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Singapore grouper iridovirus (SGIV), a major pathogen of concern for grouper aquaculture, has a double-
stranded DNA (dsDNA) genome with 162 predicted open reading frames, for which a total of 62 SGIV proteins
have been identified. One of these, ORF158L, bears no sequence homology to any other known protein.
Knockdown of orf158L using antisense morpholino oligonucleotides resulted in a significant decrease in virus
yield in grouper embryonic cells. ORF158L was observed in nuclei and virus assembly centers of virus-infected
cells. This observation led us to study the structure and function of ORF158L. The crystal structure determined
at 2.2-Å resolution reveals that ORF158L partially exhibits a structural resemblance to the histone binding
region of antisilencing factor 1 (Asf1), a histone H3/H4 chaperon, despite the fact that there is no significant
sequence identity between the two proteins. Interactions of ORF158L with the histone H3/H4 complex and H3
were demonstrated by isothermal titration calorimetry (ITC) experiments. Subsequently, the results of ITC
studies on structure-based mutants of ORF158L suggested Arg67 and Ala93 were key residues for histone H3
interactions. Moreover, a combination of approaches of ORF158L knockdown and isobaric tags/mass spec-
trometry for relative and absolute quantifications (iTRAQ) revealed that ORF158L may be involved in both the
regulation and the expression of histone H3 and H3 methylation. Our present studies suggest that ORF158L
may function as a histone H3 chaperon, enabling it to control host cellular gene expression and to facilitate
viral replication.

Iridoviruses are large double-stranded DNA (dsDNA) vi-
ruses exhibiting icosahedral symmetry. Members of the genus
Iridovirus infect either invertebrates or poikilothermic verte-
brates (fish, amphibians, and reptiles). The family Iridoviridae
contains 5 genera: Megalocytivirus, Iridovirus, Chloriridovirus,
Ranavirus, and Lymphocystivirus (33). Members of the genus
Ranavirus are a significant cause of disease in ectothermic
animals (8). Singapore grouper iridovirus (SGIV), a member
of the genus Ranavirus, was isolated from brown-spotted grou-
per in 1998 after it had caused severe economic losses in 1994
at marine net cage farms in Singapore (9, 27). Subsequently,
the whole genome of SGIV, with 140,131 bp, was sequenced
with a prediction of 162 open reading frames (ORFs) (29).
Proteomic studies identified the existence of 62 SGIV proteins;
25 proteins were identified by matrix-assisted laser desorption
ionization–time of flight (MALDI TOF)-TOF MS/MS (29)

and 26 by one-dimensional gel electrophoresis MALDI and
liquid chromatography MALDI (28), and the other 11 proteins
were discovered using the isobaric tags/mass spectrometry for
relative and absolute quantifications (iTRAQ) method (4).
One hundred twenty-seven ORFs have been characterized at
the transcriptional level and classified into three groups: im-
mediate-early, early, and late genes (5). orf158L encodes an
early novel protein (5). Sequence analysis of ORF158L did not
identify any functional domains or close similarities to other
proteins with known functions.

In this investigation, knockdown studies of orf158L using
antisense morpholino (asMO) oligonucleotides resulted in sig-
nificant decrease of virus yields in grouper embryonic cells as
measured by 50% tissue culture infective dose (TCID50) assay.
These results revealed the importance of ORF158L and
prompted us to study its structure and functions.

The crystal structure of ORF158L was determined at 2.2-Å
resolution. Although it has a novel architecture, it bears a
resemblance to the histone binding region of antisilencing fac-
tor 1 (Asf1), with approximately 12% sequence identity ob-
served between the N-terminal regions of the two proteins.
Asf1 acts as a histone H3/H4 chaperon, playing roles in nucleo-
some assembly/disassembly in response to DNA damage and in
the regulation of gene expression. In addition, Asf1 is involved
in the regulation of histone H3/H4 acetylation (2) and H3
methylation (17, 21, 22).

In general, histone methylation plays critical roles in regu-
lating transcription, maintaining genomic integrity, and con-
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tributing to epigenetic memory (2, 25). During a viral infection,
virus proteins, such as herpes simplex virus (HSV) VP16, vari-
cella-zoster virus (VZV) IE62, and HIV-1 Tat, can interact with
host proteins to regulate histone modifications to initiate virus
infection and viral genome replication (13, 23, 31). Studying viral
control of histone modifications not only provides insights into
the complexities of the virus-host interaction, but also may lead to
new strategies for therapeutic intervention (19).

