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Hepatitis delta antigen (HDAg) is a nuclear protein that is intimately involved in hepatitis delta virus (HDV)
RNA replication. HDAg consists of two protein species, the small form (S-HDAg) and the large form (L-HDAg).
Previous studies have shown that posttranslational modifications of S-HDAg, such as phosphorylation, acet-
ylation, and methylation, can modulate HDV RNA replication. In this study, we show that S-HDAg is a small
ubiquitin-like modifier 1 (SUMO1) target protein. Mapping data showed that multiple lysine residues are
SUMO1 acceptors within S-HDAg. Using a genetic fusion strategy, we found that conjugation of SUMO1 to
S-HDAg selectively enhanced HDV genomic RNA and mRNA synthesis but not antigenomic RNA synthesis.
This result supports our previous proposition that the cellular machinery involved in the synthesis of HDV
antigenomic RNA is different from that for genomic RNA synthesis and mRNA transcription, requiring
different modified forms of S-HDAg. Sumoylation represents a new type of modification for HDAg.

Hepatitis delta virus (HDV) causes chronic and, occasion-
ally, fulminant hepatitis in humans (16). HDV is a satellite
virus which requires hepatitis B virus (HBV) to supply en-
velope proteins for virus assembly and production (46). It
contains a circular RNA genome of 1.7 kb which replicates
through a double-rolling-circle mechanism in the nucleus (33).
The viral genomic RNA (G-RNA) is first replicated into the
full-length antigenomic RNA (AG-RNA) and is also tran-
scribed into a 0.8-kb mRNA, which encodes the only HDV
protein, hepatitis delta antigen (HDAg). The AG-RNA, in
turn, is replicated into G-RNA by another round of rolling-
circle replication. The production of HDAg, which is inti-
mately involved in HDV RNA replication, is a unique feature
distinguishing HDV from plant viroids, which do not encode
any protein. HDAg consists of two species, the small delta
antigen (S-HDAg) (195 amino acids [aa]; 24 kDa) and the
large delta antigen (L-HDAg) (214 aa; 27 kDa), which play
different roles in HDV replication. S-HDAg is an essential
activator for HDV RNA replication (25). In contrast, L-HDAg
inhibits certain stages of HDV RNA replication but is required
for virion assembly (5, 7, 28, 32). HDAg has been shown to be
modified posttranslationally by phosphorylation (6, 9, 40, 42),
acetylation (41), methylation (29), and in the case of L-HDAg,
isoprenylation (14). Arg-13 methylation, Lys-72 acetylation,
and Ser-177 phosphorylation are three major modifications of
S-HDAg and are important for the functions of S-HDAg in
HDV RNA replication (29, 40, 41, 48). Isoprenylation on Cys-
211 of L-HDAg is required for virus assembly (14).

SUMO (small ubiquitin-related modifier) has been identi-
fied as a reversible posttranslational protein modifier (34, 35).
The human genome encodes four SUMO proteins: SUMO1 to
SUMO4 (13, 17). Among them, SUMO1 to SUMO3 are ubiq-
uitously expressed, whereas SUMO4 is expressed mainly in the
kidneys, lymph nodes, and spleen (17). Sumoylation is carried
out by an E1 activating enzyme (the heterodimer Uba2-Aos1),
an E2 conjugating enzyme (Ubc9), and one of several SUMO
E3 ligases (38). Although SUMO E1 and E2 are sufficient to
modify most substrates in vitro, in vivo sumoylation is usually
facilitated by SUMO E3 for substrate selection (13, 24, 44).
SUMO modification is a highly dynamic process that can be
reversed rapidly by the action of SUMO-specific proteases,
which are also involved in the maturation of newly synthe-
sized SUMO proteins (18, 43). Although sumoylated pro-
teins have been found throughout the cell, most of the
known SUMO targets are cellular and viral proteins that
function in the nucleus (19, 56). The functional outcomes of
sumoylation are extremely diverse, including changes in in-
tracellular localization, protein-protein interaction, protein-
DNA interaction, and stability and activity of modified pro-
teins (2, 11, 52, 56).

Here we show that HDV S-HDAg is posttranslationally
modified by the SUMO pathway both in vivo and in vitro. Using
a genetic fusion chimera to mimic sumoylated S-HDAg, we
found that SUMO1 conjugation of S-HDAg selectively en-
hances HDV G-RNA and mRNA synthesis but not AG-RNA
synthesis. This result adds to the growing list of different
metabolic requirements between HDV G-RNA/mRNA syn-
thesis and AG-RNA synthesis and supports the hypothesis
that the cellular machinery involved in the synthesis of HDV
AG-RNA is different from that for G-RNA synthesis and
mRNA transcription.
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MATERIALS AND METHODS

Yeast two-hybrid assay. Standard techniques were used for the yeast two-
hybrid system (8, 12). Briefly, the S-HDAg gene fragment was cloned in frame
with the GAL4 DNA binding domain (GAL4-DBD) in the pGBKT7 vector
(Clontech) to yield pGBKT7–SHDAg. The human SUMO genes for SUMO1,
SUMO2, and SUMO3 and the Ubc9 gene were fused to the GAL4 transcription
activation domain (GAL4-AD) by being subcloned into the pACT2 vector (Clon-
tech) to yield pACT2-SUMO1, pACT2-SUMO2, pACT2-SUMO3, and pACT2-
Ubc9. Yeast AH109 was cotransformed with the GAL4-DBD plasmid DNA
(pGBKT7�SHDAg) and GAL4-AD plasmid DNA (pACT2-SUMO1, pACT2-
SUMO2, pACT2-SUMO3, or pACT2-Ubc9). Positive clones were selected
based on the ability of cells to grow on Trp, Leu, His, and Ade dropout media
supplemented with 5 mM 3-amino-1,2,4-triazole (Sigma) as an indication of
interaction.

