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Hepatitis delta antigen (HDAg) is the only known protein of hepatitis delta virus and was previously shown
to localize in the nucleoplasm of infected liver cells. In this study, nuclear localization signals of HDAg were
defined by expressing various domains of the antigen in both hepatic and nonhepatic cells as 1-galactosidase
fusion proteins. A cytochemical staining assay demonstrated that a domain from amino acid residues 35 to 88
of HDAg was able to facilitate transport to the nucleus of the originally cytoplasm-localized protein
l-galactosidase. Two nuclear localization signals, NLS1 and NLS2, which are similar to those of simian virus
40 T antigen and polyomavirus T antigen, respectively, were identified. Either NLS1 or NLS2 alone was
sufficient for the nuclear transport of HDAg. However, a fusion protein (N65Z) containing 13-galactosidase and
the N-terminal 65 amino acids of HDAg, containing NLS1, was localized exclusively in the cytoplasm and
perinuclear region. A possible hydrophobic subdomain between amino acid residues 50 and 65 may block the
function of NLS1. Nevertheless, N65Z could enter the nuclei of transfected cells when it was coexpressed with
full-length HDAg. Entry into the nucleus may be mediated by the coiled-coil structure rather than the putative
leucine zipper motif located between amino acid residues 35 and 65. The existence of two independent nuclear
localization signals may ensure the proper functioning of HDAg in the multiplication of delta virus in the
nucleus. In addition, two putative casein kinase II sites (SRSE-5 and SREE-126) that may be important in
controlling the rate of nuclear transport were found in HDAg.

Hepatitis delta virus (HDV) possesses an unusual single-
stranded circular RNA genome (17) and is a satellite of
hepatitis B virus (33, 34). HDV RNA consists of approxi-
mately 1.7 kb (9, 23, 24, 43) and is a ribozyme that can
undergo self-cleavage and self-ligation (19, 26, 38, 39, 45-
48). Hepatitis delta antigen (HDAg) is the only known
protein of HDV and is encoded from the antigenomic strand
of the viral RNA (2-4, 23, 34, 43). Therefore, HDV is a
negative-stranded RNA virus. Although mechanisms for the
pathogenesis of HDV are still unclear, HDAg appears to be
associated with severe chronic hepatitis and fulminant hep-
atitis (1, 11, 14). There are two forms ofHDAg in the liver or
serum of delta hepatitis patients (2, 3, 28, 44, 51). The
antigens are highly basic and have molecular sizes corre-
sponding to 195- and 214-amino-acid species. The large
HDAg possesses an extra 19-amino-acid domain at the C
terminus and is derived from the small HDAg as the conse-
quence of a specific point mutation (22, 49). It has been
shown that the small HDAg can facilitate HDV RNA repli-
cation (18), whereas the large HDAg acts as a negative
regulator (5). However, the detailed molecular mechanisms
involved in HDV replication are not clear.
We previously expressed HDAg in a monkey kidney cell

line and demonstrated that HDAg is a nuclear phosphopro-
tein with an associated RNA binding activity (4). Further
studies showed that the binding is mediated via the middle
one-third domain of HDAg and is specific for HDV RNA
(21). The interaction also occurs within HDV particles (21).
Therefore, the middle domain of HDAg is thought to play a
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central role in the replication of HDV RNA through an
RNA-protein interaction. Further definition of the functional
domains of HDAg may help us learn the biological signifi-
cance of its binding to HDV RNA and its nuclear localiza-
tion. This should be a key step toward an understanding of
the mechanisms involved in the replication of HDV RNA.
Here we have undertaken a study to characterize the

nuclear localization signals of HDAg. The expression of
HDAg-,-galactosidase fusion proteins and cytochemical
staining revealed that HDAg contains two independent nu-
clear localization signals (NLS1 and NLS2) rather than a
bipartite signal (50). Although NLS1 alone is sufficient for
nuclear transport, an additional hydrophobic subdomain
present in the N65Z fusion protein can override the trans-
port. Results from site-directed mutagenesis and cotransfec-
tion experiments suggest that the coiled-coil structure rather
than the putative leucine zipper motif is responsible for
forming dimers or multimers between N65Z and HDAg in
vivo. This oligomerization, in turn, brings about the trans-
port of N65Z from the cytoplasm to the nucleus.

MATERIALS AND METHODS

Primers. Synthetic oligonucleotides used as primers in
amplification reactions in this study are listed in Table 1.

Construction of HDAge-3-galactosidase fusion plasmids. (i)
Plasmids pN88Z and pN163Z. The Escherichia coli lacZ
gene, encoding amino acid residues 8 and higher of the
,-galactosidase protein, which still retains the enzymatic
activity for degrading the substrate, X-Gal (5-bromo-4-
chloro-3-indolyl-,-galactoside), was isolated from pMC1871
(Pharmacia) following double digestion with SmaI and PstI
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TABLE 1. Synthetic primers used in the generation of HDV-specific DNA fragmentsa

Primer

4.1474 TTC gTG
5*.1501 TCC GGA
11.1407 TCC ATC
12.1452 CCA GGG
67*.1501TCC GGA
68*.1273 ACA AGA
87.1288 CTT COGT
88*.1663 CCA GCA
101.1542 CCA CTG
117.720 CCOG GOCT

Oligonucleotide sequence

ATT gTC
cGT TAA
CTT ATC
ATT GTC
AGg TAA
GGA AGC
CGG TGA
GTC TCC
CTC GAG
GGG CAA

gTC TTT AAC
AGA cGA cAA
CTT CTT TCC
TTC CTC TAG
AGA AGA AAA
AGg TAT CGT
TCC TGC CTC
TCT TTA CAG
GAT GTC TTC
CAT TCC GAG

gTC CGG A1501
TCA cGA A 1474
G 1428
T 1473
TCA AGA AAg TA 1470
C 1252
T 1309
A 1642
CCT 1565
G 741

a Sequences were either homologous or complementary (*) to the nucleotides of HDV genomic RNA and are numbered as described by Makino et al. (23).
Lowercase letters indicate mutated nucleotides that were created for the generation of site-specific mutations in HDAg-,-galactosidase fusion proteins.