Immunofluorescence and protein-binding studies had con-
firmed that ORF158L is a histone H3 binding protein. The
present structural and functional studies identified a putative
histone H3 binding site on ORF158L. Subsequently, structure-
based mutational studies showed that mutant Arg67Ala signif-
icantly affected histone H3 binding. In addition, the effects of
orf158L knockdown studies on histone H3 expression and
methylation were investigated using iTRAQ and Western blot-
ting. Our results suggested a key role for ORF158L in histone
H3 modulation.

MATERIALS AND METHODS

Cell culture. Grouper embryonic cells (GECs) from the brown-spotted grou-
per Epinephelus tauvina (7) were cultured in Eagle’s minimum essential medium
containing a final concentration of 10% fetal bovine serum, 162 mM NaCl, 100

IU of penicillin G per ml, 0.1 mg streptomycin sulfate per ml, and 5 mM HEPES.
The medium was adjusted to pH 7.4 with NaHCO3.

Morpholino antisense knockdown and titration of virus yields. Both asMO
against orf158L (asMO158; 5�-AGTTTGCTACGATGGCCCACCCCAT-3�) and
control antisense morpholino (asMOControl; 5�-CCTCTTACCTCAGTTACAA
TTTATA-3�) were designed with online software (Oligo Design). AsMOs were
delivered into GECs by electroporation using a Nucleofector apparatus (Amaxa)
and the program T-027. This program is designed by the manufacturer as a
general program, independent of any particular cell type. Four groups of GECs
were prepared and treated differently in parallel. They were mock infected
(GECs not transfected with asMO and not infected by SGIV), directly infected
(GECs not transfected with asMO but infected by SGIV), and asMOControl

infected and asMO158 infected (GECs first transfected with asMOControl and
asMO158, respectively, followed by SGIV infection after incubation at 26°C for
40 h). SGIV infection was carried out using two different doses, a low multiplicity
of infection (MOI) of 0.3 and a high MOI of 3. The cells were washed twice with
phosphate-buffered saline (PBS) to remove unabsorbed virions at 2 h postinfec-
tion (p.i.) and maintained in fresh medium. Both cells and media were collected
at three different times (24, 48, and 72 h p.i.) and preserved at �80°C until
subsequent titration. After freezing and thawing, the cells were lysed by passing
them through a 20-gauge syringe needle 5 to 10 times. Supernatants were col-
lected after brief spins at 2,000 rpm for 1 min and serially diluted from 10�2 to
10�10 for TCID50 assay in GECs. Viral titers were calculated using the Spear-
man-Karber method (12). Differences between TCID50 values of asMOControl-
and asMO158-infected groups or between different time points within each group
were analyzed using analysis of variance (ANOVA) with a significance level
where P was equal to �0.05 (SPSS version 11.5; SPSS Inc., Chicago, IL).

Immunofluorescence. After transfection with asMOs, the cells were cultured
in a Lab-Tek II CC2 Chamber Slide (Nunc). The cells were then infected by
SGIV at an MOI of 3 and incubated at 26°C for 48 h prior to immunofluores-
cence staining. In brief, the cells were washed with PBS, fixed in 3% (wt/vol)
paraformaldehyde, permeabilized with precooled 100% methanol, and subse-
quently washed with PBS. Samples were blocked with 1% bovine serum albumin
(BSA) for 1 h and initially labeled at 37°C with the primary antibodies rabbit
anti-histone H3 (ab1791; abcam) and mouse anti-ORF158L. The cells were then
washed with PBS, followed by incubation with anti-rabbit Alexa Fluor 594-
conjugated secondary antibody (red) and anti-mouse Alexa Fluor 488-conju-
gated secondary antibody (green) (Invitrogen) for 1 h. Subsequently, the samples
were counterstained with Hoechst 33342 (blue) (H21492; Invitrogen) and then
washed with PBS. The chambers were removed, and the respective samples were
protected with the Fluorsave reagent (CalBiochem) and covered with a cover
slide. Finally, the samples were observed using an Olympus Fluoview FV500.