Plasmid construction and in vitro transcription. Plasmid pET-Sm, which was
used for the expression of S-HDAg in Escherichia coli, has been described
elsewhere (47). The expression plasmid pcDNA3.1-SHDAgHA, encoding hem-
agglutinin (HA)-tagged S-HDAg, was derived from the plasmid pCDNA3.1-WT
(29) by introducing an HA tag-encoding sequence into the 3� end of the S-HDAg
coding sequence. Plasmids expressing mutant S-HDAgHAs (containing a
lysine-to-arginine mutation and a deletion mutation) were derived from
pcDNA3.1-SHDAgHA by PCR-based site-directed mutagenesis or a jump-
ing-PCR method. The expression plasmids pSG5-SUMO1-GG, pcDNA3.1-
Ubc9, pcDNA3-SENP1, pcDNA3-SENP2, and pcDNA3-Daxx501-740HA, encod-
ing the mature form of SUMO1 (SUMO1-GG), Ubc9, SENP1, SENP2, and an
HA-tagged Daxx(501-740) truncation mutant (30), respectively, were kind gifts
from Hsiu-Ming Shih (Institute of Biomedical Science, Academia Sinica).
Genomic and antigenomic HDV RNAs (1.9-kb G-RNA and AG-RNA, respec-
tively), which contain the entire HDV genome plus approximately 200 additional
nucleotides of HDV sequence, were transcribed from pKS/HDV1.9 (23) by use
of MEGAscript (Ambion) after linearization by NotI and SnaBI digestion, re-
spectively. Plasmid PX9-SUMO1, which was used for in vitro transcription of the
SUMO1–S-HDAg-encoding mRNA, was derived from plasmid PX9-I/II (39) by
introducing the SUMO1-encoding sequence into the 5� end of the S-HDAg
coding sequence by using the jumping-PCR method. Plasmid PX9-I/II-d1nt,
which was used for in vitro transcription of an S-HDAg-encoding defective
mutant (d1nt) in which the adenosine of the ATG start codon was deleted to
abolish S-HDAg translation, has been described elsewhere (48). Capped and
poly(A)-tailed S-HDAg-encoding defective mutant (d1nt) mRNA, wild-type S-
HDAg-encoding mRNA (wt mRNA), and SUMO-1-S-HDAg-encoding mRNA
(SUMO-HDAg mRNA) were transcribed from plasmids PX9-I/II-d1nt, PX9-I/
II, and PX9-SUMO1, respectively, by use of T7 mMESSAGE mMACHINE
Ultra (Ambion) after linearization by HindIII digestion.

Cell culture and transfection. The human hepatoma cell line Huh-7 was
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum and incubated at 37°C in 5% CO2. Plasmid DNA and HDV RNA
transfection experiments were performed by use of Lipo2000 and DMRIE-C
transfection reagents (Invitrogen), respectively, according to the manufacturer’s
directions.

In vitro sumoylation. Bacterially expressed S-HDAg was purified as described
previously (47). Glutathione S-transferase (GST) protein, which was used as a
negative control for this assay, was expressed in Escherichia coli and purified with
glutathione-Sepharose (Pierce) following the manufacturer’s protocol. The in
vitro sumoylation assay was carried out using a sumoylation kit purchased from
Biomol. GST-tagged RanGAP1 (GST-RG1) was provided in this kit as a positive
control for this assay. Briefly, 400 ng of purified S-HDAg, GST protein, or
GST-RG1 was mixed with 1 �l of 20� SUMO activating enzyme solution
(SUMO E1), 1 �l of 20� SUMO conjugating enzyme solution (SUMO E2), and
2 �l of 10� sumoylation buffer, with or without 1 �l of 20� Mg-ATP solution.
Water was added to make the final volume 20 �l. The reactions were conducted
at 30°C for 1 hour and stopped by adding SDS-PAGE gel loading buffer. Reac-
tion mixtures were then resolved by Western blotting, and S-HDAg and GST/
GST-RG1 were detected by a polyclonal antibody to HDAg and a monoclonal
antibody to GST, respectively.

In vivo sumoylation. In Huh-7 cells, pcDNA3-Daxx501-740HA, pcDNA3.1-
SHDAgHA wt, or mutant plasmid was cotransfected with SUMO1-GG,
Ubc9, SENP1, and/or SENP2 expression plasmid, as indicated. At 48 hours
posttransfection, cells were harvested using RIPA buffer (150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing
20 mM N-ethylmaleimide (NEM). The whole-cell extracts were then divided into
two aliquots. One aliquot was analyzed by immunoblotting to confirm the ex-
pression of transfected proteins. The other aliquot was subjected to immuno-

precipitation with a monoclonal antibody to the HA tag (3F10; Roche) and
subsequent immunoblotting with the same antibody or a monoclonal antibody to
SUMO1 (Santa Cruz) to detect the unmodified protein species and/or sumoy-
lated protein species.