restriction endonucleases. For construction of pN88Z (Fig.
1), the SmaI-PstI fragment of lacZ was blunt ended with T4
DNA polymerase before ligation to the unique StuI site of
plasmid pECE-d-BE (4). Recombinant plasmid pN88Z en-

codes a fusion protein, N88Z, representing the first 88 amino
acids of HDAg at the N terminus fused to the 8th amino acid
of 3-galactosidase at the C terminus. For construction of
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FIG. 1. Schematic diagram of the construction of HDAg-p-
galactosidase fusion plasmid pN88Z. Plasmid pN88Z contains se-

quences corresponding to the first 88 amino acids of HDAg and a

full-length coding sequence, except for the first 7 amino acid
residues of 3-galactosidase (lacZ). Solid boxes represent the HDAg
coding region. Open boxes represent the lacZ sequences. Positions
for the stop codon of 3-galactosidase are indicated by asterisks.
Closed circles represent the replication origin of SV40. Sequences at
the junction of HDAg and lacZ are shown. CIP, alkaline phos-
phatase from calf intestine.

pN163Z, the blunt-ended SmaI-PstI fragment of lacZ was
inserted into the unique SmaI site of pECE-d-BE. Recom-
binant plasmid pN163Z encodes the first 163 amino acids of
HDAg fused to the 8th amino acid of 3-galactosidase.

(ii) Plasmids pN65Z and pN50Z. A 257-bp DNA fragment
that represents the HDV sequence from nucleotides (nt)
1407 to 1663 was generated by a polymerase chain reaction
(PCR) as described by Saiki et al. (35). In brief, a reaction
mixture containing PCR buffer (50 mM KCl, 10 mM Tris-
HCl [pH 9.0], 0.1% Triton X-100, 1.5 mM MgCl2, 0.2 mM
each deoxynucleoside triphosphate, primers 88 and 11, 1 ng
of pECE-d-BE, and Taq DNA polymerase (Promega) was
subjected to 30 cycles of amplification. Each cycle consisted
of 94°C for 1 minm 40°C for 1.5 min, and 72°C for 2 min. For
construction of plasmid pN65Z, the 257-bp DNA fragment
was subcloned into modified pN163Z (pN163Z that had been
digested with XhoI-SmaI and blunt ended with T4 DNA
polymerase). pN65Z encodes a fusion protein, N65Z, corre-
sponding to the first 65 amino acids of HDAg fused to the 8th
amino acid of ,-galactosidase. A similar approach was taken
to construct plasmid pN5OZ, except that the synthetic oligo-
nucleotides used in the PCR were primers 88 and 12 and a
212-bp PCR fragment representing the HDV sequence from
nt 1452 to 1663 was generated. The resulting plasmid,
pN5OZ, encodes a fusion protein, N5OZ, consisting of the
first 50 amino acids of HDAg fused to the 8th amino acid of
1-galactosidase.

(iii) Plasmid pN35Z. For construction of pN35Z, a 75-bp
DNA fragment was isolated from plasmid pECE-d-BE fol-
lowing treatment with MroI and the Klenow fragment of
DNA polymerase I before SacII digestion. The 75-bp DNA
fragment was then subcloned into modified pN163Z from
which the 459-bp SacII-SmaI DNA fragment had been de-
leted. Recombinant plasmid pN35Z encodes a fusion pro-
tein, N35Z, representing the first 35 amino acids of HDAg
fused to the 8th amino acid of 3-galactosidase.

(iv) Plasmid pN20Z. For construction of pN20Z, a 122-bp
DNA fragment was generated by PCR as described for
pN65Z, except that the synthetic oligonucleotides used were
primers 88 and 101. A 30-bp DNA fragment that represents
the HDV sequence from nt 1542 to 1571 (SaclI site) was
obtained following digestion of the 122-bp PCR product with
SacII and gel purification. The 30-bp DNA fragment was
then subcloned into modified pN163Z from which the 459-bp
SacII-SmaI DNA fragment had been deleted. Recombinant
plasmid pN20Z encodes a fusion protein, N20Z, represent-
ing the first 20 amino acids of HDAg fused to the 8th amino
acid of P-galactosidase.
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(v) Plasmids pN163Z(MS) and pN88Z(M). For construction
of pN163Z(MS), a 162-bp MroI-StuI fragment was removed
from pN163Z and self-ligated following a blunt-end reaction
with T4 DNA polymerase. pN163Z(MS) encodes an HDAg-
3-galactosidase fusion protein, N163Z(MS), containing the

N-terminal 163 amino acids of HDAg with an internal
deletion from residues 35 to 88. For construction of
pN88Z(M), a 120-bp MroI fragment that represents amino
acid residues 35 to 74 of HDAg was deleted from pN88Z.
Therefore, plasmid pN88Z(M) encodes an HDAg-3-galac-
tosidase fusion protein, N88Z(M), that represents the N-ter-
minal 34 amino acids and the 75th to 88th amino acids of
HDAg fused to 3-galactosidase.

(vi) Plasmid pN88Z*. For construction of pN88Z*, site-
directed mutagenesis was accomplished by the procedure of
Higuchi et al. (13) with primers containing specific mis-
matches in amplification reactions. In brief, two pairs of
synthetic oligonucleotides were used to prime DNA synthe-
sis from pECE-d-BE (4): primers 87 and 5 and primers 88
and 4, which is complementary to primer 5. Resultant DNAs
from each of the two reactions were then mixed, denatured,
and reassembled, and an additional PCR was performed in
the presence of primers 87 and 88. The additional PCR
generated a 376-bp product representing nt 1288 to 1663 of
HDAg with specific mutations (T to g mutations at nt 1477,
1483, 1486, and 1495). This product was then digested with
SacII-StuI, and the resulting 234-bp SacII-StuI fragment was
used to replace the cognate fragment present in pN88Z. This
step created a plasmid, designated pN88Z*, that encodes
fusion protein N88Z*, containing the N-terminal 88 amino
acid residues of HDAg, except for the changes from lysine to
threonine at residues 36, 39, 40, and 42. The specific muta-
tions in pN88Z* and other leucine zipper mutants used in
this study were confirmed by sequencing of the double-
stranded plasmid DNA with the Sequenase system (US
Biochemicals).

