A number of transport factors required for nuclear im-
port of cellular proteins have been identified (9, 10, 31, 32, 38).
Targeting of proteins to the cell nucleus is usually mediated by
interactions between the NLS contained within proteins and
the karyopherin (or importin) ab heterodimeric complex (34,
35). Either karyopherin a1 or karyopherin a2 serves as the
NLS-binding subunit (34, 35, 45), whereas karyopherin b
serves as an adaptor subunit that mediates docking of the
NLS-karyopherin complex with the nuclear pore complex (8,
15, 17, 22).

To understand the mechanism of HDV RNA transport into
the nucleus, we have used a nuclear import assay for HDV
RNA in digitonin-permeabilized cells. We have demonstrated
that nuclear import of HDV RNA is mediated by the HDAg,
and both the NLS and RNA-binding motif of HDAg are re-
quired for the RNA-transporting activity of HDAg. Thus, the
HDV RNA-transporting activity is another new function asso-
ciated with HDAg. Furthermore, we show that HDAg interacts
with karyopherin a2 in vitro, suggesting that the nuclear im-
port of HDAg-HDV RNA complex is mediated by karyo-
pherin a2b. Since HDV RNA has to be transported to the
nucleus for RNA replication upon HDV infection, the nuclear
import of HDV RNA may be the first biological function of
HDAg in the HDV life cycle.

MATERIALS AND METHODS

Construction of plasmids. Glutathione S-transferase (GST) expression vector
pGEX (Pharmacia) was used for the construction of various plasmids expressing
GST-HDAg fusion proteins (Fig. 1). The cDNA fragment corresponding to the
small HDAg-coding region was amplified by PCR using plasmid S29 (27) as the
template and cloned into the BamHI site of pGEX to generate pGEX-Sm. To
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improve the expression of GST fusion protein, the C-terminal hydrophobic
region (amino acids 164 to 195) of the small HDAg was removed by treating
pGEX-Sm with restriction enzyme SmaI and self-religation to generate SmDC.
The SmA1DC and SmA29DC constructs, which have two different mutations
within the RNA-binding motifs of HDAg (26), were constructed by replacing the
SphI-StuI fragment of pGEX-Sm with the corresponding fragments from
pECE-A1 and pECE-A29, respectively (26); the C termini of the resulting clones
were removed by SmaI digestion as described above to yield SmA1DC and
SmA29DC. To construct plasmids SmA1D(2-27)DC and SmD(2-27)DC9, primers
containing sequences corresponding to the initial amino acid sequence ATG and
the desired amino acid sequence plus the BamHI site at both ends were used to
amplify HDAg-coding region from amino acids 28 to 163 and 28 to 96, respec-
tively. The PCR fragments were then inserted into the BamHI site of pGEX. To
obtain SmDNLSDC, inverse PCR (36) was used to amplify the entire SmDC
sequences except the nuclear localization sequences (amino acids 68 to 88), using
pGEX-SmDC as the template. After 59-end phosphorylation of the PCR frag-
ment, the fragment was self-ligated. Fusions of GST to karyopherins a1 and a2
(also named influenza virus nucleoprotein-interacting proteins 1 and 3, respec-
tively) (37, 38) were kindly provided by R. O’Neill and P. Palese, Mount Sinai
School of Medicine, New York, N.Y.

Expression and purification of GST fusion proteins. All GST fusion proteins
were expressed in Escherichia coli BL21(DE3) and purified by standard proce-
dures (43). Briefly, bacteria were grown in LB medium to an optical density at
600 nm of 0.8 at 37°C. Expression of GST fusion proteins was induced by the
addition of 0.2 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and incubation
for 3 h. The bacterial pellet was collected and sonicated. GST fusion proteins
were purified by incubating bacterial lysates with glutathione-agarose beads and
eluted with reduced glutathione. The identity of the GST-fused proteins was
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 12.5% polyacrylamide gels (Fig. 2).