Gene cloning, site-directed mutagenesis, protein expression, and antibody
production. The orf158L gene was PCR amplified and cloned into pET-15b
(Novagen). Recombinant protein was overexpressed in Escherichia coli strain
BL21(DE3) (Novagen) at 18°C overnight with 100 mM IPTG (isopropyl-�-
D-thiogalactopyranoside). The recombinant protein was first purified using an
Ni-nitrilotriacetic acid (NTA) column (Qiagen) under native conditions and
then by gel filtration chromatography using a Superdex 26/75 column (Am-
ersham). Purified ORF158L was used for generation of monoclonal antibod-
ies in mouse, crystallization, and protein-binding assays. The H3/H4 histone
complex was purified from vector pET11a-H3H4 as described by English et
al. (11). Histones H3 (M2507S) and H4 (M2504S) were purchased from New
England BioLabs (NEB). Site-directed mutations to produce the ORF158L
R67A and A93R mutants were carried out by using a protocol from
Finnzymes. pET-15b plasmids containing these mutants were amplified in 25

FIG. 1. Effect of asMO158 knockdown on ORF158L expression in
virus-infected cells. (A) Western blot showing the anti-ORF158L an-
tibody is specific and can detect SGIV ORF158L protein in virus-
infected cells and purified recombinant ORF158L. (B) ORF158L pro-
tein is detected in asMOControl-transfected cells but not in asMO158

knockdown.

TABLE 1. Crystallographic statistics

Statistic Value

Data collection statistics
Space group ........................................................C2
Unit cell dimensions (Å, degrees) ...................a � 59.98, b � 41.01,

c � 52.33, � � 90,
� � 95.32,
� � 90.00

Data set ...................................................................SAD
Resolution range (Å) ........................................50–2.2
Wavelength (Å)..................................................0.979
Observed hkl.......................................................47,568
Unique hkl ..........................................................12,640
Completeness (%)d ............................................100 (100)
Redundancy ........................................................3.8 (3.8)
Overall (I/�I) ......................................................16.1
Rsym

a (%) ............................................................5.3 (10.4)

Refinement and quality
Resolution range................................................50–2.2
Rwork

b ...................................................................0.197
Rfree

c ....................................................................0.275
RMSD bond lengths (Å) ..............................0.011
RMSD bond angles (degrees)......................1.386

Avg B factors
Main-chain atoms (no. of atoms) ....................19.63 (399)
Side chain atoms (no. of atoms)......................21.50 (677)
Waters (no. of atoms) .......................................29.64 (69)

Ramachandran plot
Most-favored regions (%).................................87.6
Additional allowed regions (%).......................12.4
Generously allowed regions (%) .....................0
Disallowed regions (%).....................................0

a Rsym � 	�Ii � �I
�/	�Ii�, where Ii is the intensity of the ith measurement and
�I
 is the mean intensity for that reflection.

b Rwork � 	�Fobs � Fcalc�/	�Fobs�, where Fcalc and Fobs are the calculated and
observed structure factor amplitudes, respectively.

c Rfree, as for Rwork, but for 5% of the total reflections chosen at random and
omitted from refinement.

d High-resolution bin (2.28 to 2.2 Å); details in parentheses.
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cycles using Phusion High Fidelity DNA polymerase (Finnzymes) with de-
signed primers (R67A 5� primer, TTCAACGCAACCGGAGCGTACATTA
CTCATACG; R67A 3� primer, CGTATGAGTAATGTACGCTCCGGTTG
CGTTGAA; A93R 5� primer. GTACCAAAAGACGCCCGCTACGCGAGA
ATACAC; and A93R 3� primer, GTGTATTCTCGCGTAGCGGGCGTCTT
TTGGTAC). Mutant proteins were expressed and purified using the same
protocol as for the wild type.