Construction of HDAg expression plasmids with leucine
zipper mutations. (i) Plasmid pECE-d-SM(N). For construc-
tion of pECE-d-SM(N), a two-step amplification procedure
was carried out. In brief, in the first step, the reaction
mixture consisted of PCR buffer, primers 67 and 87, 1 ng of
pECE-d-BE, and Taq DNA polymerase. A DNA fragment of
214 bp was generated after 30 cycles of amplification.
One-tenth of the amplified mixture was then subjected to a
second amplification, in which the 214-bp DNA fragment
was used as the first primer and an additional primer, 88, was
added as the second primer. The resulting PCR product, a
376-bp DNA fragment, represents the HDV sequence from
nt 1288 to 1663 with mutations at positions 1472 and 1493.
This fragment was further digested with SacII-StuI to gen-
erate a 234-bp DNA fragment. After gel purification, the
234-bp DNA fragment was subcloned into modified pECE-
d-SM (50) from which the 234-bp SacII-StuI DNA fragment
had been deleted. Recombinant plasmid pECE-d-SM(N)
encodes a small HDAg mutated at two leucine residues
(Leu-37 to Val and Leu-44 to Val), resulting in a disruption
of the putative leucine zipper motif at the N terminus of
HDAg (20).

(ii) Plasmid pECE-d-SM(M). The strategy used for the
construction of pECE-d-SM(M) was similar to that used for
the construction of pECE-d-SM(N), except that the syn-
thetic oligonucleotides used in the first PCR were primers
117 and 68 and the additional primer used in the second PCR
was primer 5. The resulting PCR product, a 782-bp DNA
fragment that represents the HDV sequence from nt 720 to
1501, was subjected to digestion with StuI-SalI to generate a

372-bp DNA fragment. After gel purification, the 372-bp
DNA fragment was subcloned into modified pECE-d-SM
from which the 372-bp StuI-SalI DNA fragment had been
deleted. The resultant recombinant plasmid, pECE-d-
SM(M), encodes a small HDAg mutated at a leucine residue
(Leu-115 to Val), resulting in a disruption of the putative
leucine zipper motif in the middle region of HDAg.

(iii) Plasmid pECE-d-SM(MN). For construction of pECE-
d-SM(MN), the SacII-StuI fragment of pECE-d-SM(N) was
subcloned into pECE-d-SM(M) by replacement of its cog-
nate fragment. Recombinant plasmid pECE-d-SM(MN) rep-
resents a small HDAg in which both of the putative leucine
zipper motifs have been mutated.

Cell lines and DNA transfection. A monkey kidney cell
line, COS7, and a human hepatoma cell line, Alexander
cells, were used in this study. They were routinely grown at
37°C in Dulbecco's modified Eagle medium supplemented
with 10% fetal calf serum as described previously (4). DNA
transfection was performed with cationic liposomes as de-
scribed by the manufacturer (BRL). In brief, dishes (35 mm)
of rapidly dividing cells at a density near confluency were
washed twice with Opti-MEM I reduced serum medium
(GIBCO). Plasmid DNA at a concentration of 1 ,g/0.5 ml of
Opti-MEM I medium was mixed vigorously with lipofectin
(10 p,g/0.5 ml of Opti-MEM I medium), and the mixture was
added to the cells. The transfected cells were incubated at
37°C for 6 h before a change of fresh complete medium. At 24
h following transfection, cytochemical staining was carried
out to analyze the subcellular localization of HDAg appear-
ing as 0-galactosidase fusion proteins.

Cytochemical staining. The staining of transfected cells
with X-Gal was done as described previously (37) but with
modifications. In brief, transfected cells at 24 h posttrans-
fection were washed with phosphate-buffered saline and
then fixed with a solution containing 2% (vol/vol) formalde-
hyde and 0.2% glutaraldehyde for 5 min at room tempera-
ture. Following an additional wash with phosphate-buffered
saline, the fixed cells were incubated at 37°C for 1 to 4 h with
1 ml of the substrate, X-Gal (1 mglml), in a buffer containing
5 mM potassium ferricyanide, 5 mM potassium ferrocya-
nide, and 2 mM MgCl2. Subcellular compartments in which
the HDAg-3-galactosidase fusion proteins were expressed
would be stained blue and identified under a light micro-
scope.

RESULTS

The N-terminal one-third of HDAg mediates the nuclear
localization of its fusion proteins in transfected nonhepatic as
well as hepatic cells. We previously showed that HDAg is a
nuclear phosphoprotein (4). A sequence comparison with
known nuclear localization signals identified two possible
nuclear localization signals in the N-terminal one-third of
HDAg that are similar to those of simian virus 40 (SV40)
large T antigen and polyomavirus large T antigen (15, 29). To
functionally define the nuclear localization signals of HDAg,
we first constructed plasmid pN88Z, which contains an
HDAg-13-galactosidase fusion gene driven by the SV40
promoter and is capable of expression in eukaryotic sys-
tems. Procedures for the construction of pN88Z are illus-
trated in Fig. 1. This plasmid encodes a fusion protein
representing the first 88 amino acids of HDAg at the N
terminus fused to the 8th amino acid of P-galactosidase at the
C terminus. Twenty-four hours following transfection of
pN88Z into nonhepatic COS7 cells, cytochemical staining
was carried out. The results demonstrated that HDAg fusion
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FIG. 2. Subcellular localization of HDAg- -galactosidase fusion
protein N88Z. Either COS7 cells (a and b) or Alexander cells (c)
were transfected with plasmid pN88Z by the procedures described
in the text. Twenty-four hours after the transfection, the cells were
fixed and the fusion protein expressed was detected by cytochemical
staining of P-galactosidase.

protein N88Z was localized exclusively in the nucleus. It
was homogeneously distributed (Fig. 2a) or formed granules
in the nuclei (Fig. 2b), indicating that the N-terminal 88
amino acids of HDAg indeed contain nuclear localization
signals that drive originally cytoplasm-localized ,B-galactosi-
dase into the nucleus. Using a phase-contrast microscope,
we further confirmed that staining of the granules was
restricted to the nucleoplasm rather than the nucleolus
(unpublished observation).

