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Abstract
The Herpesviridae contain a group of highly conserved proteins designated the Herpes UL33
Superfamily (pfam03581). The Varicella-zoster virus (VZV) homolog, encoded by the ORF25 gene,
was used to generate a GST-ORF25 fusion protein. Purified GST-ORF25 was used to generate a
polyclonal rabbit antiserum that detected the 17.5 kDa ORF25 protein (pORF25) in VZV infected
cells. In pull-down assays, GST-ORF25 interacted with a number of encapsidation proteins including
ORF30, ORF42 (the second exon of ORF45/42) and itself. The self-interaction was confirmed via a
yeast two-hybrid assay. Additionally, pORF25 and pORF30 were shown to co-immunoprecipitate
from VZV infected cells. Our results suggest that pORF25 is part of the trimeric terminase complex
for VZV. However, combined with data from previous studies on HSV-1 and Kaposi’s sarcoma
associated herpesvirus (KSVH), we hypothesize that VZV pORF25 and the Herpes UL33
Superfamily homologs are not encapsidation proteins per se but instead work to bring viral proteins
together to form functional complexes.
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Introduction
The VZV ORF25 gene product, pORF25, is one of a group of highly conserved proteins
designated the Herpes UL33 Superfamily [Fig. 1, pfam03581] (Marchler-Bauer et al., 2007).
Alignment of the C-terminal half of the 156 amino acid VZV pORF25 with the 8 human
herpesviruses shows sequence similarities ranging from a high of 80% for pUL33 of Herpes
simplex virus type 2 (HHV-2) to a low of 60% for pORF67.5 of KSVH. Little is known about
the function of these proteins in infected cells.

A recent systematic study by Uetz et al. (2005) suggested that VZV pORF25 interacted with
at least 33 potential viral protein partners in a yeast two-hybrid assay. In the same study, the
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authors showed that KSHV pORF67.5, the pORF25 homolog, had twelve potential interacting
viral protein partners. A subset of the interacting partners for pORF25 and pORF67.5 contained
several orthologs. Hence, VZV pORF25 and KSHV pORF67.5 were designated as “central
nodes” in their respective viral protein interaction networks and suggests that pORF25 and
pORF67.5 perform similar functions in viral replication.

The HSV-1 pUL33 is the most well studied of the UL33 Superfamily. It encodes a 19 kDa
protein in virus infected cells (Reynolds et al., 2000) and forms a complex with the putative
HSV terminase subunits, pUL28 and pUL15 (Beard et al., 2002; Jacobson et al., 2006; Yang
et al., 2007). Deletion of the HSV-1 UL33 gene results in the accumulation of empty capsids
and a lack of infectious virus particles (al-Kobaisi et al., 1991). HSV-1 pUL28, pUL15, and
pUL33 are thought to form a heterotrimeric terminase complex that directs DNA encapsidation
in infected cells. The HSV-1 pUL28 and pUL15 proteins are homologs of Human
cytomegalovirus (HCMV) pUL56 and pUL89 which have been shown to have characteristics
consistent with that of viral terminases (Bogner et al., 1998; Hwang and Bogner, 2002;
Scheffczik et al., 2002; Scholz et al., 2003; Visalli and van Zeijl., 2003). While HSV-1 pUL28
and pUL15 are considered the primary terminase subunits, it has been suggested that HSV-1
pUL33 can optimize the formation of the terminase complex in infected cells (Yang and Baines,
2006). The combination of (i) the association of HSV-1 pUL33 with the putative HSV
terminase subunits and (ii) the absence of DNA containing capsids in UL33 mutant infected
cells, resulted in the classification of HSV-1 pUL33 as an encapsidation protein. However, we
hypothesize that the Herpes UL33 Superfamily homologs, including HSV-1 pUL33 and VZV
pORF25, are not encapsidation proteins per se but instead play a role in bringing viral proteins
together and/or optimizing viral protein complexes. This hypothesis is supported by numerous
studies that include: (i) the role of HSV-1 pUL33 in optimizing the terminase complex in HSV
infected cells (Yang and Baines, 2006), (ii) the interaction of VZV pORF25 and KSHV
pORF67.5 with a large number of viral structural proteins (Uetz et al., 2005), (iii) the
translocation of HSV-2 pUL33 and pUL14 (Yamauchi et al., 2001) or KSHV pORF67.5 and
K10 (Sander et al., 2008) to the nucleus in co-transfected cells (pUL14 and K10 are not
classified as DNA encapsidation proteins), and (iv) the interaction of VZV pORF25 with the
pORF30 and pORF45/42 terminase subunits as well as at least one additional protein, pORF43
(this study). Combined, the data support a model where the Herpes UL33 Superfamily
homologs act to bring viral proteins together to form functional complexes.