Immunofluorescence microscopy. Huh-7 cells grown on slide chambers were
fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100.
After being blocked with 0.25% bovine serum albumin, the cells were incubated
with a mouse monoclonal antibody to HDAg, a rabbit polyclonal antibody to
SUMO1 (Biomol), a rabbit polyclonal antibody to HDAg, or a mouse monoclo-
nal antibody to nucleolin (Santa Cruz). After an extensive wash, cells were
stained with goat anti-mouse secondary antibody conjugated to Alexa Fluor 488
(green) or goat anti-rabbit secondary antibody conjugated to Alexa Fluor 568
(red) (Molecular Probes). Lastly, images were captured with an inverted fluo-
rescence microscope (Leica DMI6000).

qRT-PCR. Quantitative reverse transcription-PCR (qRT-PCR) procedures,
which were used to specifically detect HDV G-RNA, HDV AG-RNA, and
HDAg-encoding mRNA by using the G-S, AG-S, and mI-S protocols, respec-
tively, were performed as described previously (48). Briefly, total RNA was
extracted from cells by use of TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. To detect the HDAg-encoding mRNA and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA, 200 ng of total RNA was
reverse transcribed in a 20-�l final reaction mixture containing 1� reverse
transcriptase buffer, 2.5 �M of oligo(dT)20, a 0.2 mM concentration (each) of
dATP, dGTP, dCTP, and dTTP (Roche), 5 mM dithiothreitol, 40 U of
RNaseOUT recombinant RNase inhibitor, and 200 U of SuperScript III reverse
transcriptase (Invitrogen). The RT reaction was performed at 55°C for 50 min
and then inactivated by heating at 95°C for 45 min. For the detection of HDV
G-RNA or AG-RNA, 200 ng of total RNA was reverse transcribed in a 20-�l
final reaction mixture containing 1� rTth reverse transcriptase buffer, 0.1 �M of
tagged strand-specific primer (48), 40 U of RNaseOUT recombinant RNase
inhibitor (Invitrogen), 1 mM MnCl2, a 0.2 mM concentration (each) of dATP,
dGTP, dCTP, and dTTP, and 5 U of rTth (Applied Biosystems). The RT reaction
was performed at 70°C for 15 min and then terminated by adding 2 �l of 10�
chelating buffer. Real-time PCR was performed by using a LightCycler FastStart
DNA master Sybr green I kit (Roche). Briefly, 5 �l of 10� serially diluted cDNA
was mixed with 15 �l of master mix. The reaction consisted of an initiating step
of 10 min at 95°C, followed by 45 cycles of amplification, with each cycle con-
sisting of 10 s at 95°C, 3 s at 60°C, and 16 s at 72°C for HDV G-RNA and
AG-RNA detection and of 10 s at 95°C, 3 s at 55°C, and 26 s at 72°C for HDV
mRNA detection. The input total RNA amount was normalized to the GAPDH
mRNA level. The reactions, data acquisition, and analyses were performed using
a LightCycler 2.0 system (Roche).

RESULTS

S-HDAg interacts with Ubc9 and SUMO1 in yeast two-
hybrid assay. Given that S-HDAg is a nuclear protein inti-
mately involved in HDV RNA replication and that most of the
known cellular and viral SUMO targets are transcription fac-
tors or proteins that function in the nucleus (2, 50, 52, 56), we
set out to investigate whether S-HDAg is a SUMO target
protein. Previous studies have indicated that the interaction of
a protein with SUMO isoforms or Ubc9 in the yeast two-hybrid
assay is often indicative of SUMO conjugation to the interact-
ing protein (1, 10, 15, 36). To investigate whether S-HDAg
interacts with Ubc9 or SUMO isoforms, a yeast two-hybrid
assay was performed, using S-HDAg as a bait and Ubc9 or
SUMO isoforms as preys. As shown in Fig. 1, we observed that
S-HDAg interacted with Ubc9 and SUMO1 but not with
SUMO2 or SUMO3 in this assay. Although four SUMO iso-
forms (SUMO1, SUMO2, SUMO3, and SUMO4) have been
found in vertebrates, previous studies have shown that the
SUMO paralog preferred by viral proteins is SUMO1 (2). This
appears to also be the case for HDV utilizing SUMO machin-
ery. Accordingly, we focused on the SUMO1 modification of
S-HDAg in the following experiments.
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S-HDAg is sumoylated in vitro. To determine whether S-
HDAg can be modified by SUMO1, an in vitro sumoylation
assay, using purified S-HDAg, SUMO activating enzyme (E1),
Ubc9 (E2), and SUMO1, was performed. After incubation for
1 h at 30°C, proteins in the in vitro sumoylation mixtures
were analyzed by immunoblotting with antibody to HDAg. As
shown in Fig. 2, in addition to the input S-HDAg, a protein
band consistent with the expected size of sumoylated S-HDAg
was detected in the reaction mix containing ATP, indicating
that S-HDAg was sumoylated by SUMO1 (lane 2). The ab-
sence of SUMO1–S-HDAg conjugation in the reaction mix
omitting ATP (lane 1) demonstrated that the conjugation is
ATP dependent (required for E1 activation) and is thus likely
derived from the SUMO cascade. This result revealed that
S-HDAg is a SUMO1 target protein in vitro. A parallel reac-
tion showed that GST-RanGAP1 (GST-RG1), the first protein
shown to be sumoylated (35), but not the control GST protein,
was properly sumoylated, indicating the specificity of this re-
action (Fig. 2, lanes 3 to 6).

