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ABSTRACT

We recently showed that the interaction between Kaposi’s sarcoma-associated herpesvirus (KSHV) tegument proteins ORF33
and ORF45 is crucial for progeny virion production, but the exact functions of KSHV ORF33 during lytic replication were un-
known (J. Gillen, W. Li, Q. Liang, D. Avey, J. Wu, F. Wu, J. Myoung, and F. Zhu, J Virol 89:4918 – 4931, 2015, http://dx.doi.org/10
.1128/JVI.02925-14). Therefore, here we investigated the relationship between ORF33 and ORF38, whose counterparts in both
alpha- and betaherpesviruses interact with each other. Using specific monoclonal antibodies, we found that both proteins are
expressed during the late lytic cycle with similar kinetics and that both are present in mature virions as components of the tegu-
ment. Furthermore, we confirmed that ORF33 interacts with ORF38. Interestingly, we observed that ORF33 tightly associates
with the capsid, whereas ORF38 associates with the envelope. We generated ORF33-null, ORF38-null, and double-null mutants
and found that these mutants apparently have identical phenotypes: the mutations caused no apparent effect on viral gene ex-
pression but reduced the yield of progeny virion by about 10-fold. The progeny virions also lack certain virion component pro-
teins, including ORF45. During viral lytic replication, the virions associate with cytoplasmic vesicles. We also observed that
ORF38 associates with the membranes of vesicles and colocalizes with the Golgi membrane or early endosome membrane. Fur-
ther analyses of ORF33/ORF38 mutants revealed the reduced production of virion-containing vesicles, suggesting that ORF33
and ORF38 are involved in the transport of newly assembled viral particles into cytoplasmic vesicles, a process important for
viral maturation and egress.

IMPORTANCE

Herpesvirus assembly is an essential step in virus propagation that leads to the generation of progeny virions. It is a complicated
process that depends on the delicate regulation of interactions among virion proteins. We previously revealed an essential role of
ORF45-ORF33 binding for virus assembly. Here, we report that ORF33 and its binding partner, ORF38, are required for infec-
tious virus production due to their important role in the tegumentation process. Moreover, we found that both ORF33 and
ORF38 are involved in the transportation of virions through vesicles during maturation and egress. Our results provide new in-
sights into the important roles of ORF33 and ORF38 during viral assembly, a process critical for virus propagation that is inti-
mately linked to KSHV pathobiology.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is etiologi-
cally associated with Kaposi’s sarcoma (KS) as well as primary

effusion lymphoma and multicentric Castleman’s disease (1–3).
As a herpesvirus, KSHV alternates between two life cycles, latency
and lytic replication. Latency is a dormant state during which only
a few viral genes are expressed, whereas the lytic cycle leads to the
expression of the full panel of viral genes, ultimately resulting in
the production of progeny virions (4, 5).

Herpesvirus virions consist of four morphologically distinct
structures: genome, capsid, tegument, and envelope. Among
these, the tegument is the most complex in composition. While
capsid proteins are well conserved among all herpesviruses, some
tegument proteins are unique to each subfamily (6). Tegument
proteins can have structural roles in the assembly of mature viri-
ons and/or regulatory roles important for establishing latency
during primary infection (7–10). Our laboratory has been inter-
ested in ORF45, a multifunctional tegument protein that is unique
to gammaherpesviruses. Although ORF45 is conserved in gam-
maherpesviruses, the overall sequence homology is low, except for
a few short discrete regions. Among these, the extreme C terminus

has the highest homology, implying an important functional role
of this region. This was first established when it was discovered
that deleting the conserved C terminus of mouse hepatitis virus 68
(MHV-68) ORF45 abolished the production of progeny virions,
but the exact role of this region remained unknown (11). We
recently found that the C terminus of KSHV ORF45 binds to and
thereby stabilizes ORF33. This interaction is critical for the accu-
mulation of ORF33 protein in cells and the production of progeny
virions (12).
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Unlike ORF45, ORF33 is conserved among all herpesviruses
(13–15). Its homologues, herpes simplex virus 1 (HSV-1) UL16,
Epstein-Barr virus (EBV) BGLF2, and human cytomegalovirus
(HCMV) UL94, all are present in the tegument layer of mature
virions (13, 16–23), but the exact roles of the ORF33 homologues
in herpesviral replication remain elusive. Although the deletion of
UL16 reduces the viral yield of HSV-1 (alphaherpesvirus) only
moderately (24), the deletion of UL94 abolishes progeny virion
production of HCMV (betaherpesvirus) (15, 25). In gammaher-
pesviruses, ORF33 of MHV-68 initially was found to be essential
for viral replication by genome-wide signature-tagged transposon
mutagenesis studies (26). Guo et al. further showed that ORF33-
null mutation does not affect viral DNA replication, viral gene
expression, or capsid assembly but abolishes the release of infec-
tious virions, resulting in the accumulation of partially tegu-
mented viral particles in the cytoplasm (13).

Because ORF45-null mutation or deletion of the C-terminal 19
amino acids (aa) abolished the accumulation of ORF33 protein in
KSHV-infected cells (12), the extent to which the phenotypes of
these ORF45 mutants can be attributed to the loss of ORF33 pro-
tein was unclear. Furthermore, although the exact roles of ORF33
homologues have remained unclear, a unifying feature seems to be
their interaction with ORF38, another herpesviral core protein
that is also present in mature virions and appears to be required
for their optimal production (27–31). Therefore, we characterized
ORF33 and ORF38 during KSHV lytic replication. Using our
newly developed monoclonal antibodies, we found that both pro-
teins are expressed late during the lytic cycle with similar kinetics.
We also confirmed that both proteins are present in mature viri-
ons as tegument proteins. Interestingly, we found that upon treat-
ing virions with detergent, ORF38 is easily solubilized, whereas
ORF33 remains stably associated with the capsid. Furthermore,
we confirmed that ORF33 interacts with ORF38. We generated
ORF33-null, ORF38-null, and double null mutants and found
that these mutants appear to have identical phenotypes: the mu-
tations caused no apparent effect on viral gene expression but
reduced the yield of progeny virions by about 10-fold. The prog-
eny virions apparently lack certain virion component proteins.
We also observed that ORF38 associates with cytoplasmic mem-
branes and colocalizes with the Golgi membrane or early endo-
some membrane. Further analyses revealed a reduced association
of virion proteins with vesicles in cells, suggesting that ORF33 and
ORF38 are involved in the transportation of newly assembled viral
particles through cytoplasmic vesicles, a process important for
viral maturation and egress.

MATERIALS AND METHODS
Cell culture and transfection. HEK293 and HEK293T cells were cultured
under 5% CO2 at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and antibiotics. iSLK-
puro cells carrying wild-type or mutant bacterial artificial chromosome 16
(BAC16) were cultured in DMEM containing 10% FBS, 450 �g/ml G418,
1 �g/ml puromycin, and 500 �g/ml hygromycin. The transfection of
BAC16 into the iSLK-puro cells was performed in 24-well plates with
Effectene transfection reagent (Qiagen). Transfected cells were selected
with 500 �g/ml hygromycin (Invitrogen, Carlsbad, CA) to establish stable
cells as previously described (32).