Since HDAg was shown to be localized in the nuclei of
infected livers (32), we further examined the distribution of
HDAg fusion protein N88Z in transfected Alexander cells, a
human hepatoma cell line that constitutively expresses the
surface antigen of hepatitis B virus. Cytochemical staining
showed that N88Z was localized in the nuclei of Alexander
cells (Fig. 2c), as in transfected COS7 cells. In addition, this
nuclear distribution was observed in both COS7 cells (Fig.
3a) and Alexander cells (data not shown) for fusion protein
N163Z, which includes the N-terminal 163 amino acids of
HDAg.
For determination of the minimal sequences required for

the nuclear localization of HDAg, fusion plasmids with
various deletions in the antigen sequence were constructed
and expressed in COS7 cells. The 3-galactosidase fusion
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FIG. 3. Structure and subcellular localization of HDAg-1-galac-
tosidase fusion proteins N163Z, N35Z, N20Z, and N163Z(MS) in
transfected COS7 cells. (Top) Structure of HDAg-,B-galactosidase
fusion proteins. The fusion proteins contain either the first 163
amino acids ofHDAg (N163Z) or a portion of this sequence fused to
the 8th amino acid of 3-galactosidase. Closed boxes represent the
HDAg sequences, and open boxes represent the ,-galactosidase
sequences. The wavy line indicates a deletion in the HDAg se-
quence. N and C, nuclear and cytoplasmic locations, respectively.
(Bottom) Subcellular distribution of HDAg-p-galactosidase fusion
proteins N163Z (a), N35Z (b), N20Z (c), and N163(MS) (d) in
transfected COS7 cells.

proteins with either 35 or 20 N-terminal amino acids of
HDAg were localized exclusively in the cytoplasm of trans-
fected cells (Fig. 3b or c, respectively). These results indi-
cate that sequences within the domain from amino acid
residues 35 to 88 of HDAg are required for its transport to
the nucleus. This hypothesis was further confirmed from the
observation that an HDAg-o-galactosidase fusion protein,
N163Z(MS), representing the N-terminal 163 amino acids
but without amino acids 35 to 88 of HDAg, was localized
exclusively in the cytoplasm of transfected cells (Fig. 3d).
Moreover, the addition to N163Z(MS) of the C terminus up
to amino acid 212 of HDAg did not change its cytoplasm
localization (data not shown). Taken together, these results
indicate that nuclear localization signals are present only in
the N-terminal one-third of HDAg. None was identified in
the middle and C-terminal one-third of HDAg.
Two nuclear localization signals are present in HDAg.

Further studies with other mutant constructs of the N
terminus of HDAg indicated that amino acid residues 35 to
50 of HDAg possess a nuclear localization signal (NLS1),
because N5OZ, containing the N-terminal 50 amino acids of
HDAg, was expressed in the nuclei of transfected cells (Fig.
4a). Interestingly, fusion protein N88Z*, which has been
mutated at lysine residues (lysine 36, 39, 40, and 42) to
threonine within this domain, retained its nucleus-localizing
ability (Fig. 4b). This result raised the possibility that a
second nuclear localization signal (NLS2) exists in the
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FIG. 4. Structure and subcellular localization of HDAg-3-galac-
tosidase fusion proteins with deletions or point mutations in the
N-terminal domain of HDAg. (Top) Structure of fusion proteins
N5OZ, N88Z*, N88Z(M), and N65Z. Symbols are as described in the
legend to Fig. 3. Specific point mutations in N88Z* are also
indicated. (Bottom) Subcellular distribution of HDAg-,B-galactosi-
dase fusion proteins N5OZ (a), N88Z* (b), N88Z(M) (c), and N65Z
(d) in transfected COS7 cells.

domain from amino acid residues 51 to 88 of HDAg. A study
was performed with plasmid pN88Z(M) to test this hypoth-
esis. pN88Z(M) could encode a fusion protein, N88Z(M),
containing the N-terminal 34 amino acids and amino acids 75
to 88 of HDAg fused to P-galactosidase. The predominant
nuclear distribution of N88Z(M) (Fig. 4c) provides evidence
that the domain from amino acids 75 to 88 is important for
nuclear transport.
The results agree with the finding from a sequence com-

parison that there are two possible nuclear localization
signals in the N-terminal one-third of HDAg. One of them,
NLS1, contains highly basic amino acid residues (RKLKK
KIKKL-44) and is highly homologous (homology indicated
by boldface type) to those of SV40 large T antigen (PPKKK
RKV-132; 15) and the glucocorticoid receptor (YRKCLQAG
MNLEARKTKKKIKGIQQATA-524; 27). The other nuclear
localization signal, NLS2, contains proline and basic amino
acid residues (PRKRP-89) and is similar to the nuclear
localization signal of polyomavirus T antigen (VSRKRP
RP-196; 29).
A possible hydrophobic subdomain of HDAg can override

NLS1. The N-terminal 50 amino acid residues of HDAg are

able to drive, but not efficiently, ,B-galactosidase to the
nucleus (Fig. 4a). To determine whether any extra sequences
are needed for efficient nuclear transport, we constructed a

plasmid, pN65Z, that encodes a fusion protein, N65Z, con-

taining the N-terminal 65 amino acids of HDAg fused to
3-galactosidase. To our surprise, following transfection of

pN65Z into COS7 cells, fusion protein N65Z was observed
to be distributed in the cytoplasm and perinuclear region
with an apparently granular pattern (Fig. 4d). The staining
pattern was similar in all COS7 cells and was also consistent
with that of Alexander cells transfected with pN65Z (unpub-

lished observation). Since fusion protein N65Z contains
NLS1 and was originally expected to be nucleus localized,
we further examined its structural characteristics. From a
hydropathy profile, a hydrophobic subdomain (PWLGNI
KGIIG) located from amino acid residues 49 to 59 was
predicted. The role of this hydrophobic domain is not clear.
However, in the absence of NLS2, the hydrophobic domain
seems to override NLS1 in the nuclear transport of HDAg,
as suggested for a variant form of SV40 T antigen (41).
Are putative leucine zipper motifs essential for the nuclear

transport of HDAg? There are two putative leucine zipper
motifs in HDAg; they are located near the N terminus and
the middle portion. Moreover, NLS1 overlaps the putative
N-terminal motif. It was of interest to determine whether the
putative leucine zipper motifs are involved in controlling the
nuclear transport of HDAg. As shown in Fig. 4c, when
COS7 cells were transfected with plasmid pN88Z(M), which
contains neither of the putative leucine zipper motifs, the
expressed N88Z(M) fusion protein was localized predomi-
nantly in the nucleus. This result indicates that the putative
leucine zipper motifs are not essential for the nuclear trans-
port of HDAg. Nevertheless, we have found that HDAg
forms dimers or oligomers in vitro (unpublished data). Fur-
ther studies were performed to investigate whether the
nuclear transport of HDAg can be mediated by oligomeriza-
tion in vivo.
COS7 cells were cotransfected with pN65Z and pECE-d-