This study reports the identification of a 17.5 kDa polypeptide, pORF25, encoded by the VZV
ORF25 gene. GST pull-down assays performed with in vitro translated protein products were
used to identify interactions of pORF25 with itself and three additional putative VZV DNA
encapsidation proteins, pORFs 30, 45/42, and 43. pORF42, exon II of pORF45/42 (Visalli et
al., 2007), was shown to be sufficient for interaction with pORF25. Co-immunoprecipitation
of pORF25 with pORF30 was observed from virus infected cells, and a yeast two-hybrid assay
was used to confirm the pORF25-pORF25 self-interaction. The data suggest that the putative
DNA encapsidation complex for VZV consists of at least three different proteins – analogous
to that reported for HSV. The trimeric complex for HSV is reported to consist of pUL33, pUL15
and pUL28. Our studies suggest that the VZV complex consists of pORF25, pORF45/42 and
pORF30 (Visalli et al., 2007).

Materials and Methods
Cells and virus

Monolayer cultures of human lung fibroblast (IMR-90) or human melanoma (MeWo) cells
were used for propagation of VZV strain Ellen (ATCC VR-1367). IMR-90 cells were grown
in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% fetal calf serum, 2
mM L-glutamine, 1.5 g/L sodium bicarbonate, 100 units/ml of penicillin, 100 mg/ml
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streptomycin sulfate, and 50 μg/ml ciprofloxacin. MeWo cells were grown in Minimal
Essential Medium (MEM) supplemented with 8% fetal calf serum, 2 mM L-glutamine, 0.1
mM non-essential amino acids, 100 units/ml of penicillin, and 100 mg/ml streptomycin sulfate.
Cells infected with VZV were incubated in either DMEM or MEM containing 3% serum.
Infections were performed with VZV-infected cell stocks applied to monolayers of uninfected
cells.

HSV-2 strain 186 was propagated and titered on African green monkey kidney (Vero) cells
with complete DMEM containing 2% serum.

In vitro transcription/translation
In vitro transcription/translation of the pcDNA3.1D/V5-His-TOPO VZV ORF (Invitrogen)
constructs was performed using a T7 coupled reticulocyte lysate system (Promega).
Approximately 2 ug of plasmid was used for each 50 ul reaction as specified by the
manufacturer. The in vitro products, containing the V5 epitope, were detected using an anti-
V5 monoclonal antibody.

Antibodies and immunoblotting
Proteins were detected by SDS-PAGE and immunoblot analysis. In vitro translated products
containing the V5 epitope were detected with an anti-V5 monoclonal antibody (1:5000)
(Serotec). Infected cell proteins were detected using anti-ORF30 guinea pig (1:1000) or an
anti-ORF25 rabbit (1:1000) sera. For proteins expressed in yeast, either anti-HA monoclonal
(1:1000) (Santa Cruz) or anti-GAL4 DNA BD rabbit polyclonal (1:1000) (Santa Cruz)
antibodies were used to detect proteins containing the GAL4 transcriptional activation domain
(AD) or GAL4 DNA binding domain (BD) respectively. Secondary antibodies were either an
anti-mouse (1:3333), anti-guinea pig (1:5000) or anti-rabbit (1:5000) HRP conjugate (Pierce).
Chemiluminescent detection was performed using the SuperSignal West Pico
Chemiluminescent Substrate System (Pierce).

Indirect immunofluorescence microscopy
MeWo cells grown on sterile glass cover slips were transfected with pcDNA3.1D/V5-ORF25
using Lipofectamine 2000 (Invitrogen). Forty-eight hours post-transfection, cells were fixed
in a 50% methanol/50% acetone solution, blocked in the presence of 3% bovine serum albumin
(BSA), washed with phosphate buffered saline (PBS), and incubated with anti-V5 monoclonal
antibody (1:1000) for 1 hr. Subsequently, cover slips were washed with PBS containing 1%
Triton X-100, incubated with fluorescein isothiocyanate-conjugated (FITC) goat anti-mouse
secondary antibody (1;400) (Pierce) for 30 minutes, treated with 4′,6-diamidino-2-
phenylindole (DAPI), and mounted for examination by fluorescence microscopy.