Crystallization and structure determination. Purified native ORF158L was
concentrated to 8 mg/ml in a buffer consisting of 20 mM Tris-HCl, pH 8.5, 150
mM NaCl, 1 mM MgCl2, and 1 mM dithiothreitol (DTT). Initial crystallization
screening was done under Hampton Research Screen I and II conditions (15).
The protein was crystallized at 25°C using the hanging drop vapor diffusion
method. The best crystals were obtained when a drop of 1 �l protein solution was
mixed with 1 �l of reservoir solution containing 3% glycerol, 18% polyethylene
glycol (PEG) 3350, 0.1 M Tris-HCl, pH 8.5, and 0.3 M sodium acetate (NaOAc).
Similarly, the recombinant selenium methionine (SelMet) ORF158L was con-
centrated to 8 mg/ml in the same buffer as the native protein. Crystals of this
SelMet protein were grown under essentially the same conditions as for the
native ORF158L. Macroseeding was employed to obtain bigger SelMet crystals.
The crystals grew to a final size of approximately 0.2 by 0.2 by 0.05 mm. Prior to
data collection, both native and SelMet protein crystals were soaked in the
reservoir solutions with stepwise increases in the concentrations of the cryopro-
tectant glycerol from 5% to 25%. The crystals were picked up in a nylon loop and
frozen at 100 K in a stream of nitrogen gas. X-ray diffraction data sets were
collected at the synchrotron beam line X29, National Synchrotron Light Source,
Brookhaven National Laboratory. Diffraction data were processed using the
program HKL2000 (26). For phase determination, the resolution range from 50
to 2.5 Å was chosen. Two out of three expected Se sites of 1 asymmetric unit were
identified using the program BNP (32). BNP was further used to automatically
build �90% of the total model. The remaining parts of the model were built
manually using the program O (16). Further cycles of model building, alternating
with refinement using the program CNS (1), resulted in the final model with an
Rwork of 0.197 (Rfree � 0.275). The crystallographic statistics are provided in
Table 1.

ITC. Isothermal titration calorimetry (ITC) experiments were performed on a
VP-ITC instrument (MicroCal). The buffer consisted of 10 mM HEPES, pH 7.4,
150 mM NaCl, and 10% glycerol. The protein solutions and buffers were de-
gassed for 20 min before titration; 300 �l of 175 �M ORF158L (wild type or the
R67A and A93R mutants) or ORF102L was loaded into the syringe to titrate 2
ml of 6.7 �M histone H3 or H3/H4 in the stirred (at 310 rpm) cells. Thirty
injections, 10 �l each, of ORF158L or ORF102L protein were delivered at 300-s
intervals. The collected data were analyzed according to the single-binding-site
model using software developed in our laboratory and implemented in Origin 7.0
(OriginLab). Heats of dilution (background heats after protein is saturated with
ligand) were taken into account by introducing an additional adjustable param-

eter. In parallel, the binding of ORF158L to histone H4 was examined under
identical conditions.

iTRAQ and Western blotting. Four groups of cells, namely, mock-infected,
directly infected, asMOcontrol-infected, and asMO158-infected cells, were pre-
pared in parallel as mentioned above. The cells were infected at a high MOI of
5 and harvested at 48 h p.i. by centrifugation for 5 min at 500 
 g and 4°C and
used for iTRAQ analysis and Western blotting according to methods described
previously (4). After the protein extraction, four samples of mock-infected,
directly infected, and asMOcontrol- and asMO158-infected cells were labeled with
four unique iTRAQ reagents, namely, 114, 115, 116, and 117, respectively (pro-
vided in the iTRAQ reagent multiplex kit; Applied Biosystems). Protein extracts
were also examined by Western blotting using mouse anti-ORF158L, rabbit
anti-histone H3 (ab1791; abcam), and rabbit anti-histone H3K79 (ab2886; ab-
cam) antibody monomethylation.

Protein structure accession number. The X-ray structure Protein Data Bank
(PDB) coordinates of ORF158L were deposited in the PDB under number 3RJ2.

RESULTS

Knockdown of orf158L and its effect on virus replication. In
order to determine if the predicted ORF158L is actually an
encoded protein in vivo, we generated a monoclonal antibody
against ORF158L using the purified recombinant ORF158L. A
single band of the same size as the recombinant ORF158L was
detected with the infected cell lysate, while it was not detected
in the mock-infected cells (Fig. 1A). To assess the effectiveness
of morpholino knockdown on ORF158L expression, both
asMO158- and asMOcontrol-transfected cells were infected with
SGIV and incubated for 48 h. Cells were then harvested, and
the lysate was analyzed by Western blotting using the anti-
ORF158L antibody. A clear band, of the same size as
ORF158L, was shown in the asMOcontrol knockdown sample,
but not in the asMO158 knockdown sample (Fig. 1B).