Antibodies and reagents. Anti-ORF38 and anti-ORF33 monoclonal
antibodies were generated by the FSU hybridoma facility. The detailed
procedures of antibody production were described in our previous study
(12). All other antibodies used in this study were described previously (32,

33). Doxycycline, sodium butyrate, isopropyl �-D-1-thiogalactopyrano-
side (IPTG), and N-ethylmaleimide (NEM) were purchased from Sigma-
Aldrich (St. Louis, MO). MBP-ORF33 proteins were obtained from the
National Cancer Institute.

Expression and preparation of GST fusion proteins. Glutathione S-
transferase (GST)-tagged protein purification was described previously
(33). Briefly, a GST-tagged ORF38 expression construct was generated by
cloning the ORF38 coding sequence into the pGEX-5X-1 vector. The re-
sultant plasmid was transformed into Escherichia coli BL21-Codon-
Plus-RP competent cells. After induction with 0.5 mM IPTG at 18°C
overnight, the bacteria were harvested by centrifugation. The pellets were
resuspended, sonicated in lysis buffer (50 mM Tris-HCl, pH 7.4, 500 mM
NaCl, 10% glycerol, 1% Triton X-100, 0.2 mM phenylmethylsulfonyl flu-
oride [PMSF]), and centrifuged at 20,000 � g for 10 min. The supernatant
was mixed with glutathione Sepharose (Sigma) and washed extensively
with lysis buffer. Bound proteins were eluted with 50 mM reduced gluta-
thione in 50 mM Tris-HCl, pH 8.0, and the eluates were dialyzed against
buffer (20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 10% glycerol).

GST pulldown assays. GST pulldown assays were performed as de-
scribed previously (33). Briefly, GST-ORF38- or GST-bound glutathione
agarose beads were incubated with lysates of HEK293T cells transiently
expressing Flag-ORF33 for 3 h at 4°C. The beads then were washed three
times each with whole-cell lysis buffer (50 mM Tris-HCl [pH 7.4], 150
mM NaCl, 1% NP-40, 1 mM sodium orthovanadate [Na3VO4], 40 mM-
glycerophosphate, 1 mM sodium fluoride, 10% glycerol, 5 mM EDTA, 5
�g/ml of aprotinin, 5 �g/ml of leupeptin, 5 mM benzamidine, and 1 mM
PMSF) and 1� phosphate-buffered saline (PBS), mixed with an equal
volume of 2� Laemmli loading buffer, and boiled for 10 min. The input/
eluates were resolved by SDS-PAGE and analyzed by Coomassie staining
and/or Western blotting. For NEM crystalline treatment, HEK293T cells
transiently expressing Flag-ORF33 were pretreated with 20 mM NEM in
PBS for 30 min before cell lysis for GST pulldown. For hydrogen peroxide
(H2O2) treatment, the cells were pretreated with 500 �M H2O2 in DMEM
for 30 min before cell lysis for GST pulldown. For dithiothreitol (DTT)
and N-acetylcysteine amide (NAC) treatment, the cells were pretreated
with 10 mM DTT or 10 mM NAC in DMEM for 3 h before cell lysis for
GST pulldown.

Western blot analysis. Proteins were resolved by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were stained
with Ponceau S as described previously (34), blocked in 5% dried milk in
1� PBS plus 0.2% Tween 20, and then incubated with diluted primary
antibodies for 2 h at room temperature or overnight at 4°C. Anti-rabbit
and anti-mouse IgG antibodies conjugated to horseradish peroxidase
(Pierce) were used as the secondary antibodies. SuperSignal chemilumi-
nescence reagents (Pierce) were used for detection.

Genetic manipulation of KSHV BAC genome. The mutagenesis of
BAC16 was described previously (32). In brief, the Kan/I-SceI cassettes
were amplified from plasmid pEPKan-S by PCR with the following prim-
ers: �ORF33-S (5=-TATGGCTAGCCGGAGGCGCAAACTTCGGAATT
TCCTAAACTAGTAATGCATATGGACTGTTAACAGGATGACGACG
ATAAG TAGGG-3=), �ORF33-A (5=-ATATGGTCCCCTGACATTGGG
TTAACAGTCCATATGCATTACTAGTTTAGGAAATTCCGAAGTTG
CCAGTGTTACAACCAATTA ACC-3=), �ORF38-S (5=-TTTGGTCAAG
AAGTGCGAAGGACACCTTTCCATATATCAAGTGGGATTTCTCCT
ATCTATCAGGATGACGACGATAAGTAGGG-3=), and �ORF38-A (5=-
GGCTGTGAGGGACGTTTGCAGATAGATAGGAGAAATCCCACTTG
ATATATGGAAAGGTGTCGC CAGTGTTACAACCAATTAACC-3=).
The purified PCR fragment was electroporated into BAC16-containing E.
coli GS1783 cells that had been induced at 42°C for 15 min. The recombi-
nant clones were selected at 32°C on LB plates containing 34 �g/ml chlor-
amphenicol and 50 �g/ml kanamycin and then characterized by RFLP
(restriction fragment length polymorphism). Positive clones were in-
duced at 42°C again and plated on LB plates containing 1% L-arabinose
for secondary recombination. We then picked replicas of the clones from
L-arabinose plates onto plates with 34 �g/ml chloramphenicol alone or
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plates with 34 �g/ml chloramphenicol plus 50 �g/ml kanamycin. The
kanamycin-sensitive clones were second-recombinant clones and con-
firmed by RFLP and sequencing.

To make a revertant mutant, we replaced ORF33 and ORF38 mutants
with wild-type sequence by using a homologous recombination strategy
similar to that described above. The Kan/I-SceI cassettes were amplified
from plasmid pEPKan-S by PCR with the following primers: ORF33Rev-S
(5=-TATGGCTAGCCGGAGGCGCAAACTTCGGAATTTCCTAAACA
AGGAATGCATATGGACTGTTAACAGGATGACGACGATAAG
TAGGG-3=), ORF33Rev-A (5=-ATATGGTCCCCTGACATTGGGTTAA
CAGTCCATATGCATTCCTTGTTTAGGAAATTCCGAAGTTG
CCAGTGTTACAACCAATTAACC-3=), ORF38Rev-S (5=-TTTGGTCAA
GAAGTGCGAAGGACACCTTTCCATATATCAAATGGGATTTCTCC
TATCTATCAGGAT GAC GACGATAAGTAGGG-3=), and ORF38Rev-A
(5=-GGCTGTGAGGGACGTTTGCAGATAGATAGGAGAAATCC
CATTTGATATATGGAAAGGTGTCGCCAGTGTTACAACCAATTA
ACC-3=).

Membrane flotation assay. The membrane flotation assay was per-
formed as described previously (14). Briefly, HEK293T cells transiently
expressing Flag-ORF33 and/or ORF38 or iSLK.BAC16 cells induced by
doxycycline and sodium butyrate were harvested, washed twice with PBS,
and then resuspended in 300 ml of hypotonic lysis buffer (10 mM Tris-
HCl, pH 7.4, 0.2 mM MgCl2) on ice for 20 min. Swollen cells were lysed on
ice by 50 strokes with a Dounce homogenizer and then centrifuged at
1,500 � g for 5 min to remove unbroken cells and nuclei. The superna-
tants were mixed with 1.2 ml of 65% (wt/wt) sucrose, placed at the bottom
of a Beckman SW55Ti tube, and sequentially overlaid with 1.75 ml of 45%
and 0.35 ml of 25% sucrose. The sucrose solutions used were made in TNE
buffer (100 mM NaCl, 10 mM Tris-HCl pH 7.4, 1 mM EDTA). The sam-
ples were spun for 20 h at 200,000 � g at 4°C in a Beckman ultracentrifuge,
and six equal-volume fractions were collected from the top. Samples were
separated by 12% SDS-PAGE, followed by Western blot analysis using the
indicated antibodies.