BE, encoding a large HDAg, or with pN65Z and pECE-d-
SM, encoding a small HDAg. Interestingly, cytochemical
staining showed that both small (Fig. 5a) and large (Fig. Sb)
HDAgs could facilitate the transport of the N65Z fusion
protein from the cytoplasm to the nucleus. However, neither
of the HDAgs could facilitate nuclear transport of N35Z,
which consists of the N-terminal 35 amino acids of HDAg
(Fig. 5c and data not shown). These results suggest that a
subdomain from amino acid residues 35 to 65 mediates
complex formation between truncated HDAg and wild-type
HDAg. This complex, in turn, facilitates the nuclear trans-
port of the originally cytoplasm-localized N65Z fusion pro-
tein.
For testing whether the putative leucine zipper motifs are

required for the control of complex formation, fusion plas-
mids that encode small HDAgs mutated at the putative
leucine zipper motifs of the N terminus, the middle portion,
or both were constructed and designated pECE-d-SM(N),
pECE-d-SM(M), and pECE-d-SM(MN), respectively. Co-
transfection experiments were carried out with pN65Z and
each of the mutant plasmids. None of the mutations affected
the function of HDAg in supporting the nuclear transport of
the originally cytoplasm-localized fusion protein N65Z (Fig.
6). This result further suggests that a cryptic signal other
than the putative leucine zipper motifs of HDAg is involved
in mediating complex formation between HDAgs as a mech-
anism of facilitating the nuclear transport of otherwise
cytoplasm-localized proteins.

DISCUSSION

We previously showed that HDAg is a nuclear phos-
phoprotein with RNA binding activity (4). The RNA binding
domain is localized in the middle one-third of HDAg (21). In
this report, the nuclear localization of HDAg was demon-
strated in both monkey kidney cells and human hepatoma
cells by cytochemical staining of HDAg-3-galactosidase
fusion proteins. We showed that the nuclear transport of
HDAg can be mediated by either of the two nuclear local-
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FIG. 5. Subcellular localization of HDAg-p-galactosidase fusion
proteins N65Z and N35Z coexpressed with a full-length HDAg.
COS7 cells were cotransfected with an HDAg-1-galactosidase fu-
sion plasmid and a plasmid that encodes a full-length HDAg of either
a small form (plasmid pECE-d-SM) or a large form (plasmid pECE-
d-BE). The results of a cytochemical staining assay are shown. (a)
N65Z and small HDAg. (b) N65Z and large HDAg. (c) N35Z and
large HDAg.

ization signals, NLS1 and NLS2, that are located in the
N-terminal one-third of HDAg. Therefore, RNA binding and
nuclear localization are distinct and separable functions of
HDAg involved in the multiplication of HDV.
The amino acid sequences of NLS1 are highly conserved

among five HDV isolates (6, 7, 23, 36, 43). NLS1 shares
similarity with NL1 of the glucocorticoid receptor and the
nuclear localization signal of SV40 T antigen at the se-
quences RKXKKKIK-42 and KKKXK-42, respectively (15,
27; Fig. 7). We showed that the N-terminal 50 amino acids,
containing NLS1 of HDAg, were capable of directing nu-
clear targeting when they were fused to ,B-galactosidase (Fig.
4a). However, Xia et al. recently reported that the domain
from amino acid residues 32 to 48 of HDAg is not functional
for nuclear transport when it is fused to a-globin (50).
Therefore, the N-terminal flanking sequences near the 32nd
amino acid of HDAg may be required for nuclear transport.
Alternatively, the discrepancy in these observations may be
due to different global structures of the fusion proteins. It is
possible that NLS1 is exposed on the surface of HDAg-i-
galactosidase molecules and can be recognized by cellular

FIG. 6. Subcellular localization of HDAg-,-galactosidase fusion
protein N65Z when it was coexpressed with small HDAgs. COS7
cells were cotransfected with plasmid pN65Z and a plasmid encod-
ing a small HDAg mutated at the putative leucine zipper motifs of
the N terminus [pECE-d-SM(N)] (a), the middle portion [pECE-d-
SM(M)] (b), or both the N terminus and the middle portion [pECE-
d-SM(MN)] (c).

machinery for nuclear transport. Furthermore, HDAg-j3-
galactosidase fusion protein N65Z, which contains the N-ter-
minal 65 amino acid residues of HDAg, failed to accumulate
in the nucleus (Fig. 4d). This result may have been due to the
presence of a hydrophobic subdomain (PWLGNIKGIIG-59)
that overrides NLS1 independently of a protein context, as
in the case of an SV40 large T antigen variant (41).
The RKRP-89 sequence in NLS2 of HDAg is conserved

perfectly among various HDV isolates and is identical to part
of the sequence of the nuclear localization signal (VSR
KRPRP-196) of polyomavirus T antigen (29; Fig. 7). Our
results indicate that amino acid residues 75 to 88 are func-
tional for the nuclear transport of HDAg-3-galactosidase
fusion protein N88Z(M), even though slight staining was
observed in the cytoplasm (Fig. 4c). The inefficient nuclear
transport may have been due to the lack of a proline residue
at position 89 of HDAg. Alternatively, NLS1, which is
absent from N88Z(M), may be essential for efficient nuclear
transport. In the presence of two nuclear localization sig-
nals, a fusion protein such as N88Z could get into the
nucleus efficiently (Fig. 2). This nuclear localization may
ensure the proper functioning of HDAg involved in the
multiplication of HDV. Similar observations with two inde-
pendent nuclear localization signals have been made in
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FIG. 7. Functional domains of HDAg. The RNA binding domain and the putative leucine zipper motifs of HDAg have been mapped
previously (21). Open circles indicate the leucine residues of the motifs. The nuclear localization signals (NLS) of the glucocorticoid receptor
(GluR), SV40 T antigen, and polyomavirus T antigen are shown, and their homologies to those of HDAg (NLS1 and NLS2) are indicated by
boxes. Closed circles indicate the putative casein kinase II sites (S/T-X-X-D/E). C and C' represent the C termini of small and large HDAgs,
respectively. USA, ITA, AUS, ENG, and TAI represent HDV isolates from the United States, Italy, Nauru Island, England, and Taiwan,
respectively (6, 7, 23, 36, 43). AA, amino acids.

several cases, such as rat glucocorticoid receptor (27),
influenza virus NS1 protein (12), Xenopus laevis Ni protein
(16), polyomavirus T antigen (29), adenovirus DNA binding
protein (25), and yeast ribosomal protein L29 (40).