Synthesis of fluorescein-labeled RNA. Plasmid S29 (27), which contains a
1.7-kb HDV cDNA in genomic orientation under the control of T7 promoter,
was linearized with restriction enzyme HindIII. The HDV RNA genome was
transcribed in vitro from the linearized plasmid in a 20-ml transcription reaction
mixture containing 0.5 mM each ATP, GTP, and CTP, 0.3 mM UTP, 0.2 mM
fluorescein-12-UTP (Boehringer Mannheim), 40 mM Tris-HCl (pH 8.0), 6 mM
MgCl2, 10 mM dithiothreitol, 2 mM spermidine, 10 mM NaCl, 1 U of RNasin,
10 U of T7 RNA polymerase (Ambion), and 1 mg of linearized plasmid DNA at
37°C for 2 h. After reaction, the DNA template was digested with 2 U of DNase
I at 37°C for 15 min. To remove unincorporated nucleotides, RNA was precip-
itated with either LiCl or ammonium acetate-ethanol.

Nuclear import assay. The assay was performed as previously described (1, 33)
with slight modifications. Briefly, HeLa cells grown on 22-mm-square coverslips
were treated with 40 mg of digitonin (Sigma) per ml on ice for 5 min. After two
washes with buffer A (20 mM HEPES-KOH [pH 7.3], 110 mM potassium ace-
tate, 2 mM magnesium acetate, 5 mM sodium acetate, 1 mM EGTA, 2 mM
dithiothreitol, 1 mg each of aprotinin, leupeptin, and pepstatin per ml), the
coverslip was transferred to transport buffer (buffer A supplemented with 1 mg
of bovine serum albumin per ml, 1 mM ATP, 5 mM creatine phosphate, 20 U of
creatine phosphokinase per ml) containing fluorescein-labeled HDV RNA and
various GST fusion proteins on a sheet of Parafilm for 15 min at room temper-
ature. The coverslip was transferred back to the original plate and washed twice
with buffer A. Then 2% formaldehyde was added to the plate to fix cells. After
washing, the coverslip was removed from the plate and excess moisture was
wiped off. The mounting solution was added to the coverslip, and then the
coverslip was examined under a confocal microscope. Initially, 25 ml of rabbit
reticulocyte lysate (Promega) or HeLa cell cytosol was added to the nuclear
transport buffer to make a final volume of 50 ml in each assay as described
previously (1). However, we subsequently noted that under the permeabilization
conditions used, such lysates were not necessary for the nuclear transport assay.

FIG. 1. Schematic diagram of GST fusion protein constructs. The mutated sequences in the ARMs are represented by dots. The deleted sequences are indicated
by bent lines, and the single horizontal lines represent vector sequences. The various functional domains of HDAg are shown. The subcellular localizations of HDV
RNA when coexpressed with the indicated proteins are shown. N, nucleus; C, cytoplasm.

FIG. 2. SDS-PAGE analysis of GST fusion proteins. The partially purified
GST fusion proteins were separated by SDS-PAGE on 12.5% polyacrylamide
gels and stained with Coomassie blue. The molecular markers (M) are indicated
in kilodaltons.
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Therefore, in all experiments reported here, neither rabbit reticulocyte lysates
nor HeLa cytoplasmic extracts were used.

Immunofluorescent staining. Digitonin-permeabilized HeLa cells were incu-
bated with the various GST fusion proteins in the nuclear transport buffer, fixed
with 2% formaldehyde for 30 min at room temperature, blocked with phosphate-
buffered saline containing 1% heat-inactivated fetal bovine serum, and incubated
with the monoclonal antibody (1:200) specific for HDAg (21) and fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse antibody (Boehringer Mann-
heim) as the primary and secondary antibodies, respectively. After staining,
HeLa cells were mounted with the mounting solution. Coverslips were sealed
with nail polish and examined by confocal microscopy.