S-HDAg is sumoylated in vivo. To determine whether S-
HDAg is SUMO1 modified in mammalian cells, an in vivo
sumoylation assay was performed. We transiently transfected
Huh-7 cells with an epitope (HA)-tagged S-HDAg expression
plasmid, with or without SUMO1 and Ubc9 expression plas-
mids. After lysis of cells with RIPA-NEM buffer, proteins were
subjected to immunoprecipitation and immunoblotting with
antibody to HA tag. When S-HDAgHA was coexpressed with
SUMO1 and Ubc9, we observed an S-HDAgHA species of
higher molecular weight, in proportion to the size of additional

SUMO1 modification (Fig. 3A, lane 4). Sumoylation was further
confirmed when immunoprecipitated S-HDAgHA reacted with
antibody to SUMO1 (Fig. 3A, lane 8). A control reaction showed
that Daxx protein (Fig. 3A, lanes 2 and 6) was properly sumoy-
lated under the same conditions.

SUMO conjugation is a highly dynamic process that can
be reversed rapidly by the action of sentin-specific proteases
(SENPs) in mammals. Of the six human proteases (SENP1-3
and SENP5-7), SENP1 and SENP2 have been described to be
responsible for the desumoylation of SUMO1-conjugated pro-
teins (18, 43). To examine whether SENP1 and SENP2 are
involved in S-HDAg desumoylation, an in vivo sumoylation
assay was performed. As shown in Fig. 3B, when SENP2 was
coexpressed with SUMO1, Ubc9, and S-HDAgHA, the band
intensity of SUMO1–S-HDAgHA was drastically reduced, to
the level of SUMO1 and S-HDAgHA coexpression only (com-
pare lane 5 to lanes 2 and 3). As a comparison, coexpression of
SENP1 did not show such a reduction (lane 4). This result
revealed the reversible nature of the sumoylation of S-HDAg
and suggested that SENP2 is the desumoylase involved in the
SUMO1 modification of S-HDAg. Collectively, these data fur-
ther confirmed that S-HDAg is a SUMO1 target protein in
mammalian cells.

Detecting sumoylated S-HDAg in HDV RNA-replicating cells.
As mentioned above, sumoylation is a highly dynamic process.
Most SUMO target proteins undergo rapid cycles of sumoyla-
tion and desumoylation; only a few are stably conjugated with
SUMO. Thus, most targets appear to be modified to only a
small percentage at steady state (13, 38). Therefore, in order to
detect the in vivo sumoylated form of a target protein, it is
always necessary to overexpress SUMO isoforms and/or Ubc9.
Thus, to examine whether HDAg is sumoylated in HDV RNA-

FIG. 1. S-HDAg interacts with Ubc9 and SUMO1 in yeast two-
hybrid assay. The growth of yeast strain AH109 cotransformed
with GAL4-DBD plasmid DNA (pGBKT7�S-HDAg) and different
GAL4-AD plasmid DNAs (pACT2-SUMO1, pACT2-SUMO2,
pACT2-SUMO3, or pACT2-Ubc9) on SD medium is shown. Cotrans-
formants were isolated on SD medium lacking tryptophan and leucine
(�Trp�Leu; left plate) or on SD medium lacking tryptophan, leucine,
adenine, and histidine (�Trp�Leu�Ade�His; right plate). The lower
panel represents the isolated cotransformants in which the GAL4-AD
plasmids were used for cotransformation. Vector, pACT2 plasmid
without insert DNA; AH109, DNA-free transformation control.

FIG. 2. Sumoylation of S-HDAg in vitro. The sumoylation system
was reconstituted in vitro with recombinant SUMO E1 (Aos1/Uba2),
SUMO E2 (Ubc9), SUMO1, and S-HDAg or the control substrate
proteins. GST protein and GST-tagged RanGAP1 (GST-RG1) served
as negative and positive control substrate proteins, respectively, for
this assay (RG1 was the first protein shown to be posttranslationally
modified with SUMO [35]). The reactions were carried out in sumoy-
lation buffer with (�) or without (�) ATP. The S-HDAg substrate and
the SUMO1–S-HDAg generated in the reaction were analyzed by
immunoblotting (IB) with an antibody (�) to HDAg (lanes 1 and 2).
The control substrates and their SUMO1-conjugated forms generated
in the reaction were analyzed by immunoblotting with an antibody (�)
to GST (lanes 3 to 6). The locations of molecular mass markers are
indicated on the left, in kDa, and the positions of substrate proteins
and their SUMO1-conjugated forms are marked on the right.
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replicating cells, SUMO1 and Ubc9 were overexpressed in
Huh-7 cells in which HDV RNA replication was established.
As shown in Fig. 4, two HDAg species, representing S- and
L-HDAg, and an HDAg species of higher molecular weight,
corresponding to the size of SUMO1 conjugation of S-HDAg,
were detected with a mouse monoclonal antibody against HDAg
(lane 2). When the same sample was subjected to immunoblot-
ting with a rabbit antibody (LP3; a kind gift from Stan Lemon)
specific for L-HDAg, only L-HDAg of the original size, with no
proteins of higher molecular weight corresponding to the size
of SUMO1-conjugated L-HDAg, was detected (lane 4). These
results suggested that S-HDAg, but not L-HDAg, is a SUMO1
target in the HDV life cycle.