Indirect immunofluorescence staining. HEK293T cells cultured on
coverslips in 12-well plates were cotransfected with plasmids expressing
ORF38 or different red fluorescent protein (RFP)-tagged endomembrane
markers, including endoplasmic reticulum (Sec61), Golgi (eNOS 1-33),
early endosome (Rab5), late endosome (Rab7), and lysosome (Lamp1)
markers, using Fugene 6 (Promega). After 24 h, the transfected cells were
fixed with 3% paraformaldehyde in PBS for 10 min at room temperature,
permeabilized with 0.2% Triton X-100 for 15 min on ice, and then incu-
bated with ORF38 antibodies for 1 h at room temperature. After four
washes with PBS with 0.1% Tween 20, the cells were incubated with Alexa
488-labeled secondary antibodies (Invitrogen) for 1 h, stained with 4=,6-
diamidino-2-phenylindole (DAPI) (1 �g/ml) for 10 min, and mounted in
50% glycerol solution. The images were acquired with a Nikon confocal
microscope A1R using a 63� objective. The colocalization was quantified
with Pearson’s correlation coefficient using ImageJ software.

Real-time quantitative PCR (qPCR) analysis of virion DNA. The vi-
rion DNAs were prepared as previously described (32). The medium from
induced iSLK.BAC16 cells was collected, centrifuged, and passed through
a 1-�m filter to clear cell debris. The cleared supernatants (200 �l) were
incubated with 10 U of Turbo DNase (Ambion, Austin, TX) at 37°C for 1
h to degrade extravirion DNAs. The reaction was stopped by the addition
of EDTA, followed by heat inactivation at 70°C. Twenty microliters of
proteinase K solution and 200 �l of buffer AL from a DNeasy kit (Qiagen,
Valencia, CA) then were added. The mixture was kept at 70°C for 15 min
and then extracted with phenol-chloroform. The DNA was precipitated
by the addition of 2 volumes of isopropanol with glycogen as a carrier, and
the DNA pellet was dissolved in 40 �l of Tris-EDTA buffer. Two micro-
liters of DNA was used in SYBR green real-time PCRs using KSHV-spe-
cific primers, ORF73-LCN (5=-CGCGAATACCGCTATGTACTCA-3=)
and OFF73-LCC (5=-GGAACGCGCCTCATACGA-3=), with a Bio-Rad
C1000 thermal cycler and CFX96 real-time detection system. Viral DNA
copy numbers were calculated with external standards of known concen-

trations of serially diluted BAC16 DNA ranging from 1 to 107 genome
copies per reaction.

Virus purification and infection. iSLK cells carrying wild-type or mu-
tant BAC16 were induced for 5 days, and then medium was collected and
centrifuged to remove cell debris. After passing through a 1-�m filter, the
clarified medium was concentrated using ultrafiltration disks (300-kDa
nominal molecular mass limit; PBMK06210; Millipore) and a Millipore
Amicon stirred cell (model 8200) according to the manufacturer’s in-
structions. The concentrated virus was further purified at 10,0000 � g for
1 h on a 12% to 32% step dextran gradient according to a previous study
(35). The virion fractions were collected and then concentrated to the
desired volume by Amicon ultra centrifugal filters (UFC510008) and
stored at �80°C. The viral genome copy number of stock virus then was
quantified by real-time quantitative PCR. Infection was carried out as
previously described (32, 33). Briefly, HEK293 cells plated in 24-well
plates were incubated with 2-fold serial dilutions of concentrated virus
plus Polybrene (4 �g/ml) and spun at 800 � g for 1 h at room tempera-
ture. The plates then were incubated at 37°C for another 2 h, and the
inocula were removed and replaced with fresh medium with 5% FBS. The
next day, medium was replaced with fresh medium containing 1% FBS.
Green fluorescent protein (GFP) expression was assessed 48 h after infec-
tion using an inverted fluorescence microscope or flow cytometry. For
flow cytometry analysis (by fluorescence-activated cell sorting [FACS]),
cells were washed twice and resuspended in PBS, followed by analysis by a
BD FACSCanto analyzer to measure GFP expression.

Sucrose gradient. A sucrose gradient was performed according to a
previously study (36). Briefly, 20% to 60% linear sucrose gradients were
made with the Biocomp gradient master. Equal amounts of wild-type and
mutant virions were added to the top of each gradient, which then were
centrifuged at 10,0000 � g for 1 h with an SW41 Beckman rotor. Twenty
continuous fractions were collected, and the level of ORF26 was detected
in each fraction by Western blotting.

RESULTS
Both ORF33 and ORF38 are expressed during the late phase of
lytic replication and are present in the tegument layer of virions.
To characterize ORF33 and ORF38 proteins, we generated mono-
clonal antibodies against them. When purified virions or lysates of
induced but not uninduced iSLK.BAC16 cells were analyzed by
Western blotting, the anti-ORF33 antibody detected a protein of
�38 kDa (Fig. 1A), confirming that ORF33 is a virion component
as reported previously (21). Similarly, the anti-ORF38 antibody
detected a protein of �10 kDa in the lysates of induced cells or
virions (Fig. 1B), suggesting that ORF38 is also a virion protein.
Their apparent sizes match the expected sizes of ORF33 (334 aa)
and ORF38 (61 aa). Using these antibodies, we next examined the
expression kinetics of ORF33 and ORF38 in iSLK.BAC16 cells.
Unlike the immediate-early gene products RTA and ORF59/PF8,
which were readily detectable 1 day postinduction (dpi), ORF33
and ORF38 were not detectable until 2 dpi, exhibiting kinetics
similar to that of the late gene and capsid protein ORF26 (Fig. 1C).
Furthermore, expression of ORF33 and ORF38 was sensitive to
treatment with phosphonoacetic acid (PAA), an inhibitor of viral
DNA replication, indicating that both ORF33 and ORF38 are true
late proteins (Fig. 1C).