RESULTS

Nuclear import of HDV RNA is mediated by HDAg. Since
HDV RNA is predominantly localized in the nuclei of HDV-
infected cells (18), we first examined whether HDV RNA
alone could be transported to the nuclei when it was intro-
duced into the cytoplasm of HeLa cells. For this purpose,
digitonin-permeabilized cells were incubated with FITC-la-
beled HDV genomic RNA alone. Figure 3a shows that all of
the labeled HDV RNA was localized exclusively in the cyto-
plasm. Since HDV RNA is expected to complex with HDAg,
which is a nuclear protein (6, 46), we next examined whether
the addition of HDAg would allow the HDV RNA to be

transported to the nucleus. The HDAg was expressed as a GST
fusion protein. Because the C-terminal hydrophobic domain
(amino acids 164 to 195) of the HDAg caused the protein to be
insoluble and affected the expression level of the protein, we
deleted this domain, which does not have demonstrable func-
tions (25), from all of the GST-HDAg fusion proteins (Fig. 1).
These proteins were partially purified and added together with
the FITC-labeled HDV RNA to the permeabilized cells. The
results (Fig. 3e) showed that HDV RNA was completely trans-
ported to the nucleus. In contrast, the addition of GST protein
did not cause HDV RNA to be transported to the nuclei (Fig.
3c). These results indicate that the nuclear import of HDV
RNA is mediated by HDAg.

NLS of HDAg is required for the nuclear import of HDV
RNA. It has been shown that the NLS of HDAg is responsible
for its nuclear transport and localization (46). To determine
whether the NLS is required for the nuclear import of HDV
RNA, we constructed plasmid SmDNLSDC, in which the NLS
located between amino acids 68 and 88 of HDAg was deleted.
Digitonin-permeabilized cells were incubated with FITC-la-
beled RNA alone (Fig. 4a) or together with SmDNLSDC (Fig.
4c). The results showed that HDV RNA was not transported
into the nucleus even in the presence of SmDNLSDC. To

FIG. 3. Nuclear import of HDV RNA is mediated by HDAg. Digitonin-permeabilized cells were incubated at room temperature for 15 min with FITC-labeled RNA
only (a) or in the presence of either GST (c) or SmDC (e). Panels b, d, and f are the phase-contrast images of panels a, c, and e, respectively.
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establish that the failure of HDV RNA to be transported into
the nucleus correlated with the failure of SmDNLSDC protein
to gain entry into the nucleus, immunofluorescent staining of
SmDNLSDC was performed with the monoclonal antibody
specific for HDAg (Fig. 4e). The results showed that the
SmDNLSDC protein accumulated exclusively in the cytoplasm.
Although we cannot rule out completely the possibility that the
deletion in the NLS region caused a major conformational
change of the HDAg, these data strongly suggest that the NLS
of HDAg is required for the nuclear import of HDAg and that
the nuclear import of HDV RNA is dependent on the nuclear
import of HDAg.

RNA-binding motifs of HDAg are required for the nuclear
import of HDV RNA. HDV RNA has been shown to bind to
HDAg specifically (27). Two ARMs in the HDAg are required
for this binding (26). Another stretch of sequence (amino acids
2 to 27) has also been shown to contain a cryptic RNA-binding
activity (39). If the nuclear import of HDV RNA is mediated
by HDAg, then it is likely that this activity requires the RNA-
binding activity of HDAg. To test this possibility, we con-
structed several truncation and site-specific mutants of HDAg,
which have mutated sequences in the various reported RNA-