Multiple lysine residues are SUMO1 acceptors within S-
HDAg. Having determined that S-HDAg is sumoylated, we
next sought to identify the S-HDAg residues that are modified
by SUMO1. Many SUMO acceptor lysines follow the consen-
sus motif �KXE (in which � is a hydrophobic residue and X is
any amino acid) (13). However, an increasing number of pro-
teins have turned out to be sumoylated on nonconsensus sites

(20, 30, 45, 53). Inspection of the amino acid sequence reveals
that none of the lysine residues within S-HDAg match the
SUMO consensus. To identify the SUMO acceptor lysine(s) of
S-HDAg, we therefore mutated all of the lysine residues that
are conserved among different HDV isolates (Fig. 5A) to ar-
ginines by site-directed mutagenesis. The S-HDAgHA expres-
sion plasmids, which contain individual lysine-to-arginine mu-
tations at the conserved positions 42, 72, 106, 111, and 120
(Fig. 5B), were subsequently used for in vivo sumoylation as-
say. As shown in Fig. 5C, all five mutants could be sumoylated
in the presence of SUMO1 and Ubc9 coexpression (lanes 4, 6,
8, 10, and 12). To examine whether these five conserved lysines
are exclusive for S-HDAg sumoylation, an S-HDAgHA expres-
sion plasmid containing all five lysine-to-arginine mutations
(5KR mutant) was also constructed and used for in vivo sumoy-
lation assay. The 5KR mutant protein synthesized in trans-
fected Huh-7 cells was also sumoylated (Fig. 5C, lane 14),
indicating that the SUMO acceptor lysines within S-HDAg are
not limited to the five conserved lysines.

S-HDAg is a lysine-rich protein, especially in its N-terminal
two-thirds. For the particular HDV isolate used in the in vivo
sumoylation assay (Fig. 5B), about 17% of the amino acids are
lysines in this region. Some of these lysines form clusters, as
revealed by amino acid sequence alignment between different
HDV isolates (Fig. 5A). To avoid missing any potential SUMO
acceptor lysine(s), we scanned all the other lysines which are
not conserved among different HDV isolates either by mutat-
ing individual lysines or by mutating combinations of two or
three lysines that are neighbored. The in vivo sumoylation data
showed that all of these mutants can be sumoylated (Fig. 5D).
Taken together, these results suggest that multiple lysine res-
idues are SUMO1 acceptors within S-HDAg.

The N-terminal 66 aa of S-HDAg are required for SUMO
modification. The above site-directed mutagenesis data showed
that multiple lysine residues are SUMO1 acceptors within S-
HDAg. To further examine whether there is a particular region
of S-HDAg in which the SUMO acceptor lysines may be lo-

FIG. 3. Sumoylation of S-HDAg in vivo. (A) Detection of SUMO1-
conjugated S-HDAg in transfected cells. In Huh-7 cells, the expression
plasmid for HA-tagged S-HDAg or the Daxx(501-740) truncation mu-
tant was transfected with or without the expression plasmids for
SUMO1-GG (the mature form of SUMO1) and Ubc9. The whole-cell
extracts were then prepared and subjected to immunoprecipitation
(IP) with an antibody to HA tag followed by immunoblotting (IB) with
the same antibody or with an antibody to SUMO1, as indicated. Daxx
is a well-documented SUMO target protein (30). Transfection of the
expression plasmid for Daxx501-740HA served as a positive control for
this assay. (B) Overexpression of SENP2 reduces sumoylation of S-
HDAg. The expression plasmid for HA-tagged S-HDAg was trans-
fected into Huh-7 cells with or without the expression plasmids for
SUMO1-GG, Ubc9, SENP1, and SENP2, as indicated. The whole-cell
extracts were then prepared and subjected to IP/IB with an antibody to
the HA tag.