To confirm that virion-associated ORF33 and ORF38 reside
interior to the virion envelope, we treated the purified virions with
trypsin in the presence and absence of the detergent Triton X-100.
In the absence of Triton X-100, the envelopment protein K8.1 was
readily degraded by trypsin, while ORF33, ORF38, and ORF45, as
well as the capsid protein ORF26, were not, suggesting that both
ORF33 and ORF38 are protected from trypsin digestion by an
intact viral envelope (Fig. 1D). When the viral envelope was dis-
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FIG 1 Characterization of KSHV ORF33 and ORF38. (A and B) Generation of anti-ORF33 and anti-ORF38 monoclonal antibodies. iSLK carrying BAC16 was
left untreated or was induced with doxycycline and sodium butyrate for 3 days. The uninduced (UI) or induced (IN) cell lysates, as well as extracellular virions,
were resolved by SDS-PAGE and then analyzed by Western blotting using anti-ORF33 (A) or anti-ORF38 (B) antibody. The black arrows indicate ORF33 (A) or
ORF38 (B). IB, immunoblot. (C) ORF33 and ORF38 express with true late kinetics. iSLK cells carrying BAC16 were induced with doxycycline and sodium
butyrate in the presence or absence of phosphonoacetic acid (PAA), and the cell lysates were harvested at the indicated day postinduction (dpi). Total proteins
were resolved by SDS-PAGE and detected with the indicated antibodies. M, molecular size marker. (D) Differential sensitivity of ORF33 and ORF38 to trypsin
digestion. The extracellular virions were concentrated and purified as outlined in Materials and Methods. The purified virions were treated with Triton X-100,
trypsin, or both. Virion envelope, tegument, and capsid proteins were analyzed by Western blotting with the indicated antibodies. (E) Sensitivities of ORF33 and
ORF38 to detergent treatment. Purified virions were treated with increasing concentrations of NP-40, after which the virions were pelleted down through a 25%
sucrose cushion. The virion proteins in the supernatant (s) or pellet (p) were detected with the indicated antibodies. (F and G) The molecular numbers of ORF33
and ORF38 are comparable in the viral particle. Purified virions (108) and serially diluted GST-ORF38 and MBP-ORF33 proteins were resolved by SDS-PAGE
and then analyzed by Western blotting with the indicated antibodies. The blot signals were plotted with ImageJ, and ORF33 and ORF38 copy numbers were
determined by using GST-ORF38 or MBP-ORF33 as standards. Values stated in the text are representative of technical duplicates.
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solved by Triton X-100, ORF38 and ORF45 were degraded by
trypsin, while ORF33 remained partially resistant to trypsin diges-
tion (Fig. 1D). These results suggested that both ORF33 and
ORF38 proteins reside inside the virion envelope and that, com-
pared to the other tegument proteins assessed, ORF33 is more
stably associated with the capsid. To further confirm this observa-
tion, we treated the purified virions with increasing concentra-
tions of the detergent NP-40 and then separated the soluble pro-
teins (in the supernatant; s) from the capsid (in the pellet; p) by
ultracentrifugation. As shown in Fig. 1E, ORF33 behaved like cap-
sid proteins ORF26 and ORF65, remaining insoluble at the high-
est concentration of NP-40. These results provide further evi-
dence that ORF33 tightly associates with the capsid. Interestingly,
ORF38 behaved like the envelope protein K8.1 and became solu-
ble even at the lowest concentration of NP-40, suggesting that it
associates with the envelope. ORF45 was partially soluble under
these conditions, as previously reported (21). We next attempted
to determine the abundance and relative ratios of these proteins in
extracellular KSHV virions. Using known concentrations of GST-
ORF38 and MBP-ORF33 purified proteins as standards, we esti-
mated that there are �2,000 � 565 copies of ORF33 and
�1,659 � 465 copies of ORF38 per viral particle based on viral
genome copy number (Fig. 1F and G). There results suggested that
ORF33 and ORF38 are abundant and present in a relatively
equimolar ratio in extracellular virions.

The interactions between ORF33 and ORF38. Because homo-
logues of ORF33 and ORF38 in alpha- and betaherpesviruses are
known to interact with each other, we next assessed the extent of
interaction between ORF33 and ORF38. Indeed, ORF33 was effi-
ciently pulled down by GST-ORF38 but not GST alone (Fig. 2A).
To determine the specificity of ORF33-ORF38 binding, we tested
whether ORF33 interacts with ORF38 homologues of other gam-
maherpesviruses and vice versa. Despite the fact that ORF33 and
ORF38 are highly conserved among gammaherpesviruses, we
found that KSHV ORF38 and Ross River virus (RRV) ORF38
interacted with their own version of ORF33 but not with other
ORF33 homologues (Fig. 2B). Interestingly, EBV BBLF1 inter-
acted with both KSHV ORF33 and its own ORF33 (Fig. 2B). None
of these ORF38 homologues interacted with ORF33 homologues
of alpha- or betaherpesviruses under the same conditions (data
not shown). These results suggest that the interactions between
ORF38 and ORF33 are highly specific and conserved among all
three subfamilies of herpesviruses.

We next used coimmunoprecipitation to determine whether
the two interact in cells but failed to detect positive interaction.
This is not surprising, since the interaction between HSV UL16
and UL11 appeared to be dynamic and was destroyed upon cell
lysis (14). Because HSV UL11 is associated with the membrane but
UL16 is not, membrane flotation assays have been used to dem-
onstrate their interactions (14). We adapted this assay to examine
the interaction between ORF33 and ORF38. As shown in Fig. 2C,
ORF38 was detected in the top fractions, which contain the cyto-
plasmic membrane and associated proteins, whereas ORF33 was
detected only in the bottom fractions when expressed alone. How-
ever, ORF33 signal was detected in the top fraction when coex-
pressed with ORF38 (Fig. 2C). These results are indicative of in-
teraction between ORF38 and ORF33 in cells.

Because previous studies using HSV and HCMV implicated a
role of cysteines in the interaction between ORF33 and ORF38
homologues (14, 28), we asked whether these cysteine residues are

involved in the interaction between KSHV ORF33 and ORF38.
We performed GST pulldown experiments in the presence of
NEM, a small membrane-permeable thiol blocker that modifies
free cysteines. NEM treatment caused a noticeable mobility shift
of ORF33 on PAGE and abolished its binding to GST-ORF38,
suggesting roles of cysteines of ORF33 in its interaction with
ORF38 (Fig. 2D). Because cysteine is sensitive to the redox condi-
tions, we treated Flag-ORF33-transfected cell lysates with dithio-
threitol (DTT), N-acetyl-L-cysteine (NAC), or hydrogen peroxide
(H2O2) before the pulldown assay. We found that the ORF33-
ORF38 interaction occurred preferably in oxidized environments
(Fig. 2E), further implying the importance of cysteine residues for
ORF33-ORF38 interaction. We postulated that ORF33 and
ORF38 interact through the formation of intermolecular disulfide
bonds. However, the fact that their interaction survives treatment
with up to 100 mM DTT suggests otherwise (Fig. 2F). Collectively,
these results indicate that the cysteines of ORF33 are involved in
its interactions with ORF38 but not through disulfide bond for-
mation with ORF38. These results also suggest that their interac-
tion can be regulated by the redox environment.

Generation of ORF33- and ORF38-null mutants in BAC16.
To investigate the roles of ORF33 and ORF38 in the context of
KSHV lytic replication, we introduced premature stop codons or a
mutation at the start codons of ORF33 or ORF38, or both, in
BAC16, an infectious bacterial artificial clone of KSHV (37), using
two-step RED recombineering technology (32, 38, 39). For the
ORF33 mutant, two consecutive stop codons were introduced af-
ter the 13th codon. For the ORF38 mutant, we changed the start
codon ATG to GTG (37). The double mutant included both of
these mutations in BAC16 (Fig. 3A). These alterations were de-
signed so as not to affect the overlapping amino acid sequences of
ORF32 and ORF37 (37).