binding domains (Fig. 1). These proteins had at least one of the
three RNA-binding sequences mutated. For examples,
SmA1DC contained Arg-1043Gln and Arg-1053Gly muta-
tions in the ARM I. SmA29DC contained Lys-1393Asn and
Arg-1403Gly mutations in ARM II, SmA1D(2-27)DC con-
tained the same point mutations as in SmA1DC plus deletion
of amino acids 2 to 27, and Sm(1-96)DC had the two ARMs
deleted. Surprisingly, all of these proteins mediated nuclear
import of HDV RNA (Fig. 5a to d). In contrast, SmD(2-
27)DC9, which has all of the three reported RNA-binding mo-
tifs deleted, failed to mediate HDV RNA import (Fig. 5e). To
rule out the possibility that SmD(2-27)DC9 was not transported
to the nucleus and thus failed to mediate HDV RNA nuclear
import, we performed immunofluorescent staining of SmD(2-
27)DC9 protein. Figure 5f shows that this protein was localized
in the nucleus, whereas HDV RNA remained in the cytoplasm
(Fig. 5e). These data indicated that HDAg binds to HDV RNA
and mediates nuclear import of HDV RNA and that either one
of the ARMs (26) or the N-terminal amino acids 2 to 27, which
contain a cryptic RNA-binding activity (39), is sufficient for
nuclear import of HDV RNA. Thus, the requirement for
RNA-binding in vivo appears to be less stringent than in vitro,

FIG. 4. NLS of HDAg is required for nuclear import of HDV RNA. Digitonin-permeabilized cells were incubated at room temperature for 15 min with
FITC-labeled RNA alone (a) or in the presence of SmDNLSDC (c). (e) After digitonin-permeabilized cells were incubated with SmDNLSDC, immunostaining was
performed with the monoclonal antibody specific for HDAg. Panels b, d, and f are the phase-contrast images of panels a, c, and e, respectively.
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because both ARM sequences are required for RNA binding
in vitro (26).

The NLS of HDAg interacts with karyopherin a2. It has
been shown that nuclear import of some NLS-containing pro-
teins requires the interaction between the NLS and karyo-
pherin a1b or a2b (37). To investigate whether nuclear import
of HDAg, and therefore HDV RNA, involves these pathways,
an in vitro GST fusion protein binding assay was performed.
Either GST-karyopherin a1 or GST-karyopherin a2 was incu-
bated with 35S-labeled HDAg, and the bound complex was
separated by SDS-PAGE (Fig. 6a and b). The results showed
that HDAg bound karyopherin a2 but not karyopherin a1. The
reciprocal experiment was also performed. The various GST-
HDAg fusion proteins (Fig. 6c) were incubated with 35S-la-
beled karyopherin a2. The results showed that karyopherin a2
bound to the wild-type HDAg (SmDC) but not the HDAg
mutant without NLS (SmDNLSDC) (Fig. 6d). Furthermore, all

of the other HDAg mutants, which are defective in one or all
of the RNA-binding motifs but retain NLS, were found to bind
karyopherin a2. Most significantly, SmD(2-27)DC9, which
failed to mediate nuclear import of HDV RNA, still bound
karyopherin a2, consistent with the finding that this protein
was localized in the nucleus (Fig. 5f). These data suggest that
karyopherin a2 is involved in nuclear import of HDAg and
HDV RNA. In addition, the NLS is required for the interac-
tion between HDAg and karyopherin a2.

DISCUSSION

This report shows that HDV RNA cannot be transported
into the nucleus by itself and that its nuclear import is medi-
ated by HDAg. This finding expands the long list of the po-
tential biological activities of HDAg (25). This RNA-importing
function requires both the NLS and RNA-binding properties