For transfection/infection experiments, MeWo cells were infected with ~0.5 MOI HSV-2 strain
186 24 hr after transfection and harvested10 hr post-infection. Cells were fixed as described
above and were incubated simultaneously with anti-V5 rabbit serum (1:1000) (Sigma) and
HSV-2 ICP8 specific monoclonal antibody (1:1000) (Virusys). Cover slips were washed with
PBS containing 1% Triton X-100, incubated with FITC donkey anti-rabbit (1:400) and
rhodamine red-X-conjugated donkey anti-mouse (1:400) secondary antibodies (Pierce) for 30
minutes, treated with 4′,6-diamidino-2-phenylindole (DAPI), and mounted for examination by
fluorescence microscopy.

GST fusion protein purification
VZV ORF25 sequences were amplified from VZV strain Ellen genomic DNA using gene
specific oligonucleotide primers (IDT Inc.): forward 5′-
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GGATCCCCATGTACGAATCGGAA-3′, reverse 5′-
GGATCCCCCTTGGTTAAGCATCCT-3′. KOD HiFi DNA polymerase (TOYOBO/
Novagen, EMD Biosciences Inc.) was used to generate a blunt-end PCR product that was
subsequently digested with the restriction enzyme BamHI. A DNA fragment containing the
entire coding region of VZV strain Ellen ORF25 (468 bp) was cloned into the pGEX-3X vector
(GE Healthcare). DNA sequencing (SeqWright) confirmed that the GST and ORF25 sequences
were fused in frame.

The resulting plasmid encoded a recombinant GST fusion protein, GST-ORF25, containing
all 156 amino acids of pORF25. E. coli (JM109) transformed with pGEX-3X (GST) or pGEX-
ORF25 were inoculated into 200 ml of 2x-YT media containing 50ug/ml ampicillin. Cultures
were incubated at 30°C for 8 hr and induced with 0.1mM isopropyl-β-d-thiogalactopyranoside
(IPTG) for 16 hr. Cells were harvested by centrifugation at 7000×g for 10 minutes, washed
twice with PBS, resuspended in lysis buffer (1.5% sarkosyl, 50 mg/ml lysozyme in PBS
containing protease inhibitor cocktail) and sonicated briefly. Lysates were cleared by
centrifugation at 10,000×g for 5 minutes at 4°C. Supernatants were adjusted to 2% Triton
X-100, incubated at 4°C for 1 hr and purified on Sepharose 4B glutathione beads (GE
Healthcare). Beads were washed five times for 10 minutes with cold PBS and resuspended in
storage buffer containing 50mM Hepes, pH 7.4, 150mM NaCl, 5mM dithiothreitol (DTT),
10% (v/v) glycerol, and protease inhibitors (Proux-Gillardeaux et al., 2003). Proteins were
fractionated by SDS-PAGE and analyzed for purity and integrity by Coomassie blue staining.

Purified fusion protein was used in GST pull-down assays and to prepare a rabbit polyclonal
antiserum specific for VZV pORF25. Immunization protocols were overseen and reviewed by
the Purdue Animal Care and Use Committee (PACUC). The Laboratory Animal Program
assures that animal housing, environments, and husbandry practices are consistent with federal
policies.

GST pull-down assays
GST or GST-ORF25 fusion protein immobilized on beads was removed from storage buffer
and washed twice with binding buffer containing 50mM Hepes, pH 7.4, 150mM NaCl, 5mM
DTT, 10% (v/v) glycerol, and 1% Triton X-100 (Proux-Gillardeaux et al., 2003). Equal
concentrations of bead immobilized GST or GST-ORF25 were resuspended in 480 ml of
binding buffer to which 20ul of various V5-tagged in vitro transcribed/translated protein was
added. After mixing at room temperature overnight, beads were washed five times for 10
minutes with binding buffer, solubilized in 2X sample buffer, fractionated by SDS-PAGE and
transferred to PVDF membrane. Western blot analysis was performed using an anti-V5
monoclonal antibody to detect potential interaction of the in vitro synthesized gene products
with the GST-ORF25 fusion protein or the GST only control.