Phosphorylation of the SV40 T antigen was linked to a
dramatic effect on the kinetics of its nuclear transport (31).
The phosphorylation occurred at the serine residues of a
casein kinase II site (SSDDE-115) that has the consensus
sequence S/T-X-X-D/E (30). Interestingly, HDAg is a phos-
phoprotein and is phosphorylated at serine residues (4). A
computer search revealed that there are two possible casein
kinase II sites (SRSE-5 and SREE-126) in HDAg (Fig. 7).
Although we expect that phosphorylation at the possible
casein kinase II sites may exhibit a great deal of selectivity
and contribute to efficiency in the nuclear transport of
HDAg, as suggested for SV40 T antigen (30), it is difficult to
measure accurately the rate of nuclear transport by the
transfection system used in this study. Other systems, such
as microinjection of mutant proteins, are essential to defining
the possible role of these casein kinase II sites in controlling
the rate of nuclear transport of HDAg.
HDAg contains two putative leucine zipper motifs (leucine

residues indicated by boldface type), 30-LERDLRKLKK
KIKKL-44 and 108-LENKRKQLSSGGKSL-122. Although
the putative N-terminal leucine zipper motif is not conserved
among five HDV isolates (6, 7, 23, 36, 43), the motif in the
middle portion and the leucine residue at position 44 are
conserved. Evidence suggested that both of the putative
leucine zipper motifs are important for the multiplication of
HDV. The putative N-terminal leucine zipper motif of the
large HDAg may be involved in the repression of HDV
replication (8). By using site-directed mutagenesis, we re-

cently found that Leu-115 in the putative middle leucine
zipper motif of the small HDAg is essential for RNA binding
activity and HDV replication (unpublished data). A change
from Leu-115 to valine eliminated the binding activity of the
small HDAg and its ability to support HDV replication. This
change is thought to disrupt the putative leucine zipper motif
because the valine residue cannot serve as an alternative to
the leucine residue in leucine zipper motifs (20). However,
the presence of helix-breaking residues, such as serines and
glycines, between Leu-115 and Leu-122 may affect the
formation of the leucine zipper motif in the middle domain
(42).
We have found that HDAg forms dimers or oligomers in

vitro (unpublished data). In this report, cotransfection ex-
periments demonstrated that in the absence of either or both
of the putative leucine zipper motifs, a full-length HDAg
could drive the originally cytoplasm-localized N65Z fusion
protein into the nuclei of transfected cells (Fig. 6). For fusion
protein N35Z, this cotransport phenomenon was not ob-
served, even when wild-type full-length HDAg was present
(Fig. Sc), suggesting that the coiled-coil structure rather than
the putative leucine zipper motif in the region between
amino acid residues 35 and 65 of HDAg is essential for
forming complexes in vivo. The coiled-coil structure be-
tween amino acid residues 29 and 46 of HDAg has a heptad
repeat with hydrophobic residues present at the second and
sixth positions of each seven-residue group and is conserved
among five HDV isolates. A mutation that changes both
Leu-37 and Leu-44 to valine disrupts the putative leucine
zipper motif but not the coiled-coil structure. The possible
coiled-coil structure required for the oligomerization of
HDAg needs to be studied further.

HDAg
N

89

PRRRP|

PRKRP

PRKRP

IPRKRE

RP
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The oligomerization of HDAg may be important for HDV
replication. It was shown that the small HDAg is required for
the replication of HDV in the nucleus (18). We have also
shown that the middle one-third of HDAg can interact with
HDV RNA (21). Therefore, it is possible that HDAg facili-
tates the entry of HDV RNA into the nucleus for replication
upon viral infection. However, the putative leucine zipper
motifs are not essential for the nuclear transport of HDAg,
as supported by the cotransfection experiments and the
nuclear localization of N88Z(M), from which both putative
leucine zipper motifs have been deleted (Fig. 4c). The
feature of nuclear localization for HDAg raises another
interesting question regarding the assembly of HDV. HDAg
is not a glycoprotein (4). It may be synthesized on free
ribosomes in the cytoplasm and enter the nucleus thereafter
(4). However, like the envelope of HDV, hepatitis B surface
antigen is synthesized at the endoplasmic reticulum (10) and
transported out of the Golgi apparatus after posttranslational
modification. Questions of where and how the nuclear
HDAg and the cytoplasmic hepatitis B surface antigen meet
and when the HDV genomic RNA joins the antigens to form
infectious HDV particles remain to be answered.

ACKNOWLEDGMENTS

We thank C.-Y. Sun, C.-J. Chen, H.-Y. Wu, and W.-J. Du for
technical assistance. We are grateful to Michael M. C. Lai for
providing plasmid pECE-d-SM and to Po-Chao Huang for helpful
comments and critical reading of the manuscript.

This work was supported by research grants (NSC79-0419-B-002-
181 and NSC80-0419-B-002-205) from the National Science Council
of the Republic of China.

REFERENCES
1. Arico, S., M. Aragona, M. Rizzetto, F. Caredda, A. Zanetti, G.

Marinucci, S. Diana, P. Farci, M. Arnone, N. Caporaso, A.
Ascione, P. Dentico, G. Pastore, G. Raimondo, and A. Craxi.
1985. Clinical significance of antibody to the hepatitis delta virus
in symptomless HBsAg carriers. Lancet ii:356-358.