FIG. 4. S-HDAg produced from HDV RNA-replicating cells is a
SUMO1 target protein. In Huh-7 cells, HDV genomic RNA was trans-
fected together with the S-HDAg-encoding mRNA to establish HDV
RNA replication. Four days after RNA transfection, the cells were
then transfected again, with or without the SUMO1-GG and Ubc9
expression plasmids. Two days later, the whole-cell extracts were pre-
pared and then subjected to immunoblotting with a mouse monoclonal
antibody against HDAg (lanes 1 and 2) or with a rabbit polyclonal
antibody specific for L-HDAg (LP3) (49) (lanes 3 and 4).
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cated, an N-terminally truncated mutant (D1; deletion of aa 1
to 66 of S-HDAg) and a C-terminally truncated mutant (D2;
deletion of aa 122 to 195 of S-HDAg) were generated to test
their ability to be sumoylated (Fig. 6A). Given that nuclear
localization signals (NLS) are important for the sumoylation of
certain proteins (53), the NLS of S-HDAg was preserved in
both D1 and D2. The in vivo sumoylation assay showed that D2
was sumoylated (Fig. 6B, lane 6), whereas the N-terminally
truncated D1 mutant lost its ability to be sumoylated (Fig. 6B,
lane 4). This result suggested two possibilities: either the
SUMO acceptor lysines of S-HDAg reside exclusively in the
N-terminal 66-aa region or the N-terminal 66-aa region of
S-HDAg contains a functional domain that is necessary for
SUMO modification of S-HDAg. The N-terminal 66-aa region
of S-HDAg contains 13 lysines (Fig. 6A). To test whether these
13 lysines are exclusively the SUMO acceptors of S-HDAg, we
sought to generate an S-HDAg mutant in which all 13 N-terminal
lysines were replaced by arginines. The intermediate constructs
(K36/38/39/40/42R, K55/60/61/63R, N-10KR, and N-12KR) and
the final construct, which contains the 13 N-terminal lysine-to-
arginine (K-to-R) substitutions (S1 [N-13KR]), were used for in
vivo sumoylation assays. As shown in Fig. 6C, all of these N-
terminal K-to-R mutants, including S1 (N-13KR), were sumoy-
lated, indicating that the SUMO acceptor lysines of S-HDAg are
not limited to the N-terminal 13 lysines.

The above data suggest the possibility that the N-terminal
66-aa region of S-HDAg contains a functional domain that is
necessary for SUMO conjugation of S-HDAg. To define which
subregion within the N-terminal 66-aa region of S-HDAg is
required for its SUMO1 conjugation, we next generated S-
HDAg truncation mutants derived from S1. These mutants
contain different deletions in subregions within the N-terminal
66-aa region of S1 (S2 to S5) (Fig. 6A). After subjecting these
deletion mutants to in vivo sumoylation assay, we observed that
all of these deletion mutants lost the ability to be sumoy-
lated (Fig. 6D). This result suggested that the integrity of
the N-terminal 66-aa region of S-HDAg is necessary for
SUMO conjugation of S-HDAg. In sum, these results
showed that multiple lysines are SUMO acceptors through-
out the whole sequence of S-HDAg and that the N-terminal
66 aa of S-HDAg are required for its SUMO modification.

SUMO1 conjugation of S-HDAg enhances HDV G-RNA and
mRNA synthesis but not AG-RNA synthesis. To address the
functional consequences of S-HDAg sumoylation, we exploited a
fusion strategy in which SUMO1 is fused to S-HDAg to mimic
sumoylated S-HDAg. Given that all of the lysine residues are
located in the N-terminal two-thirds of S-HDAg, the SUMO1-
encoding sequence was fused to the 5� end of the S-HDAg

coding sequence; this mRNA (SUMO-HDAg) encodes a
SUMO1–S-HDAg fusion protein. Immunofluorescence stain-
ing showed that the subcellular localizations of wild-type S-
HDAg and the SUMO1–S-HDAg fusion protein were very
similar. Similar to wild-type S-HDAg, the SUMO1–S-HDAg
fusion protein was observed in both nucleoli and nucleoplasm,
suggesting that SUMO1 modification does not alter the sub-
cellular distribution of S-HDAg (Fig. 7).

We next examined the ability of the SUMO1–S-HDAg fu-
sion protein to promote the synthesis of HDV G-RNA, AG-
RNA, and mRNA by using the established HDV cDNA-free
RNA transfection method and qRT-PCR procedure (39, 48).
For this purpose, HDV G-RNA (for AG-RNA and mRNA
detection) or AG-RNA (for G-RNA detection) was cotrans-
fected with the mRNA encoding either wild-type S-HDAg or
SUMO1–S-HDAg fusion protein. This approach allows the
study of various HDV RNA species separately (39, 48). As a
negative control, HDV G-RNA or AG-RNA was also trans-
fected together with an mRNA encoding a defective S-HDAg
mutant (d1nt), in which the adenosine of the ATG start codon
was deleted to abolish S-HDAg translation. As shown in Fig. 8,
no nascent HDV G-RNA (A), AG-RNA (B), or mRNA (C)
was detected when d1nt was cotransfected, demonstrating the
specificity of this assay. We found that cotransfection of the
mRNA encoding the SUMO1–S-HDAg fusion protein led to
significantly larger amounts of HDV mRNA (C) and G-RNA
(A) than those produced by cotransfection with the mRNA
encoding wild-type S-HDAg. In contrast, HDV AG-RNA syn-
thesis was not affected by the sumoylation state of S-HDAg
(B). Besides the transfected SUMO1–S-HDAg fusion protein,
the normally sized S-HDAg and some L-HDAg were also
detected, indicating that HDV RNA indeed replicated in the
cells (Fig. 8). This result suggested that sumoylation of S-
HDAg selectively enhances HDV G-RNA and mRNA synthe-
sis but not AG-RNA synthesis.