Co-immunoprecipitation of viral proteins
Mock or VZV infected MeWo cells were washed with cold phosphate buffered saline (PBS)
and resuspended in radioimmunoprecipitation assay buffer (50mM Tris, pH 7.4, 150mM NaCl,
1% NP-40, 0.25% sodium deoxycholate, 1mM EDTA, and protease inhibitor cocktail). After
incubation on ice for 30 minutes, the lysates were clarified at 14,000 rpm for 15 minutes at 4°
C in a microcentrifuge. The supernatants were precleared by reaction with 25 ul of preimmune
rabbit serum and 60 ul of a 50% slurry of Protein A/G-Sepharose beads (Amersham Pharmacia
Biotech) for 2 hr at 4°C with constant rocking. The beads were pelleted by centrifugation and
the supernatants were incubated with 25 ul of rabbit antiserum directed against pORF25
overnight at 4°C. An second aliquot of protein A/G beads was added and the mixture was
incubated 3 hr at 4°C with constant rocking. The beads were washed five times with excess
radioimmunoprecipitation assay buffer and immune complexes were boiled in loading buffer
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(62.5 mM Tris, pH 6.8, 2% sodium dodecyl sulfate [SDS], 5% β-mercaptoethanol, 12.5%
glycerol). The immunoprecipitated material was separated on 10% SDS-PAGE and proteins
were transferred to PVDF for immunoblot analysis.

Two-hybrid Analysis
The Matchmaker GAL4 two-hybrid system 3 (Clontech Laboratories) was used to verify
protein-protein interactions. Upon binding and activation of GAL4 control sequences located
upstream of the mel1 gene, yeast strain Y187 expresses the Mel1 gene product, alpha-
galactosidase (α-gal). Interacting protein partners were identified with a sensitive colorimetric
assay that measured the amount of α-gal secreted into the culture supernatant. A colorless
compound, p-nitrophenyl-α-D-galactoside (PNP-α-gal) was added to the culture supernatants
to detect α-gal activity. Hydrolysis of PNP-α-gal yielded a yellow product (p-nitrophenol) in
the presence of α-gal.

VZV ORF25 sequences were amplified from VZV strain Ellen genomic DNA using gene
specific oligonucleotide primers (IDT Inc.): forward 5′-
GGATCCCCATGTACGAATCGGAA-3′, reverse 5′-
GGATCCCCCTTGGTTAAGCATCCT-3′. KOD HiFi DNA polymerase (TOYOBO/
Novagen, EMD Biosciences Inc.) was used to generate a blunt-end PCR product that was
subsequently digested with the restriction enzyme BamHI. A DNA fragment containing the
entire coding region of VZV strain Ellen ORF25 (468 bp) was cloned into the target and bait
vectors: pGBKT7 expressed a fusion protein consisting of amino acids 1–147 of the GAL4
DNA binding domain (DNA-BD) plus the entire ORF25 coding region; pGADT7 expressed
a fusion protein consisting of amino acids 768–881 of the GAL4 activation domain (AD) plus
the entire ORF25 coding region. DNA sequencing (SeqWright) confirmed that the ORF25
sequences were fused in frame with the DNA binding or activation domains. Control plasmids
included pGBKT7-53, pGBKT7-lam, and pGADT7-T.

Briefly, overnight cultures of co-transformed Y187 yeast were grown at 30°C in selective
synthetic dropout medium lacking Leu and Trp to maintain the plasmids. Prior to starting the
assay, the OD600 of each sample was recorded. Cells were pelleted and supernatants were
incubated with assay buffer (2 volumes of 0.5M Sodium Acetate, pH 4.5, 1 volume 100mM
PNP-α-gal) overnight at 30°C. Stop solution (1M Na2CO3) was added to each sample and the
OD410 was recorded. To adjust for differences in cell density of the original culture, the
OD410 was divided by the OD600 of each individual culture. Data is represented as the mean
of 3 or 6 separate cultures for the control co-transformations or the double ORF25 co-
transformation respectively. The standard error for each group is represented.

Results
Identification of VZV pORF25

In order to determine if an ORF25 polypeptide (pORF25) was synthesized in VZV infected
cells, the coding region of pORF25 (468 bp) was cloned into a GST fusion protein vector
(pGEX-3X-ORF25). An approximately 43.5 kDa GST-ORF25 fusion protein was identified
in E. coli transformed with pGEX-3X-ORF25. Total bacterial cell extracts were fractionated
by SDS-PAGE and GST-ORF25 was eluted from gel slices (see Fig. 3A). Rabbits were
immunized with the recombinant fusion protein (50–100 ug) to prepare an ORF25 specific
polyclonal antiserum.