To ensure the phenotypic changes were a consequence of the
designed mutation rather than unintentional random mutations,
we restored the sequence to the original wild-type sequence, pro-
ducing the revertants stop33-Rev and stop38-Rev. The wild-type
and mutant BACs were analyzed by restriction fragment length
polymorphism (RFLP), using the restriction enzyme KpnI or SpeI
(Fig. 3B). Because a new SpeI site was created in the stop33 mu-
tant, digestion of stop33 mutants with SpeI yielded fragments of
4.8 kb and 2.6 kb (arrowheads) instead of the 7.4-kb fragment
(arrow) seen following digestion of the wild-type or revertant
BACs. As expected, digestion with KpnI revealed no discernible
difference among these constructs, suggesting that unintentional
recombination was not a concern. These constructs were further
validated by sequencing the PCR-amplified fragments from the
designed loci (Fig. 3C).

ORF33 and ORF38 are not essential for viral gene expression
but are required for production of progeny infectious virions.
The DNAs of stop33, stop38, the stop33/38 double mutant, and
their revertants were transfected into iSLK cells, which express
RTA under a doxycycline-inducible promoter (40). After hygro-
mycin selection, stable iSLK cells harboring different KSHV BACs
and expressing comparable levels of GFP were obtained. Upon
induction with doxycycline and sodium butyrate, these cells ex-
press RTA, which in turn initiates the cascade of lytic gene expres-
sion, ultimately resulting in the release of progeny viral particles.
Besides the expected loss of ORF33 and/or ORF38 signal in the
respective iSLK.BAC16 mutants, we observed no dramatic differ-
ence in the expression of early (RTA, PF8, and ORF45) or late
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FIG 2 Interaction between ORF33 and ORF38. (A) GST-ORF38 interacts with ORF33. GST or GST-ORF38 was used to pull down cell lysates expressing
Flag-ORF33, and the input/eluates were probed with anti-FLAG antibody. (B) Interactions between ORF33 and ORF38 homologues. GST-ORF38 proteins were
used to pull down (PD) lysates of HEK293T cells expressing different Flag-ORF33 homologs. The inputs/eluates were probed with the indicated antibodies. (C)
ORF33 and ORF38 interact in cells. Lysates of HEK293T cells transiently expressing Flag-ORF33 and/or ORF38 were subjected to a membrane flotation assay as
described in Materials and Methods. Six fractions were collected and analyzed by Western blotting with the indicated antibodies. Representative blots of our three
replicates are shown. (D) The effect of N-ethylmaleimide (NEM) on GST-ORF38 –ORF33 interaction. GST-ORF38 was used to pull down lysates of HEK293T
cells expressing Flag-ORF33 that were pretreated with NEM or not pretreated. The input/eluates were analyzed by Western blotting with the indicated antibodies.
(E) The interaction between ORF33 and ORF38 occurred preferentially in oxidized environments. The pulldown was performed as described for panel D, except
that cells were pretreated with H2O2, NAC, or DTT as described in Materials and Methods. (F) The interaction between GST-ORF38 and ORF33 is not mediated
by disulfide bond formation. The complex of GST-ORF38 with Flag-ORF33 was treated with increasing concentrations of DTT. The proteins released into the
eluate or retained on the beads were analyzed by Western blotting.
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FIG 3 Construction of ORF33-null, ORF38-null, and ORF33/ORF38-null mutants in BAC16. (A) Schematic diagram of ORF33-null or ORF38-null mutant
constructions. For the ORF33 mutant, the 14th and 15th codons (AAG and GAA) were changed to two consecutive stop codons (TAG and TAA), thereby
introducing a new restriction enzyme site (SpeI). For the ORF38 mutant, the start codon ATG was mutated to GTG. This modification resulted in the
replacement of ORF37 codon AAA with AAG, both of which code for lysine. The blue box indicates overlap sequences. The indicated base pair number is derived
from the previously annotated BAC16-GFP sequence (37). (B) RFLP analysis of wild-type and mutant BACs. Electrophoresis of KpnI- or SpeI-digested wild-type,
mutant, and revertant BAC16 DNAs is shown. The arrow indicates the wild-type pattern, while the arrowheads indicate the predicted changes as a consequence
of the newly introduced SpeI site in the ORF33 mutant. (C) Sequences of the wild type, mutants, and revertants in the ORF33 or ORF38 loci. The sequence
chromatographs are shown, and the predicted mutations are boxed.
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(ORF33, ORF38, ORF52, and ORF26) genes (Fig. 4), suggesting
that ORF33 and ORF38 are not required for viral gene expression.

To determine whether the loss of ORF33 and/or ORF38 affects
the production of progeny viruses, we measured extracellular viral
genomic copies by qPCR (Fig. 5A). We detected an �10-fold re-
duction of viral yield between the stop33 or stop38 mutant and the
wild type or their revertants. We also analyzed the virion compo-
sition of the mutant viruses and found a corresponding �10-fold
reduction in the level of ORF26 (Fig. 5B). Importantly, we noticed
that the double mutation caused no additional defect in virion
production (Fig. 5A and B), suggesting that ORF33 and ORF38
play roles in the same related pathways during the late lytic cycle.
We infected HEK293 cells with 2-fold serial dilutions of progeny
viruses (normalized by viral genome copy numbers). Because suc-
cessfully infected cells express GFP, infected cells can be counted
by flow cytometry, and the percentage of GFP-positive cells rep-
resents the infectivity. At an equivalent dilution, the infectivity of
stop33, stop38, or the double mutant were at least an order of
magnitude lower than those of the wild-type or revertant viruses
(Fig. 5C). These results indicated that ORF33 and ORF38 are re-
quired for the production of infectious progeny virions.

Loss of ORF33 and ORF38 resulted in change of virion com-
ponents (affects assembly of other tegument proteins into viri-
ons). We next asked whether the loss of ORF33 and/or ORF38
affects packaging of other proteins into mature virions. Again, we
normalized samples by viral genome copy number, and equal
loading was confirmed by similar levels of capsid protein ORF26
(Fig. 6A). Strikingly, the loss of ORF33 and/or ORF38 not only
affected their own packaging into virions but also abolished that of
ORF45. Conceivably, the loss of virion components would alter
the buoyant density of the virion. Therefore, we analyzed the vi-

rions by 20% to 60% linear sucrose gradient ultracentrifugation.
As shown in Fig. 6B, the wild-type virions were detected primarily
in fractions 7 to 12, whereas virions of the ORF33/ORF38 double
mutant were detected exclusively in fractions 6 to 8 (Fig. 6B). This
virion peak shift to lighter fractions indicates a reduced buoyant
density of the mutant virions, which supports the notion that they
lack virion protein components. The abnormal virion composi-
tion likely explains why the mutant virions were less infectious
(Fig. 5C).