2. Bergmann, K. F., and J. L. Gerin. 1986. Antigens of hepatitis
delta virus in the liver and serum of humans and animals. J.
Infect. Dis. 154:702-705.

3. Bonino, F., K. H. Heermann, M. Rizzetto, and W. H. Gerlich.
1986. Hepatitis delta virus: protein composition of delta antigen
and its hepatitis B virus-derived envelope. J. Virol. 58:945-950.

4. Chang, M.-F., S. C. Baker, L. H. Soe, T. Kamahora, J. G. Keck,
S. Makino, S. Govindarajan, and M. M. C. Lai. 1988. Human
hepatitis delta antigen is a nuclear phosphoprotein with RNA-
binding activity. J. Virol. 62:2403-2410.

5. Chao, M., S.-Y. Hsieh, and J. Taylor. 1990. Role of two forms of
hepatitis delta virus antigen: evidence for a mechanism of
self-limiting genome replication. J. Virol. 64:5066-5069.

6. Chao, Y.-C., M.-F. Chang, I. Gust, and M. M. C. Lai. 1990.
Sequence conservation and divergence of hepatitis delta virus
RNA. Virology 178:384-392.

7. Chao, Y.-C., C.-M. Lee, H.-S. Tang, S. Govindarajan, and
M. M. C. Lai. 1991. Molecular cloning and characterization of
an isolate of hepatitis delta virus from Taiwan. Hepatology
13:345-352.

8. Chen, P.-J., F.-L. Chang, C.-J. Wang, C.-J. Lin, S.-Y. Sung,
and D.-S. Chen. 1992. Functional study of hepatitis delta virus
large antigen in packaging and replication inhibition: role of the
amino-terminal leucine zipper. J. Virol. 66:2853-2859.

9. Chen, P.-J., G. Kalpana, J. Goldberg, W. Mason, B. Werner,
J. L. Gerin, and J. Taylor. 1986. Structure and replication of the
genome of the hepatitis delta virus. Proc. Natl. Acad. Sci. USA
83:8774-8778.

10. Eble, B. E., V. R. Lingappa, and D. Ganem. 1990. The N-ter-
minal (pre-S2) domain of a hepatitis B virus surface glycoprotein
is translocated across membranes by downstream signal se-
quences. J. Virol. 64:1414-1419.

11. Govindarajan, S., K. P. Chin, A. G. Redeker, and R. L. Peters.
1984. Fulminant B viral hepatitis: role of delta agent. Gastroen-
terology 86:1416-1420.

12. Greenspan, D., P. Palese, and M. Krystal. 1988. Two nuclear
location signals in the influenza virus NS1 nonstructural protein.
J. Virol. 62:3020-3026.

13. Higuchi, R., B. Krummel, and R. K. Saiki. 1988. A general
method of in vitro preparation and specific mutagenesis of DNA
fragments: study of protein and DNA interactions. Nucleic
Acids Res. 16:7351-7367.

14. Jacobson, I. M., J. L. Dienstag, B. C. Werner, D. B. Brettler,
P. H. LeAvine, and I. K. Mushahwar. 1985. Epidemiology and
clinical impact of hepatitis D virus infection. Hepatology 5:188-
191.

15. Kalderon, D., W. D. Richardson, A. F. Markham, and A. E.
Smith. 1984. Sequence requirements for nuclear location of
simian virus 40 large-T antigen. Nature (London) 311:33-38.

16. Kleinschmidt, J. A., and A. Seiter. 1988. Identification of do-
mains involved in nuclear uptake and histone binding of protein
Ni of Xenopus laevis. EMBO J. 7:1605-1614.

17. Kos, A., R. Dikema, A. C. Arnberg, P. H. van der Merde, and
H. Schelekens. 1986. The HDV possesses a circular RNA.
Nature (London) 323:558-560.

18. Kuo, M. Y.-P., M. Chao, and J. Taylor. 1989. Initiation of
replication of the human hepatitis delta virus genome from
cloned DNA: role of delta antigen. J. Virol. 63:1945-1950.

19. Kuo, M. Y.-P., L. Sharmeen, G. Dinter-Gottlieb, and J. Taylor.
1988. Characterization of self-cleaving RNA sequences on the
genome and antigenome of human hepatitis delta virus. J. Virol.
62:4439-4444.

20. Landschulz, W. H., P. F. Johnson, and S. L. McKnight. 1988.
The leucine-zipper: a hypothetical structure common to a new
class of DNA binding proteins. Science 240:1759-1764.

21. Un, J.-H., M.-F. Chang, S. C. Baker, S. Govindarajan, and
M. M. C. Lai. 1990. Characterization of hepatitis delta antigen:
specific binding to hepatitis delta virus RNA. J. Virol. 64:4051-
4058.

22. Luo, G., M. Chao, S.-Y. Hsieh, C. Sureau, K. Nishikura, and J.
Taylor. 1990. A specific base transition occurs on replicating
hepatitis delta virus RNA. J. Virol. 64:1021-1027.

23. Makino, S., M.-F. Chang, C.-K. Shieh, T. Kamahora, D. M.
Vannier, S. Govindarajan, and M. M. C. Lai. 1987. Molecular
cloning and sequencing of human hepatitis delta virus RNA.
Nature (London) 329:343-346.

24. Makino, S., M.-F. Chang, C.-K. Shieh, T. Kamahora, D. M.
Vannier, S. Govindarajan, and M. M. C. Lai. 1987. Molecular
biology of a human hepatitis delta virus RNA, p. 549-564. In W.
Robinson, K. Koike, and H. Will (ed.), Hepadna viruses. Alan
R. Liss, Inc., New York.

25. Morin, N., C. Delsert, and D. F. Klessig. 1989. Nuclear local-
ization of the adenovirus DNA-binding protein: requirement for
two signals and complementation during viral infection. Mol.
Cell. Biol. 9:4372-4380.

26. Perrotta, A. T., and M. D. Been. 1991. A pseudoknot-like
structure required for efficient self-cleavage of hepatitis delta
virus RNA. Nature (London) 350:434-436.

27. Picard, D., and K. R. Yamamoto. 1987. TIwo signals mediate
hormone-dependent nuclear localization of the glucocorticoid
receptor. EMBO J. 6:3333-3340.