Immunoblot analysis was performed on detergent solubilized extracts from uninfected or VZV
Ellen infected cells. Figure 2A shows a 17.5 kDa protein detected in virus infected IMR-90
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cells. No polypeptide was detected migrating in this range for the uninfected control. The
observed molecular mass of the polypeptide was consistent with that predicted for ORF25.

Expression and localization of pORF25 in transfected MeWo cells
The ORF25 antiserum proved ineffective at consistently detecting pORF25 in VZV infected
cells. This is not unlike the results recently reported by Fuchs et al. (2009) for the pORF25
homolog in pseudorabies virus, PrV pUL33. The authors speculated that PrV pUL33 was not
detectable in infected cells using a PrV UL33 monospecific antiserum because PrV UL33 was
in low abundance and/or suffered from poor immunogenicity. Hence, the sub-cellular
localization of VZV pORF25 was examined via indirect immunofluorescence in transfected
MeWo cells. Using an anti-V5 antibody, pORF25 tagged with a V5 epitope (ORF25-V5) was
shown to localize to the cytoplasm of transfected MeWo cells (Fig. 2B). Little to no nuclear
staining was observed in transfected cells. The results were consistent with those previously
reported for the homologs of HSV-1 and -2 (pUL33), PrV (pUL33) and KSHV (pORF67.5).

Both HSV pUL33 and KSHV pORF67.5 localize primarily to the cytoplasm in the absence of
other viral proteins (Yamauchi et al., 2001; Sander et al., 2008; Yamauchi et al., 2008).
However, HSV-2 pUL33 was shown to translocate to the nucleus after co-expression with
HSV-2 pUL14 (Yamauchi et al., 2001) and KSHV pORF67.5 was shown to translocate to the
nucleus after co-expression with KSHV K10 (Sander et al., 2008). Similarly, we investigated
whether VZV pORF25 would translocate to the nucleus in the presence of another viral gene
product. It is inherently difficult to establish a synchronous infection at high MOI with VZV.
Therefore, another alphaherpesvirus, HSV-2, was used to infect VZV ORF25-V5 transfected
MeWo cells. We hypothesized that one or more HSV-2 gene products might substitute for
homologous VZV protein(s) involved in translocating pORF25 to the nucleus. Figure 2C shows
that HSV-2 infected MeWo cells stained positive for HSV-2 ICP8 expression in the nucleus
(as expected). However, HSV-2 infected, VZV ORF25-V5 transfected cells that stained
positive for both ICP8 and pORF25 did not show a clear pattern of pORF25 translocation to
the nucleus (Fig. 2C). This result was not completely unexpected since Fuchs et al. (2009)
recently showed that heterologous complementation could not be observed when infecting a
PrV pUL33 expressing cell line with a UL33-negative HSV-1 mutant. Our results suggest that
VZV pORF25 localization was not altered in the presence of HSV-2 infection. A partner
involved in the translocation of VZV pORF25 has not yet been identified. We speculate that
it could be the VZV homolog of HSV-2 UL14 (VZV ORF46) since pUL14 was previously
shown to translocate HSV pUL33 from the cytoplasm to the nucleus (Yamauchi et al., 2001).

GST pull-down assays detect encapsidation protein interactions with VZV pORF25
GST pull-down assays were performed to determine if interactions could be observed for VZV
pORF25 and the putative encapsidation proteins encoded by ORF25, ORF30, exon II of
ORF45/42, and ORF43.

GST or GST-ORF25 were purified from E. coli extracts and immobilized on glutathione beads.
Beta-galactosidase (a non-viral control protein) or viral proteins, each containing a C-terminal
V5 epitope tag, were incubated with purified GST or GST-ORF25. Western blot analysis was
performed on each pull-down assay to detect potential interactions between the V5 epitope
tagged in vitro synthesized products and GST-ORF25 (Fig. 3B). All of the encapsidation
proteins tested were observed to interact with GST-ORF25 but not with GST alone. β-gal-V5,
did not interact with GST or GST-ORF25. The results show a strong and specific interaction
for pORF25 and the four proteins tested. Additionally, ORF42 (exon II of ORF45/42) was
sufficient to mediate interaction with pORF25 and pORF25 has the potential to form complexes
with itself.
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Yeast two-hybrid analysis confirms the self-interaction of VZV pORF25
The GST pull-down assay results suggested that pORF25 forms complexes with itself. A yeast
two-hybrid assay was used to validate this observation.