Formation of virion-containing vesicles during KSHV lytic
replication. Previous reports show that alpha- and betaherpesvi-
ruses take advantage of vesicle release pathways (41–43). To de-
termine if KSHV does the same, we adapted the well-established
membrane flotation assay (14, 44). When lysates of KSHV-in-
fected cells were analyzed, we found that most ORF38 protein was
detected in fractions 1 and 2, which are known to be enriched for
membrane-bound vesicles. This finding supports our conclusion
that ORF38 associates with membranes. Interestingly, several vi-
rion proteins, including capsid protein ORF26 and tegument pro-
teins ORF33 and ORF45, were present in fraction 1 (Fig. 7A). To
ascertain whether this vesicle-rich fraction indeed contained viral
particles, we quantified virion DNA from each fraction. As shown
in Fig. 7B, about 25.6% of viral DNA was detected in fraction 1,
whereas 27.7% of viral DNA was in the bottom fraction, which
likely represents the free viral particles (Fig. 7B). We reasoned that
the association of ORF38 with cytoplasmic membranes or the vi-
rion-containing vesicles might be sensitive to the detergent. As
expected, the association of ORF38 with membranes was dramat-
ically disrupted by treatment with Triton X-100 or NP-40,
whereas it was completely abolished by SDS treatment. Interest-
ingly, virion component proteins disappeared from the top frac-

FIG 4 Loss of ORF33 and/or ORF38 does not affect viral gene expression. iSLK.BAC16 wild-type or mutant cells were mock treated (M) or induced with
doxycycline and sodium butyrate. The cell lysates were harvested at the indicated dpi and analyzed by Western blotting with the indicated antibodies.
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tion upon detergent treatment (Fig. 7A). We also quantified the
virion DNA in each fraction. We consistently found that treat-
ment with detergents dramatically reduced the presence of virion-
containing vesicles in the top fraction (Fig. 7B). Because mild
detergent, such as Triton X-100 or NP-40, only disrupts vesicle or
virion envelopment, the amount of total virion DNA remained
comparable to that of the no-treatment control (Fig. 7B). How-
ever, SDS treatment dramatically reduced the total viral DNA level
(Fig. 7B), indicating that the capsid structure had been disrupted
under this condition. Collectively, our results suggest that virions

FIG 5 Loss of ORF33 and/or ORF38 compromised the production of infec-
tious virions. (A) Growth kinetics of wild-type, mutant, and revertant KSHV.
iSLK.BAC16 cells were mock treated or induced with doxycycline and sodium
butyrate. The medium was collected at the indicated dpi, and the extracellular
viral genome copy number was calculated by qPCR. (B) ORF33 and ORF38
mutation reduced progeny virion production. The extracellular virions were
harvested at 5 dpi and concentrated as outlined in Materials and Methods.
Mutant virions and 2-fold serial dilutions of wild-type or revertant virions
were analyzed for the level of capsid protein (ORF26) by Western blotting. (C)

Loss of ORF33 and/or ORF38 compromised virion infectivity. The virions of
the wild type, mutants, and revertants were harvested and concentrated. 293
cells were infected with 2-fold serial dilutions of virions (after normalization
by qPCR). Twenty-four hours postinduction, GFP-positive cells were counted
by fluorescence-activated cell sorting (FACS). The percentages of GFP-posi-
tive cells were calculated for each dilution. **, P 	 0.01 by Student’s t test.

FIG 6 Loss of ORF33 and/or ORF38 affected virion composition. (A) KSHV
wild-type and mutant virions were purified and concentrated. After normal-
ization by qPCR, the virion components were analyzed by Western blotting
with the indicated antibodies. (B) ORF33/ORF38-null virions have a reduced
buoyant density. The same amount of purified wild-type or stop33/38 virions
was applied to a 20% to 60% linear sucrose gradient. Twenty continuous
fractions were collected and the level of ORF26 protein was assessed. The signal
intensity of each fraction relative to the input was calculated and plotted.
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have been packaged into cytoplasmic vesicles during lytic replica-
tion.

Loss of ORF33 and ORF38 resulted in reduction of virion-
containing vesicles. We next sought to further characterize the
association between ORF38 and cytoplasmic membranes. To do
so, we cotransfected cells with plasmids expressing ORF38 or dif-
ferent endomembrane markers and examined their subcellular
localization. As revealed in Fig. 8, we found that ORF38 predom-
inantly colocalizes with Golgi or early endosome markers, sug-
gesting that ORF38 associates with membranes derived from these
compartments. This result is also reminiscent of the proposed
model in which herpesviruses employ the trans-Golgi network
(TGN) membrane for virus maturation and egress (45). There-
fore, we reasoned that ORF38 or the ORF38/ORF33 complex is

involved in the formation of virion-containing vesicles. To con-
firm this prediction, the lysates of cells infected by the wild-type or
mutant viruses were analyzed by membrane floatation assay. The
tegument and capsid proteins, but not the nonvirion protein
ORF59/PF8, consistently floated to the top fraction of lysates of
wild-type virus-infected cells (Fig. 9A). However, we observed a
dramatic reduction in the levels of virion proteins detected in the
top vesicle-rich fractions following infection with mutant virus,
with the exception of ORF38 (Fig. 9A). In concordance with this
result, the percentage of viral DNA present in the vesicle-rich frac-
tions was dramatically reduced by the loss of ORF33 and/or
ORF38 (Fig. 9B). Collectively, these results suggest that ORF33
and ORF38 are involved in the packaging of virions into cytoplas-
mic vesicles, a critical process for viral maturation and egress.

FIG 7 Formation of virion-containing vesicles during KSHV lytic replication. (A and B) iSLK.BAC16 cells were induced with doxycycline and sodium butyrate. Cells
were harvested at 60 h postinduction and osmotically disrupted, left untreated (nontreated; NT), or treated with 0.5% Triton X-100, NP-40, or SDS for 30 min on ice and
then subjected to a membrane flotation assay. Six continuous fractions were collected. The viral components in each fraction were analyzed by Western blotting using
the indicated antibodies (A), and the viral DNA in each fraction was determined by qPCR (B). The numbers in the top left of each graph (Fr1% and Total) indicate the
percentages of viral DNA detected in the first fraction relative to the total viral DNA and the total viral DNA of all fractions, respectively.
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DISCUSSION

Our recent discovery of ORF33 binding to the conserved C termi-
nus of ORF45 prompted us to characterize ORF33 and its binding
partner, ORF38, both of which are among 40 core herpesviral
proteins that are conserved in all three subfamilies of herpesvi-
ruses (30, 31). We found that both proteins are expressed late
during KSHV lytic replication and packaged in mature virions as
tegument proteins (Fig. 1C and D). We confirmed that ORF33
and ORF38 of KSHV interact with each other (Fig. 2). Null mu-
tation of either or both in BAC16 caused �10-fold reductions of
progeny extracellular viruses (Fig. 5A and B). The mutant viruses
also exhibit �16-fold lower infectivity than the revertants and
wild-type viruses (Fig. 5C), suggesting that both ORF33 and
ORF38 are required for optimal production of infectious viruses.
In addition, the mutant viruses have altered virion protein com-
ponents (Fig. 6), suggesting that both ORF33 and ORF38 play
critical roles in the packaging of its partner and a subset of tegu-
ment proteins, including ORF45, into virions. ORF38 colocalizes
with Golgi or early endosome markers (Fig. 8), suggesting ORF38
associates with the membranes of these organelles. Furthermore,
we noticed that both ORF33 and ORF38 are involved in transport-
ing newly assembled viral particles through cytoplasmic vesicles
(Fig. 9), a critical process for virus maturation and egress.