FIG. 5. RNA-binding motifs of HDAg are required for nuclear import of HDV RNA. Digitonin-permeabilized cells were incubated at room temperature for 15
min with FITC-labeled RNA in the presence of various HDAg constructs containing mutations in the RNA-binding motifs. (a) SmA1DC; (b) SmA29DC; (c)
SmA1D(2-27)DC; (d) Sm(1-96)DC (e) SmD(2-27)DC9. (f) After digitonin-permeabilized cells were incubated at room temperature for 15 min with SmD(2-27)DC9 alone,
immunostaining was performed with the antibody specific for HDAg.
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of HDAg. Since HDV RNA replication occurs in the nucleus,
nuclear import function for HDV RNA likely represents the
first biological activity of HDAg in the HDV life cycle. Previ-
ously, it has been shown that transfection of HDV RNA into
mammalian cells does not lead to HDV replication unless a
preexisting HDAg is present in the cells (13, 20), but transfec-
tion of HDV ribonucleoprotein can lead to HDV replication
(3). These observations are consistent with the interpretation
that HDAg is crucial for the early steps, including import of
HDV RNA into the nucleus, of HDV replication cycle. This
nuclear importing function at least partially accounts for the
requirement of a functional HDAg for HDV RNA replication
(24, 26). Whether HDAg is also involved in other processes of
HDV replication is not certain. It is commonly implied that
HDAg is required for HDV RNA replication per se (24, 25);
however, several in vitro RNA replication studies demon-
strated that HDV RNA replication can take place even in the
absence of HDAg (2, 12, 28). Thus, MacNaughton et al. sug-
gested that HDAg may be needed only to transport HDV
RNA into the nucleus, where RNA replication occurs, but not
for RNA replication per se (28). However, our present study
showed that several RNA-binding mutants, which have been
shown to be defective in transactivating HDV RNA replication
(26), could mediate the nuclear import of HDV RNA. There-
fore, HDAg likely has direct functions in HDV RNA replica-
tion.

In this report, we examined only the truncated forms of the
small HDAg. For unknown technical reasons, the full-length
small HDAg and large HDAg were difficult to be expressed
efficiently in the bacteria. Furthermore, the expressed proteins
were difficult to purify and did not retain the biological activ-

ities because they aggregated under physiological conditions.
The most likely reason for this is that the C-terminal domain of
HDAg is hydrophobic, which may have interfered with the
protein expression and/or its biochemical properties. Regard-
less, the truncated forms of both the large and small HDAg
contain both RNA-binding motifs (26) and NLS (46) of their
full-length counterparts. Since the truncated form of the large
HDAg is identical to that of the small HDAg, there is little
doubt that the large HDAg will be found to be able to import
the HDV RNA into the nucleus as well. Both the large and
small HDAg are present in the HDV virion particles, although
the large HDAg is the protein that initiates the virion assembly
process (5, 42). The findings presented in this report suggested
that the HDV RNA is transported into the nucleus in the form
of an RNA-protein complex. This raises a conceptually difficult
issue: since the large HDAg inhibits HDV RNA replication (7,
14), import of HDV RNA together with the large HDAg
should inhibit HDV replication. Understanding of how HDV
RNA replicates in the presence of the large HDAg will require
future studies.

Using RNA import as a marker for the RNA-binding prop-
erty of HDAg, surprisingly, we found that the requirement for
binding of HDV RNA to HDAg is less stringent than that in
vitro. In RNA mobility shift assay or Northwestern RNA-
protein binding assay, both of the ARMs of HDAg are re-
quired for its binding to HDV RNA (26). However, either one
of these two ARMs is sufficient for RNA transport in vivo.
Furthermore, another potential RNA-binding domain (amino
acids 2 to 27), identified only by peptide binding in vitro (39),
was demonstrated to be sufficient for HDV RNA import as
well. Thus, all three potential RNA-binding domains may be
functional in the HDV life cycle. The presence of the redun-
dant RNA-binding functions ensures that HDV RNA can be
transported into the nucleus, in case that some domains of the
HDAg are concealed, as has been demonstrated for the native
form of HDV ribonucleoproteins (4).

Several different nuclear transport mechanisms of proteins
have been identified (16, 30, 40). The HDAg appears to con-
tain the classical type I NLS (46), which consists of basic amino
acid residues. This type of proteins are usually transported into
the nucleus by interacting with karyopherin a1 or a2. The
HDAg appears to be mediated by karyopherin a2. It is inter-
esting that HDV RNA, which is similar to viroids, requires a
viral protein to interact with the karyopherin. In contrast, vi-
roids, which do not encode proteins, can themselves be trans-
ported into the nucleus when microinjected into the cytoplasm
of plant cells (11). Whether there are fundamental differences
between the two types of RNA or between plant and animal
cells in the mechanism of nuclear transport is an interesting
question. This question is currently being studied.
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