A TCID50 assay was performed for directly infected cells
and asMOcontrol- and asMO158-treated cells. Although the cells
were infected at a high MOI of 3 or a low MOI of 0.3, the viral
titers produced in asMO158-treated cells were at least 10-fold
lower than those produced in asMOcontrol-treated cells at all
time points (Fig. 2). The reduction is significant (P � 0.05 by
one-way ANOVA). Differences in the viral titers of directly

FIG. 2. Titration of virus yields after SGIV infection using the TCID50 method. There were three groups of cells: directly infected grouper
embryonic cells and asMOControl-infected and asMO158-infected cells. The cells were infected with two different doses. *, the P values shown above
the bars represent significant differences between directly infected and asMO158-infected cells; ‡, the P values shown above the bars represent
significant differences between asMOControl-infected and asMO158-infected cells. The P values for mean comparisons in the asMO158-infected
group at 24 h p.i. and 72 h p.i. and at 48 h p.i. and 72 h p.i. are 0.020 and 0.046 at a high MOI (A) and 0.001 and 0.009, respectively, at a low MOI
(B). The data were taken as means of three independent experiments analyzed using one-way ANOVA (SPSS) to show significant differences (P �
0.05).The error bars indicate means � standard deviations.
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infected and asMOcontrol-infected cells were not significant at
any time point. For all SGIV-infected grouper cells, the viral
titers increased with time courses of 24, 48, and 72 h p.i. For
TCID50 data from the asMO158-infected sample, one-way
ANOVA showed that increases in viral titers from 24 to 72 h
p.i. (P � 0.020) and 48 to 72 h p.i. (P � 0.046) were significant
after infection at a high MOI. In parallel, P values were 0.001
and 0.009, respectively, after infection at the low MOI. These
results showed that asMO158 knockdown significantly sup-
pressed viral replication but did not abolish viral replication
completely.

Localization of ORF158L and histone H3 proteins. A GEC
infected by SGIV under differential interference contrast
(DIC) is shown in Fig. 3A. Histone H3 was detected only in the
nucleus (Fig. 3E). However, ORF158L protein was localized in
both the nucleus and a particular cytoplasmic area (Fig. 3D)
where, interestingly, DNA could also be detected using
Hoechst staining (Fig. 3B and C). This specific cytoplasmic
region containing double-stranded DNA is believed to be the
viral assembly site of SGIV (33). Taking the data together,
ORF158L was colocalized with the host histone H3 in the
nucleus (Fig. 3F). In addition, it was shown to be accumulated
in the viral assembly center in the cytoplasm. These studies

revealed the importance of ORF158L and thus prompted us to
study its structure and function.

Overall structure. The structure of recombinant SelMet
ORF158L was solved by single-wavelength anomalous disper-
sion (SAD) using the synchrotron data set and refined to a final
R factor of 0.197 (Rfree � 0.275) at 2.2-Å resolution. The
statistics for the Ramachandran plot from the PROCHECK
analysis showed over 87% of nonglycine residues in the most
favored region and no residues in the disallowed region (Table
1). The asymmetric unit consists of an ORF158L molecule
comprising 133 residues from Ile5 to Ala137. Four residues at
the N terminus and 1 residue at the C terminus were disor-
dered and were not included in the model. The organization of
ORF158L molecules in the crystal is consistent with the finding
that it exists as a monomer in solution studies, such as gel
filtration (data not shown). Figure 4A shows a ribbon repre-
sentation of the structure of ORF158L and its topology dia-
gram. The ORF158L molecule mainly consists of two �-sheets.
The first �-sheet consists of four antiparallel �-strands, while
the second consists of five antiparallel �-strands. Together,
they form an elongated �-sandwich domain. In addition, there
are two short �-helices on one surface of the molecule with
several loops between the secondary structures.

FIG. 3. Colocalization of ORF158 with histone H3. (A) A cell in a DIC image. (B) DNA staining with Hoechst (blue) in the nucleus and the
virus assembly center (round shape). (C) Merged image of DIC and Hoechst staining. (D) ORF158L is labeled with Alexa Fluor 488 (green).
(E) Histone H3 is labeled with Alexa Fluor 594 (red). (F) Colocalization of ORF158L and histone H3 (yellow). ORF158L is accumulated in the
host nucleus and viral assembly center (green area in the cytoplasm). Histone H3 and ORF158L proteins are colocalized in the nucleus.
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Sequence and structural homology. A BLAST search re-
vealed that ORF158L shows no significant sequence homology
with any proteins with known functions. However, it does ex-
hibit some identity (approximately 18% maximum) with two
hypothetical proteins from Ostreococcus lucimarinus and Lac-
caria bicolor. A search for topologically similar proteins in
DALI (14), as well as in BioXGEM (6), revealed no structural
homologs for the full-length ORF158L. However, several pro-
teins, including Asf1, show partial homology with ORF158L.
Based on the colocalization experiment, we found that
ORF158L was colocalized with histone H3 protein in nuclei,
which provided a clue to its histone binding property. The
histone binding property of ORF158L might be required to
regulate the host histone H3 during SGIV replication. Asf1 is
a histone binding protein, and its complex structure with
H3/H4 histone proteins has been reported (23). The superpo-
sition of Asf1 (PDB code 1TEY) onto ORF158L yielded a root
mean square deviation (RMSD) of 3.1 Å for 72 C� atoms (or