Roles of ORF33 in KSHV lytic replication. ORF33 is a tegu-
ment protein that is conserved among all herpesviruses (13, 21,
22), but its actual function remains elusive. The ORF33 homo-
logue in HSV-1 and pseudorabies virus (PrV), UL16, is not abso-
lutely required for the production of infectious progeny (24, 46).

In contrast, the homologue UL94 of HCMV and MCMV is essen-
tial, because no infectious viruses can be produced in its absence
(15, 47). In all cases, the lack of UL16 or UL94 resulted in the
inefficient envelopment of capsids in the cytoplasm (15, 48). In
gammaherpesviruses, ORF33 of MHV-68 also has been shown to
be essential (13). For KSHV, although ORF33 has been identified
as a tegument protein by us and others (21, 49), its function in lytic
replication has not been carefully examined. An earlier study
showed that deletion of the entire ORF33 coding sequence from
BAC36 yielded no detectable infectious viruses (50), providing the
first clue that ORF33 plays an indispensable role in KSHV lytic
replication. Presumably because of the relatively low efficiency of
the system employed in that study, detailed analyses of the mutant
viruses were not feasible. In the present study, we took advantage
of a recently developed and greatly improved system, consisting of
the highly infectious BAC16 (37), the seamless BAC genome ed-
iting tool (38, 39), and iSLK cells, which support robust lytic rep-
lication of KSHV (40). We introduced premature stop codons in
ORF33 without affecting the coding sequence of the overlapping
ORF32 (Fig. 3) and found that the loss of ORF33 reduced the yield
of progeny viruses by �10-fold (Fig. 5A and B). The progeny
viruses also appeared to be less infectious. On the basis of scoring
GFP positive by FACS, we found that �16-fold more stop33 viral
particles than wild-type viral particles were needed to achieve the
same rate of infection (Fig. 5C). When the effects on viral yield and
infectivity are both considered, the loss of ORF33 reduced the titer
of infectious progeny by more than two orders of magnitude.
Thus, while ORF33 is not absolutely essential for KSHV to repli-

FIG 8 Membrane localization analysis of ORF38. HEK293T cells were seeded on coverslips in a 12-well plate. The next day, cells were cotransfected with plasmids
expressing ORF38 and RFP-tagged endomembrane marker genes, including the endoplasmic reticulum gene (Sec61), Golgi gene (eNOS 1-33), early endosome
gene (Rab5), late endosome gene (Rab7), and lysosome gene (Lamp1). At 24 h posttransfection, the cells were fixed, stained with anti-ORF38 antibody, and
imaged with a Nikon A1R confocal microscope. Relative colocalization was quantified using Pearson’s correlation coefficient (n 
 6) and is shown on the right.
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cate in iSLK cells, it is required for the optimal production of
infectious virions.

Roles of ORF38 in KSHV lytic replication. Like ORF33,
ORF38 is a herpesvirus core protein (30, 31). At 61 aa, KSHV

ORF38 is considerably smaller than its homologues in HSV-1
(UL11; 96 aa) and HCMV (UL99/pp28; 190 aa). UL11 and UL99
have been shown to be myristylated, membrane-associated, and
tegument proteins (51, 52). Although the deletion of UL11 in HSV

FIG 9 ORF33 and ORF38 are required for vesicle transport of virions. (A and B) iSLK.BAC16 cells were induced with doxycycline and sodium butyrate. Cells
were harvested at 60 h postinduction, osmotically disrupted, and then subjected to a membrane flotation assay. Six continuous fractions were collected. The viral
components in each fraction were analyzed by Western blotting using the indicated antibodies (A), and the viral DNA of each fraction was determined by qPCR
(B). The numbers in the top left of each graph (Fr1%) indicate the percentages of viral DNA detected in the first fraction relative to the total viral DNA.
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and PRV caused only a moderate reduction in viral titers (53, 54),
UL99 of HCMV is absolutely essential for infectious virion pro-
duction (55). In the absence of UL99 or UL11, nonenveloped
nucleocapsids accumulated in the cytoplasm, suggesting an im-
pairment in secondary envelopment (53, 55). Perhaps due to its
small size and nonuniform distribution of lysine residues, ORF38
was not among the virion proteins of KSHV or MHV68 to be
identified by mass spectrometry (21, 56, 57), although its homo-
logues in RRV and EBV were detected in virions (16, 58).

In order to characterize the functions of ORF38 protein in
KSHV replication, we first generated hybridomas against it. Re-
cent studies revealed generally strong antibody responses to
ORF38 among KSHV-infected patients (59, 60). In apparent
agreement with this high immunogenicity in humans, most hy-
bridoma clones recognized a strong and specific signal of �10 kDa
in KSHV-infected cells (Fig. 1B), as well as in purified virions,
confirming that ORF38 is an abundant virion component. Anal-
yses of the virion-associated ORF38 in response to trypsin diges-
tion and detergent treatment suggested that this protein resides
interior to the viral envelope. More specifically, its sensitivity to
detergents indicates that it is an outer tegument protein and likely
associates with the viral envelope (Fig. 1C to E). Our data also
provided the first experimental evidence that KSHV ORF38 is an
abundant tegument protein. To determine the roles of ORF38 in
KSHV lytic replication, we generated a BAC16 mutant in which
the initial ATG of ORF38 was changed to GTG without changing
the coding sequence of the overlapping ORF37 (Fig. 3). We found
that the loss of ORF38 reduced viral yield by �10-fold and that the
progeny are less infectious than the wild type or revertant (Fig. 5).
We next generated a double mutant in which both ORF33 and
ORF38 have been disrupted. Our results suggested that the double
mutant has a phenotype similar to that of the single deletion of
either ORF33 or ORF38. This is reminiscent of the virtually iden-
tical phenotypes of UL94-null and UL99-null HCMV (15, 55).
Although ultrastructural data are lacking, our membrane flotation
assay suggested that immature virions were assembled into cyto-
plasmic vesicles for final maturation and egress (Fig. 7). These
virion-containing vesicles apparently were sensitive to detergent,
because the number of virions was dramatically reduced in the
vesicle-enriched fraction upon treatment (Fig. 7). It is worth not-
ing that we observed only a small fraction of virion components or
DNA in the top fraction (Fig. 7), suggesting a relatively low effi-
ciency of viral maturation and egress, even in this greatly im-
proved iSLK.BAC16 system. Since ORF38 colocalizes with the
Golgi and early endosome organelles (Fig. 8), we postulate that
ORF38 associates with the membranes of these organelles. This
result, in combination with its critical role in transporting virions
into cytoplasmic vesicles, is reminiscent of the process of HCMV
final envelopment. It has been reported that HCMV final envel-
opment on membranes contains both TGN and endosome mark-
ers, suggesting that the immature virus buds into the transport
vesicles which shuttle between endosomes and the TGN or bud
into a novel hybrid compartment with both endosome and TGN
components (61). Interestingly, MHV-68 ORF38 has been shown
to be present only in virions that have been packaged into vesicles
(29). Whether or not KSHV does the same is still unknown. How-
ever, it is possible for ORF38 to recruit the Golgi membrane or
early endosome membrane for virion-containing vesicle forma-
tion to facilitate subsequent virion maturation and egress. The

nature of these cytoplasmic vesicles and their roles in virion as-
sembly await further investigation.