The full length 468 bp ORF25 gene was fused to either a Gal 4 DNA binding (BD) or
transcriptional activation (AD) domain in the yeast expression vectors pGBKT7 or pGADT7
respectively. Y187 cells were co-transformed with pGBKT7+pGADT7pORF25 (Fig. 4, lanes
1 and 4), pGADT7+pGBKT7pORF25 (Fig. 4, lanes 2 and 5) or pGADT7pORF25
+pGBKT7pORF25 (Fig. 4, lanes 3 and 6) and grown at 30°C for 24 hours. Total protein extracts
were prepared for SDS-PAGE and immunoblot analysis with either activation domain specific
(lanes 1–3) or binding domain specific (lanes 4–6) antibodies. Expression of the ~20 kDa
binding or activation domains alone was observed in lanes 2 and 4 respectively. Proteins of
~38 kDa representing pORF25 fusions were observed in lanes 1, 3, 5, and 6 as expected. Lanes
3 and 6 represent co-expression of both ORF25 fusion proteins in the same cells.

Control vectors and pORF25 containing plasmids were paired and used to co-transform Y187
cells. After 24 hours of growth at 30°C, culture supernatants were tested for the secretion of
α-gal. Figure 4B shows that co-transformants containing pGBKT7pORF25 and
pGADT7pORF25 had measurable α-gal activity. Minimal activity was detected in cells
containing any other combination of plasmids. Activation of the gene encoding α-gal in the
presence of BD-pORF25 and AD-pORF25 suggest that pORF25 can form intermolecular
complexes with itself.

Co-immunoprecipitation of pORF25 and pORF30 from VZV infected cells
Virus infected or mock infected MeWo cell extracts were immunoprecipitated using either a
pORF25 specific antiserum or a V5 epitope specific antibody. Potential co-precipitates were
washed extensively, fractionated by SDS PAGE, and analyzed by immunoblotting with a
pORF30 specific antiserum (Visalli et al., 2007). An 87 kDa protein co-immunoprecipitated
with pORF25 from infected but not mock infected cell extracts (Fig. 5). The V5 epitope specific
antibody did not precipitate the 87 kDa protein. The 87 kDa protein is consistent with the size
previously reported for the putative terminase subunit pORF30, encoded by the VZV ORF30
gene (Visalli et al., 2007). This is the first evidence indicating that at least two VZV DNA
encapsidation proteins form a complex in VZV infected cells and is consistent with the
observation that the analogous HSV homologues co-precipitate from infected cell extracts
(Yang and Baines, 2006).

Discussion
The Herpesviridae encode a family of protein homologs whose function is to cleave replicated
viral DNA into genome-length units and insert the DNA into preformed capsids. This process
of DNA encapsidation is best understood in HSV and HCMV where the genes encoding the
encapsidation proteins were first characterized. The identification of encapsidation-specific
antiviral inhibitors for HSV, HCMV, and VZV suggests that encapsidation is a valid antiviral
target for herpesviruses (Underwood et al., 1998; van Zeijl et al., 2000; Buerger et al., 2001;
Reefschlaeger et al., 2001; Bogner, 2002; Visalli et al., 2003; Di Grandi et al., 2004; Visalli,
2004, Biron, 2006). Hence, understanding the function and interplay between various
encapsidation proteins may lead to strategies to prevent viral replication.

Previous reports have identified the HCMV terminase subunits pUL56 and pUL89
(Underwood et al., 1998; Buerger et al., 2001; Reefschlaeger et al., 2001; Bogner, 2002), as
well as the capsid portal proteins VZV pORF54 (Visalli et al., 2003) and HSV pUL6 (van Zeijl
et al., 2000), as viable antiviral targets. We hypothesize that other less studied encapsidation
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proteins are also putative targets. One such protein is the 156 amino acid polypeptide pORF25,
encoded by the VZV ORF25 gene. The pORF25 homolog in HSV-1, pUL33, was shown to
be essential for HSV replication (al-Kobaisi et al., 1991). Studies with HSV-1 have defined
several interacting proteins that form a trimeric terminase complex. The HSV-1 subunits,
pUL28, pUL15, and pUL33 (the VZV pORF30, pORF45/42, and pORF25 homologs
respectively) were shown to interact via co-immunoprecipitation from infected cell extracts
(Yang and Baines, 2006). The results showed a direct interaction between pUL28 and pUL15,
pUL28 and pUL33, but an indirect interaction between pUL33 and pUL15. Yang and Baines
(2006) suggested that in infected cells, the role of pUL33 is to optimize the pUL15/pUL28
interaction.