54%), and the two proteins share 12% sequence identity.
Overall, the presence of an architecture with two �-sheets is
the most conserved feature between ORF158L and Asf1 (Fig.
4; see Fig. S1 in the supplemental material). Previously, it had
been shown that amino acid positions 54 and 94 of Asf1 are
critical for interaction with histone 3 (23). A closer one-to-one
structural comparison between Asf1 and ORF158L led us to
speculate that amino acid position 67 (Arg67 of ORF158L) is
the possible equivalent of amino acid position 54 of Asf1
(Asp54 of Asf1). Similarly, position 93 (Ala93 of ORF158L) is
equivalent to position 94 of Asf1 (Val94 of Asf1) (Fig. 5; see
Fig. S1, S2, and S3 in the supplemental material). These ob-
servations suggest that there may be an evolutionarily con-
served structural and functional relationship among these pro-
teins, while the amino acid sequences of the proteins have
diverged. Further, these observations also led us to the mu-
tagenesis and ITC experiments for the functional characteriza-
tion of ORF158L.

FIG. 4. Structure of ORF158L and comparison with Asf1. (A) (Top) Ribbon diagram of ORF158L crystal structure. �-Strands and �-helices
are depicted in yellow and red, respectively. (Bottom) Topology diagram of ORF158L. �-Strands, �-helices, and connecting loops are represented
by yellow arrows, red cylinders, and blue lines, respectively. (B) (Top) Ribbon representation of Asf1 structure (PDB code 1TEY). �-Strands and
�-helices are depicted in magenta and cyan, respectively. (Bottom) Topology diagram of Asf1. �-Strands, �-helices, and connecting loops are
represented by magenta arrows, cyan cylinders, and blue lines, respectively. In both ribbon diagrams, the N and C termini and the secondary
structures, such as �-strands and �-helices, are labeled. The structure-related figures in this article were prepared using the program PYMOL (10).
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Interactions between ORF158L and histone H3. The inter-
action of ORF158L with histone H3 was examined by ITC. The
analysis showed that binding occurred between ORF158L and
histone H3 (Fig. 6) with a dissociation constant (Kd) of 0.29
�M and a large favorable change in enthalpy (�H) of �10.0
kcal/mol accompanied by a small unfavorable change in en-
tropy (�T�S) of �1.2 kcal/mol (Table 2). The experimental
stoichiometry is 1:1 (n � 1.05). On the other hand, histone H4
in the stirred cells titrated against ORF158L protein showed
no interaction between them (data not shown). This indicates
that ORF158L binds only with histone H3.

In addition, interactions of the ORF158L mutants R67A
and A93R with histone H3 were investigated using ITC under
the same conditions as for the wild type. These mutations were
selected to change a large side chain into a small one and vice
versa and to swap these side chain positions. According to the
ITC experiments, the R67A mutant exhibited a weak interac-
tion with H3, with a dissociation constant of 11 �M (a 40-fold
reduction in binding affinity). However, the mutation A93R
showed a mild effect on the interaction with H3 (a 3-fold
reduction in affinity) (see Fig. S4 in the supplemental mate-

rial). This study supports our prediction of a histone H3 bind-
ing site on ORF158L and suggests a critical role for R67 in the
ORF158L-H3 interaction.

As a negative control, an ITC experiment was conducted
using the SGIV ubiquitin-like protein ORF102L instead of
ORF158L. No interaction was detected when it was titrated
with H3 (see Fig. S4 in the supplemental material).