Interaction between KSHV ORF33 and ORF38. We con-
firmed that KSHV ORF33 interacts with ORF38 in vitro. The in-
teraction is specific, because KSHV ORF38 interacts with KSHV
ORF33 but not its homologues in other gammaherpesviruses,
such as RRV and EBV (Fig. 2). This is in contrast to the relatively
promiscuous binding between homologues of UL11 and UL16 in
alphaherpesviruses, including HSV and PrV (62). KSHV ORF33
contains 14 cysteines, 9 of which are conserved among all herpes-
viruses. In congruence with previous analyses of HSV UL16, we
found that NEM treatment abolished the retention of ORF33 to
GST-ORF38 (Fig. 2D), suggesting roles of ORF33’s cysteine resi-
dues in regulating their interaction. Moreover, the interaction of
ORF33 with ORF38 appears to be more efficient in the oxidized
than the reduced environment (Fig. 2E). Our membrane flotation
experiment suggested that ORF33 resides within cytoplasmic ves-
icles in the presence of ORF38 (Fig. 2C, 7A, and 9A). These vesicles
may provide an ideal oxidative folding environment for ORF33.
However, the extent to which the interaction between KSHV
ORF33 and ORF38 is regulated remains unclear. Additional stud-
ies are needed to further characterize their interaction and specific
functions during KSHV lytic replication.

It has been speculated that HSV UL16 provides a bridging
function between the capsid and the membrane during budding
events through its interactions with both capsid and the mem-
brane-bound tegument protein UL11 (63). Recent evidence from
HCMV has shown that the interaction between UL99 and UL94 is
required for the proper localization of each protein to the assem-
bly complex (AC) and for virus replication. HCMV UL94 and
UL99 were found to exhibit aberrant localization and to not accu-
mulate at the AC in the absence of their interaction, resulting in
defective virus maturation and egress (28). Similar results were
obtained with mouse cytomegalovirus (MCMV) (47) and
MHV-68 (13, 29). Recent reports also showed that MHV-68
ORF33 interacts with ORF38 during virus replication (13, 29).
Together, these studies suggest that the conserved interaction be-
tween ORF33 and ORF38 homologues plays critical roles in the
production of progeny virions.

Although ORF33 is conserved among the three subfamilies of
herpesviruses, noticeable differences among its homologues have
been observed. For example, UL16 protein is detected in extracel-
lular virions of HSV-1 but not in that of HSV-2 (19, 22). Avian
infectious laryngotracheitis virus, an alphaherpesvirus, lacks
UL16 altogether (64). Furthermore, UL94 of HCMV and ORF33
of KSHV associate tightly with the capsid, unlike HSV-1 UL16,
which is easily detachable (18, 65). Additionally, although ORF33
and ORF38 are conserved among all herpesviruses, their interac-
tion is highly specific (Fig. 2B), which suggests their specific func-
tion during virus lytic replication.

Interactions between ORF33, ORF38, and ORF45: roles in
viral assembly. ORF33 homologues also differ in their interac-
tions with other virion proteins. In addition to UL11, UL16 has
been shown to interact with several other viral proteins, including
another tegument protein, UL21, and glycoprotein E (gE) (66).
These three tegument proteins (UL11, UL16, and UL21) and gE
come together to form a highly efficient complex in vivo through
coordinated interactions (66). Recent evidence also suggested its
interaction with VP22 (48). In the absence of UL16, the packaging
of UL11, VP22, and gE is defective (48). It has been hypothesized
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that the bridging interaction between capsid-bound UL16 and
membrane-bound UL11 is required for envelopment during HSV
assembly and maturation (14). Recent studies suggested that
MHV-68 ORF33 directly associates with intranuclear capsids
through interactions with capsid proteins ORF25 and ORF26 (67)
and that ORF38 is associated with the membrane (29). Similarly,
KSHV ORF33 appears to associate with the capsid, because it re-
mained bound to capsids even after virions were treated with
harsh detergent and proteinase, while ORF38 apparently is mem-
brane associated, because it became soluble upon treatment with a
low concentration of detergent. The association of ORF38 with
the membrane was further confirmed by membrane flotation as-
says. Therefore, the basic properties of ORF33 and ORF38 homo-
logues appear to be conserved among herpesviruses, and their
interactions with each other and with other virion proteins are
expected to play critical roles in the assembly of progeny virions.

By analogy to HSV UL16, ORF33 homologues of gammaher-
pesviruses are expected to interact with additional tegument
and/or envelope proteins, either directly or through interaction
with ORF38. However, such interacting partners have not been
identified to date. Some of UL16’s binding partners, such as gE,
are alphaherpesvirus specific, and their functional counterparts in
gammaherpesviruses are unknown. We recently found that
ORF33 binds to the conserved C terminus of ORF45. We demon-
strated that deletion of this region diminished ORF33 accumula-
tion and production of progeny virions (12). Because the accumu-
lation of ORF33 depends on its interaction with ORF45, it was
unclear whether the defect we observed could be attributed to the
loss of ORF45-ORF33 interaction or simply the loss of ORF33
protein accumulation. Here, we found that the entire deletion of
ORF33 caused only an �10-fold reduction of progeny virus yield
(Fig. 5A), which is less severe than the �50- to 100-fold defect
caused by ORF45 C-terminal deletion and ORF45-null mutants.
These results indicate that ORF45 has additional functions other
than stabilizing ORF33. Indeed, our recent phosphoproteomic
studies revealed multiple roles of ORF45-activated ribosomal S6
kinases in KSHV lytic replication (32, 68). Notwithstanding this,
the interactions of ORF45-ORF33 and ORF38-ORF33 apparently
are critical for the packaging of some tegument proteins into viri-
ons. Because ORF33-ORF38 interaction is conserved among all
three subfamilies of herpesviruses, it is not unexpected that dele-
tion of either one affected the assembly of mature virions. In
agreement with this, deletion of ORF33 resulted in the failure of
packaging of ORF45 and ORF38 into extracellular virions. Inter-
estingly, while ORF45 also was not detected in ORF38-null viri-
ons, a small amount of ORF33 remained, suggesting that the as-
sembly of ORF33 precedes the assembly of ORF38. This is
consistent with recent work showing that MHV-68 ORF33 is as-
sociated with intranuclear capsids (67). Substantial evidence sup-
ports that ORF38 and its homologues are involved in viral second-
ary envelopment and maturation, a process during which
additional tegument proteins are added to immature virions (45,
53, 55, 69). It is at this stage that we expect ORF33-ORF38 inter-
action to be critical. It is currently unknown whether ORF45 is
assembled with ORF33 in the nucleus or is added during second-
ary envelopment. Further studies are required to uncover the reg-
ulatory mechanisms governing the viral assembly process. Impor-
tantly, ORF33/ORF38 mutant virions apparently were less
infectious, presumably due to their lack of other virion protein
components, such as ORF45, which is required for optimal de

novo infection (70). The failure of packaging of ORF45 and poten-
tially other tegument proteins into virions in the absence of
ORF33 or ORF38 highlights the critical importance of viral-viral
protein interactions, including those between ORF33-ORF45 and
ORF33-ORF38, for the proper assembly of progeny virions. Over-
all, our comprehensive characterization of the functional interac-
tion between ORF33 and ORF38 sheds light on their essential roles
in virion assembly at the late stage of KSHV lytic replication.
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