28. Pohl, C., B. M. Baroudy, K. F. Bergmann, P. J. Cote, R. H.
Purcell, J. Hoofnagle, and J. L. Gerin. 1987. A human monoclo-
nal antibody that recognizes viral polypeptides and in vitro
translation products of the genome of the hepatitis D virus. J.
Infect. Dis. 156:622-629.

29. Richardson, W. D., B. L. Roberts, and A. E. Smith. 1986.
Nuclear location signals in polyoma virus large-T. Cell 44:77-
85.

30. Rihs, H.-P., D. A. Jans, H. Fan, and R. Peters. 1991. The rate of
nuclear cytoplasmic protein transport is determined by the
casein kinase II site flanking the nuclear localization sequence
of the SV40 T-antigen. EMBO J. 10:633-639.

31. Rihs, H.-P., and R. Peters. 1989. Nuclear transport kinetics
depend on phosphorylation-site-containing sequences flanking

J. VIROL.



NLS IN HDAg 6027

the karyophilic signal of the simian virus 40 T-antigen. EMBO J.
8:1479-1484.

32. Rizzetto, M., M. G. Canese, S. Arico, 0. Crivelli, C. G. Trepo,
F. Bonino, and G. Verme. 1977. Immunofluorescence detection
of a new antigen-antibody system (delta/anti-delta) associated to
hepatitis B virus in liver and in serum of HBsAg carriers. Gut
18:997-1003.

33. Rizzetto, M., M. G. Canese, J. L. Gerin, W. T. London, D. L.
Sly, and R. H. Purcell. 1980. Transmission of the hepatitis B
virus-associated delta antigen to chimpanzees. J. Infect. Dis.
141:590-602.

34. Rizzetto, M., B. Hoyer, M. G. Canese, J. W.-K. Shih, R. H.
Purcell, and J. L. Gerin. 1980. Delta agent: association of delta
antigen with hepatitis B surface antigen and RNA in serum of
delta-infected chimpanzees. Proc. Natl. Acad. Sci. USA 77:
6124-6128.

35. Saiki, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi,
G. T. Horn, K. B. Mullis, and H. A. Erlich. 1988. Primer-
directed enzymatic amplification of DNA with a thermostable
DNA polymerase. Science 239:487-491.

36. Saldanha, J. A., H. C. Thomas, and J. P. Monjardino. 1990.
Cloning and sequencing of RNA of hepatitis delta virus isolated
from human serum. J. Gen. Virol. 71:1603-1606.

37. Sanes, J. R., J. L. R. Rubenstein, and J.-F. Nicolas. 1986. Use of
a recombinant retrovirus to study post-implantation cell lineage
in mouse embryos. EMBO J. 5:3133-3142.

38. Sharmeen, L., M. Y.-P. Kuo, G. Dinter-Gottlieb, and J. Taylor.
1988. Antigenomic RNA of human hepatitis delta virus can

undergo self-cleavage. J. Virol. 62:2674-2679.
39. Sharmeen, L., M. Y.-P. Kuo, and J. Taylor. 1989. Self-ligating

RNA sequences on the antigenome of human hepatitis delta
virus. J. Virol. 63:1428-1430.

40. Underwood, M. R., and H. M. Fried. 1990. Characterization of
nuclear localizing sequences derived from yeast ribosomal pro-

tein L29. EMBO J. 9:91-99.
41. Van Zee, K., F. Appel, and E. Fanning. 1991. A hydrophobic

protein sequence can override a nuclear localization signal
independently of protein context. Mol. Cell. Biol. 11:5137-5146.

42. Wang, J.-G., R. W. Jansen, E. A. Brown, and S. M. Lemon.
1990. Immunogenic domains of hepatitis delta virus antigen:
peptide mapping of epitopes recognized by human and wood-
chuck antibodies. J. Virol. 64:1108-1116.

43. Wang, K.-S., Q.-L. Choo, A.-J. Weiner, J.-H. Ou, R. C.
Najarian, R. M. Thayer, G. T. Mullenbach, K. J. Denniston,
J. L. Gerin, and M. Houghton. 1986. Structure, sequence and
expression of the hepatitis delta viral genome. Nature (London)
323:508-513.

44. Weiner, A. J., Q.-L. Choo, K.-S. Wang, S. Govindarajan, A. G.
Redeker, J. L. Gerin, and M. Houghton. 1988. A single antige-
nomic open reading frame of the hepatitis delta virus encodes
the epitope(s) of both hepatitis delta antigen polypeptides p248
and p278. J. Virol. 62:594-599.

45. Wu, H.-N., and M. M. C. Lai. 1989. Reversible cleavage and
ligation of hepatitis delta virus RNA. Science 243:652-654.

46. Wu, H.-N., and M. M. C. Lai. 1990. RNA conformational
requirements of self-cleavage of hepatitis delta virus RNA. Mol.
Cell. Biol. 10:5575-5579.

47. Wu, H.-N., Y.-J. Un, F.-P. Un, S. Makdno, M.-F. Chang, and
M. M. C. Lai. 1989. Human hepatitis delta virus RNA subfrag-
ments contain an autocleavage activity. Proc. Natl. Acad. Sci.
USA 86:1831-1835.

48. Wu, H.-N., Y.-J. Wang, C.-F. Hung, H.-J. Lee, and M. M. C.
Lai. 1992. Sequence and structure of the catalytic RNA of
hepatitis delta virus genomic RNA. J. Mol. Biol. 223:233-245.

49. Xia, Y.-P., M.-F. Chang, D. Wei, S. Govindarajan, and
M. M. C. Lai. 1990. Heterogeneity of hepatitis delta antigen.
Virology 178:331-336.

50. Xia, Y.-P., C.-T. Yeh, J.-H. Ou, and M. M. C. Lai. 1992.
Characterization of nuclear targeting signal of hepatitis delta
antigen: nuclear transport as a protein complex. J. Virol.
66:914-921.

51. Zyzik, E., A. Ponzetto, B. Forzani, C. Hele, K. Heermann, and
W. H. Gerlich. 1987. Proteins of hepatitis virus in serum and
liver, p. 565-577. In W. Robinson, K. Koike, and H. Will (ed.),
Hepadna viruses. Alan R. Liss, Inc., New York.

VOL. 66, 1992