Knockdown of orf158L and its effects on histone H3 modu-
lation. iTRAQ, a quantitative proteomics experiment, was car-
ried out to investigate the protein profile after orf158L knock-
down by comparing the ratios of the same peptide sequences
from different samples that were labeled by different iTRAQ
reporter ions. This analysis identified significant changes of two
peptides representing histone H3. Variable modifications were

FIG. 6. Binding affinity measurements with isothermal titration cal-
orimetry. (Top) Calorimetric measurements at 22°C with 30 injections
of 10 �l ORF158L into the cell containing histone H3. (Bottom)
Energy (kcal/mol) released during each injection. (A) Wild-type
ORF158L and H3. (B) Wild-type ORF158L and H3/H4.

TABLE 2. Thermodynamic parameters for ORF158L interactionsd

Proteina Ka
b (106 M�1) Kd (�M) �H (kcal/mol) �T�S (kcal/mol)

WT ORF158L � H3 3.5 � 0.2 0.29 � 0.02 �10.0 � 0.4 �1.2 � 0.4
WT ORF158L � H3H4 5.2 � 0.5 0.19 � 0.02 �6.7 � 0.4 �2.3 � 0.4
R67A ORF158L � H3 0.089 � 0.02 11 � 2 �0.9 � 0.3 �5.8 � 0.3
A93R ORF158L � H3 1.2 � 0.2 0.82 � 0.1 �8.2 � 0.4 �4.9 � 0.4
ORF102L � H3 NDc

a WT, wild type.
b Ka, association equilibrium constant.
c ND, no interaction was detected.
d Values are means � standard deviations.

TABLE 3. Histone H3 is differentially regulated in virus-infected cells after orf158L knockdown

Protein name Accession no. Protein MW Protein pI Peptide
count Peptide sequence Total ion

score

Total ion
score CIa

(%)

Avg iTRAQ ratiob

115/114 117/116

Histone H3 Gi�119690002 15074.91 11.04 1 EIAQBFKTDLR 73.3 99.96657 0.524929 1.751760
Histone H3 gi�73761832 13666.76 11.02 1 EIAQDFKTDXR 73.3 99.96657 0.524929 1.751760

a CI, confidence interval.
b Protein samples from mock-infected, directly infected, and asMOcontrol- and asMO158-infected cells were labeled with iTRAQ reagents 114, 115, 116, and 117,

respectively.

FIG. 5. Surface representation of the ORF158L molecule. The lo-
cations of H3-interacting residues R67 and A93 are highlighted.
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not included in the database search for histone proteins due to
the limitations of the software. Hence, the identified peptides
do not bear modifications, such as methyl and acetyl groups,
according to the peptide masses (Table 3). The iTRAQ result
illustrated only changes in histone H3 represented by non-
modified peptides. In this data set, variations of histone H3
quantity between directly infected cells and mock-infected cells
and orf158L knockdown and control knockdown were indi-
cated by ratios of mass ions 115/114 and 117/116, respectively.
The value of the 115/114 ratio was 0.525, suggesting downregu-
lation of histone H3 in the directly infected cells. In contrast,
the average ratio of 117/116 was 1.75, indicating that histone
H3 was upregulated when orf158L had been knocked down.

To gain insight into the posttranslational modifications, i.e.,
the methylation of K79 on histone H3, Western blotting was
performed using a monoclonal antibody against this specific
modification and revealed an increase of the methylated his-
tone H3 in SGIV-infected cells and a decrease after asMO158

knockdown. However, the overall histone H3 level was un-
changed (Fig. 7).

DISCUSSION

The predicted orf158L is transcribed in the early phase of
SGIV infection (5), and in this study, the protein encoded by
this gene was detected for the first time in infected GECs by
Western blotting. Knockdown of the orf158L translation dur-
ing SGIV infection caused a significant decrease in viral rep-
lication in GECs. ORF158L was not detected in mature viral
particles (28, 29), and thus, it cannot be a viral structural
protein. However, the protein accumulated in large amounts at
the virus assembly center in infected cells. These observations
imply that ORF158L is a transient protein. It may play an
important role at an early stage of viral infection, the process
of virus assembly, and may also participate in the regulation of
the host system to promote virus replication.

ORF158L was shown to colocalize in the nucleus with his-
tone H3 using confocal immunofluorescence microscopy. The
detection of histone H3 in the nucleus but not in the viral
assembly site suggests that the host histone H3 may not be
involved in the virus assembly process. However, since

ORF158L was found in both the nucleus and the viral assembly
site, it further suggests that ORF158L is not a virus structural
protein but that it could shuffle in and out of the nucleus and
that it is involved in the virus assembly process.