DISCUSSION

In recent years, plenty of data have accumulated concerning
various viruses and their interaction with the SUMO machin-
ery (2, 50, 52). Consistent with the nuclear predominance of
SUMO modification in cells (13, 56), most of the viral SUMO
substrates are nuclear proteins of DNA viruses or retroviruses
(2, 56). Although HDV belongs to the RNA viruses, HDV is a
rare case in which the viral RNA genome is replicated in the
nuclei of host cells. This observation prompted us to investi-
gate whether HDV S-HDAg, which is a nuclear protein inti-
mately involved in HDV RNA replication, is a SUMO target

FIG. 5. Mapping of lysine residues in S-HDAg that are conjugated by SUMO1. (A) Alignment of S-HDAg amino acid sequences from different
HDV isolates. The nonconserved and conserved lysine (K) residues are shaded in gray and black, respectively. (B) Amino acid sequence of the
Italian HDV isolate used in the in vivo sumoylation assay. The lysine (K) residues are shown in bold. The underlined K residues denote the lysine
residues which are conserved among different HDV isolates. (C) The SUMO acceptor lysines within S-HDAg are not limited to the five conserved
lysines. In Huh-7 cells, expression plasmids encoding wild-type S-HDAgHA or its mutants containing K-to-R substitutions at the conserved
lysine(s) were transfected with or without the SUMO1-GG and Ubc9 expression plasmids. The whole-cell extracts were then prepared and
subjected to IP/IB with an antibody to the HA tag. (D) Multiple lysine residues are SUMO1 acceptors within S-HDAg. Expression plasmids
encoding wild-type S-HDAgHA or its mutants containing K-to-R substitution(s) were used for in vivo sumoylation assay as in panel C. The
positions of the S-HDAgHA species (denoted as SHDAgHA*) and the SUMO1-conjugated form (denoted as SUMO1-SHDAgHA*) are marked
on the right. Expression plasmids encoding wild-type S-HDAgHA or its mutants are indicated at the top or bottom.
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FIG. 6. Mapping of functional domain required for SUMO modification of S-HDAg. In vivo sumoylation assays were performed with S-HDAg
and its mutants. (A) Schematic representation of S-HDAg and its deletion and K-to-R substitution derivatives. The total numbers of lysine
(K) residues within the various regions of S-HDAg are indicated at the top. The nuclear localization signal (NLS; amino acids 66 to 88) is shown
in gray. The numbers of K-to-R substitutions within the N-terminal region of S1 and its derivatives are indicated on top of these constructs. The
ability of the S-HDAg derivatives to undergo sumoylation is summarized on the right. (B) The N-terminally truncated form of S-HDAg loses its
ability to be sumoylated. Expression plasmids encoding the wild-type S-HDAgHA (WT) or its deletion mutants, D1 and D2, were used for in vivo
sumoylation and subsequent IP/IB assay with anti-HA antibody. (C) The N-terminal 13 lysines are not the exclusive SUMO acceptor lysines of
S-HDAg. Expression plasmids encoding wild-type S-HDAgHA and its derivatives (as indicated) were used for in vivo sumoylation and subsequent
IP/IB assay with anti-HA antibody. (D) The N-terminal 66 aa of S-HDAg are required for its SUMO modification. The indicated expression
plasmids were used for in vivo sumoylation assay as mentioned above. The arrows indicate SUMO1-modified S-HDAgHA* species.
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protein. In the present study, by using a yeast two-hybrid assay
(Fig. 1) and in vitro and in vivo sumoylation assays (Fig. 2 and
3), we demonstrated that S-HDAg is a SUMO1 target protein.
Consistent with the reversible nature of the sumoylation pro-
cess, we also found that S-HDAg sumoylation can be drasti-
cally reversed by the action of a specific isopeptidase, SENP2
(Fig. 3B, lane 5). This result suggested that SENP2 is respon-
sible for the desumoylation of S-HDAg. Nevertheless, since a
weak reduction of S-HDAg sumoylation was also observed

when overexpression of SENP1 was conducted (Fig. 3B, lane
4), it cannot be ruled out that SENP1 is also involved in the
desumoylation of S-HDAg. Finally, we showed that S-HDAg,
but not L-HDAg, produced in HDV RNA-replicating cells is
sumoylated (Fig. 4). This observation suggested that S-HDAg
is a SUMO1 target in the HDV life cycle. During HDV rep-
lication, L-HDAg is produced in the late stage of the viral
replication cycle as a result of a specific RNA-editing event
(51). L-HDAg contains all of the functional domains of S-

FIG. 7. The SUMO1–S-HDAg fusion protein displays a subcellular localization pattern similar to that of wild-type S-HDAg. The mRNA
encoding wild-type S-HDAg (wt) or mutant SUMO1–S-HDAg (SUMO-HDAg) was transfected into Huh-7 cells. At day 1 posttransfection, cells
were fixed and prepared for immunofluorescence microscopic examination (as described in Materials and Methods). (A) A mouse anti-HDAg
monoclonal antibody or a rabbit anti-SUMO1 polyclonal antibody was used as the first antibody. (B) A rabbit anti-HDAg polyclonal antibody or
a mouse anti-nucleolin monoclonal antibody was used as the first antibody.