ORF158L has no sequence homology of any significance
with any known protein. Structural comparisons suggest that
ORF158L represents an unknown fold that contains a histone
binding region. The pairwise structural comparison with the
histone H3/H4-interacting N-terminal domain of the protein
Asf1, i.e., the histone binding region of Asf1 with ORF158L,
shows marked structural homology. Although the two proteins
share little or no significant sequence homology, their overall
histone binding regions are comparable. It has been shown that
for Asf1, its mutations V94R and D54R completely abolished
and reduced its histone binding property (23). Similarly, mu-
tations on structurally equivalent residues of ORF158L, such
as R67 and A93, significantly affected the binding of ORF158L
with histone H3. In particular, the R67A mutant nearly abol-
ished (a 40-fold reduction in binding affinity) the interaction
with histone H3. However, the A93R mutant had reduced
interactions (a 3-fold reduction in binding) with histone H3.
This study indicates that R67 and A93 are key residues that
mediate interactions between ORF158L and the host histone H3.

A protein-binding study confirmed that ORF158L binds to
the histone complex H3/H4 and histone H3 alone with similar
dissociation constants. The binding of ORF158L and histone
H3 was illustrated to fit one binding site model. ITC verified
that no binding exists between ORF158L and histone H4. This
suggests that the binding of ORF158L with the histone H3/H4
complex was mainly due the interaction of ORF158L and his-
tone H3. It is important to mention that, based on nuclear
magnetic resonance (NMR) titration and mutational analysis
of Asf1, the interaction of Asf1 with histone H3/H4 is mediated
mainly by histone H3 (23). However, the X-ray structure of the
Asf1-H3/H4 complex revealed that Asf1 also directly binds
with histone H4 and that the binding is more extensive at the
last 10 residues of H4 (11). Based on this analysis, we speculate
that ORF158L may bind with histone H4 only in the presence
of histone H3.

The iTRAQ experiment was performed to gain insight into
how histone H3 was regulated during SGIV infection. The
expression of histone H3, as identified by the non-posttransla-
tionally modified peptide, was downregulated in SGIV-in-
fected GECs but was found to be upregulated when orf158L
was knocked down (Table 3). However, posttranslational mod-
ifications were not included in our iTRAQ database search.
Histone H3 can be acetylated, phosphorylated, or methylated.
Methylation mainly occurs at K4, K9, K27, K36, and K79
residues to affect gene replication, transcription, activation,
and repression (19, 20). The downregulation of H3K79 meth-
ylation was detected in asMO158 knockdown cells. In contrast,
the total abundance of H3 remained unchanged (Fig. 7). It is
likely that the reduction of posttranslationally modified histone
H3 represented by H3K79 methylation and the increase of
unmodified histone H3 identified by iTRAQ could keep the
total abundance of histone H3 at a constant level in asMO158

knockdown cells. To establish an infection, one of the primary
tasks of viruses is to control the gene expression of host cells by
regulation of the posttranslational modification of histone (3).
Several viral proteins are known to participate in the regula-

FIG. 7. Effects of asMO158 knockdown on the expression of host
histone H3 and K79 monomethylation of histone H3. The Western
blotting result shows that K79 methylation of H3 protein is upregu-
lated after SGIV infection and downregulated in asMO158 knockdown.
The total histone H3 is unchanged after infection and knockdown.
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tion of cellular histone H3 methylation to initiate viral gene
expression. The HSV VP16 and VZV IE62 proteins are able to
interact with the host cell factor 1 to repress H3K9 methylation
and to activate H3K4 trimethylation, which are pivotal for the
replication of these viruses (3, 13, 18, 24). In this study, we
showed that the reduction of ORF158L in SGIV-infected cells
reduced H3K79 methylation. However, the mechanism by
which ORF158L regulates H3 modification remains to be es-
tablished.

In summary, knockdown by antisense morpholino oligonu-
cleotides showed that ORF158L is crucial for SGIV replica-
tion. Structural studies indicate ORF158L has a novel archi-
tecture at the conserved histone binding region. Moreover,
binding studies demonstrated that ORF158L interacts with
histone H3. iTRAQ and Western blotting analyses suggest that
ORF158L may be involved in regulation of the expression and
posttranslational modification of histone H3. Our results show
that ORF158L could be a viral gene-encoded histone chaperon
protein. Future experiments will be directed at exploring how
ORF158L interacts with histone H3 and regulates the host
gene expression to facilitate SGIV replication.
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