FIG. 8. Effects of SUMO1 conjugation of S-HDAg on HDV G-RNA, AG-RNA, and mRNA synthesis. HDV AG-RNA (A) or HDV G-RNA
(B and C) was cotransfected with an mRNA encoding wild-type S-HDAg (wt), SUMO1–S-HDAg (SUMO-HDAg), or defective S-HDAg (d1nt)
into cells to establish HDV RNA replication. At day 4 (A and B) or day 1 (C) posttransfection, total RNAs were extracted, and HDV G-RNA
(A), AG-RNA (B), and mRNA (C) were detected by qRT-PCR, using the G-S, AG-S, and mI-S protocols, respectively (48) (upper panels). The
data were normalized relative to the values obtained for the wild-type S-HDAg-encoding mRNA cotransfection. Error bars represent standard
deviations from the means for three independent experiments. To demonstrate the expression of the expected forms of HDAg (as indicated by
arrows), the whole-cell extracts from one of the qRT-PCR assays were prepared and subjected to immunoblotting with a mouse monoclonal
antibody to HDAg or SUMO1, as indicated (lower panels).
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HDAg, with an additional 19 amino acids at the C terminus. By
using the in vivo sumoylation assay, we found that, similar to
overexpressed S-HDAg, overexpressed L-HDAg can also be
sumoylated (data not shown). The underlying mechanism for
the selective sumoylation of S-HDAg but not L-HDAg is not
clear.

To address the functional consequence of S-HDAg sumoy-
lation in HDV replication, we searched for its SUMO acceptor
lysine by mutagenesis and subsequent in vivo sumoylation.
However, no individual lysine residue of S-HDAg could be
identified as the major SUMO acceptor site, suggesting that
multiple lysine residues are SUMO acceptors within S-HDAg
(Fig. 5). This is also the case for sumoylation of the cellular
transcriptional repressor Daxx (30). An explanation for this
kind of sumoylation is that the primary SUMO acceptor site is
changed when the preferred lysine is mutated (30, 37).

S-HDAg is a highly lysine-rich protein, and some of these
lysines form clusters, as examined by amino acid sequence
alignment between different HDV isolates (Fig. 5A). In search
of the possible lysine cluster which is responsible for the
sumoylation of S-HDAg, we generated an N-terminally trun-
cated mutant (D1), a C-terminally truncated mutant (D2), and
a series of N-terminal K-to-R mutants (Fig. 6A). Subsequent in
vivo sumoylation assays using these mutants further confirmed
that multiple lysine residues throughout the whole sequence of
S-HDAg are SUMO acceptors and suggested that the N-ter-
minal 66-aa region is necessary for S-HDAg sumoylation (Fig.
6). Furthermore, studies using N-terminal subregion trunca-
tion mutants derived from S1, which contains all 13 N-terminal
K-to-R mutations, revealed that the integrity of the N terminus
of S-HDAg is necessary for its sumoylation (Fig. 6D).

Since multiple lysine residues are SUMO acceptors within
S-HDAg, it is not possible to investigate the functional conse-
quences of S-HDAg sumoylation by using an S-HDAg mutant
in which the specific SUMO acceptor lysine is replaced. We
therefore utilized a genetic fusion strategy which has been used
to study the functional consequences of SUMO modification
(3, 4, 27, 54, 55) to investigate the effect of sumoylation of
S-HDAg. We found that a SUMO1–S-HDAg fusion protein
selectively enhances HDV G-RNA and mRNA synthesis but
not AG-RNA synthesis (Fig. 8), suggesting that the sumoylation
of S-HDAg is involved in modulation of HDV RNA synthesis.
The reported functional outcomes of protein sumoylation are
extremely diverse, ranging from changes in intracellular localiza-
tion to altered activity of the modified protein (2, 11, 52, 56).
Immunofluorescence examination showed that SUMO1 con-
jugation did not alter the subcellular localization of S-HDAg
(Fig. 7), suggesting that the effect of sumoylation of S-HDAg
does not occur through changes in subcellular targeting. The
exact mechanism by which sumoylation of S-HDAg regulates
HDV RNA synthesis will require further investigation.

Without encoding its own polymerase, it is intuitive that
HDV has to replicate its RNA genome by using cellular en-
zymes. To date, the detailed mechanism by which the cellular
RNA polymerases are redirected for HDV genome replication
and mRNA transcription is still unclear. Since it is an essential
component of the HDV RNP complex, S-HDAg has many
features reminiscent of a transcription factor and is indispens-
able for HDV replication (21, 26, 31). Besides, S-HDAg binds
to HDV RNA and serves as an RNA chaperon to alter RNA

conformation (22). Accordingly, S-HDAg must play a very
important role in the redirection of the cellular RNA poly-
merases for HDV replication. Multisite protein modifications
have been suggested to play regulatory functions in cells. This
is also the case for S-HDAg in regulating HDV RNA replica-
tion. Previously, S-HDAg has been shown to be subjected to
R-13 methylation, K-72 acetylation, and S-177 phosphoryla-
tion, and these posttranslational modifications are important
for HDV G-RNA synthesis and mRNA transcription but are
dispensable for AG-RNA synthesis (29, 40, 41, 48). In the
present study, we show that S-HDAg is also subjected to post-
translational modification by the SUMO pathway. The conse-
quence of SUMO conjugation of S-HDAg is very similar to
those of the above-mentioned posttranslational modifications
(Fig. 9), providing further support for our previous proposition
that the cellular machinery involved in the synthesis of HDV
AG-RNA is different from that for G-RNA synthesis and
mRNA transcription (26). Whether S-HDAg can be changed
posttranslationally by these modifications sequentially and/or
synergistically for its optimal functions and precisely how these
modifications affect the synthesis of the various HDV RNA
species will require further studies.
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