In this study, the 17.5 kDa pORF25 protein was identified in VZV infected cells. Using GST
pull-down assays, pORF25 was shown to interact in vitro with the VZV DNA encapsidation
proteins encoded by ORFs 25, 30, 45/42, and 43. Previously, pORF30 and pORF45/42 were
shown to interact in vitro (Visalli et al., 2007). In the current study, two of the putative VZV
terminase subunits, pORF30 and pORF25, were co-immunoprecipitated from infected cell
extracts. Combined, the data suggests that VZV has a trimeric terminase complex consisting
of pORF25, pORF30, and pORF45/42. Future studies will focus more precisely on defining
the function of proteins involved in the VZV DNA encapsidation process.

The homologs of VZV pORF30 and pORF45/42 have functions and/or sequence characteristics
associated with putative terminase proteins. However, there is no strong evidence that pORF25
or its homologs have a specific role in the actual enzymatic or mechanical processes of DNA
encapsidation. In fact, Uetz et al. (2005) defined 29 additional potential interacting partners
for VZV pORF25 and at least 9 interacting partners for the KSHV homolog, pORF66.5. Hence,
VZV pORF25 may not be an encapsidation protein per se. Instead, pORF25 may play a more
generic (yet still essential) role at multiple steps of the viral life cycle, including but not limited
to optimizing the interaction of the terminase subunits. Sequence analysis shows that VZV
pORF25 belongs to a family of proteins designated the Herpes UL33 Superfamily [Fig. 1,
pfam03581] (Marchler-Bauer et al., 2007). We propose that the UL33 homologs act as protein
“magnets” that aid in the formation of protein complexes during viral replication. Further
investigation of the Herpes UL33 Superfamily, including VZV pORF25, may yield new targets
for antiviral drug development.
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Figure 1.
The Herpes UL33 Superfamily. HHV-1 (Human herpesvirus 1 or Herpes simplex virus type
1), HHV-2 (Human herpesvirus 2 or Herpes simplex virus type 2), HHV-3 (Human herpesvirus
3 or Varicella-zoster virus), HHV-4 (Human herpesvirus 4 or Epstein-Barr virus), HHV-5
(Human herpesvirus 5 or Human cytomegalovirus), HHV-6 (Human herpesvirus 6), HHV-7
(Human herpesvirus 7), and HHV-8 (Human herpesvirus 8 or Kaposi’s sarcoma associated
virus). ClustalW2 alignment showing identical (*), conserved (:), or semi-conserved (.) amino
acids within pfam 03581 for the eight human herpesviruses.
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Figure 2.
Expression of VZV ORF25. (A) Immunoblot analysis was performed with the ORF25 rabbit
polyclonal antiserum on mock infected or VZV infected IMR90 cell extracts. (B) Indirect
immunofluorescence analysis of pORF25 expressed in transiently transfected cells. Cells were
transfected with pcDNA3.1D/V5-ORF25 and 48 hr post-transfection fixed, stained with DAPI
and incubated with an anti-V5 primary antibody followed by a FITC conjugated secondary
antibody. (C) Indirect immunofluorescence analysis of pORF25 expressed in HSV-2 infected
cells. Cells were transfected with pcDNA3.1D/V5-ORF25 and infected with HSV-2 24 hr post-
transfection. Transfected, infected cells were fixed at 10 hr post-infection, stained with DAPI,
and incubated with an anti-V5 rabbit and anti-HSV-2 ICP8 mouse antibodies followed by FITC
anti-rabbit and rhodamine red-X conjugated anti-mouse secondary antibodies. pORF25
expressing cells appear green, HSV-2 infected cell nuclei appear red and DAPI stained nuclei
appear blue.
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Figure 3.
GST pull-down assays were performed to detect potential protein-protein interactions. (A) GST
or GST-ORF25 were purified on glutathione beads. Proteins were analyzed on Coomassie blue
stained SDS-polyacrylamide gels to assess purity prior to performing pull-down assays. (B)
pcDNA3.1D/V5–lacZ (β-gal), -ORF43, -ORF42, -ORF30, or -ORF25 were used in in vitro
transcription/translation reactions to synthesize the respective protein products containing a C-
terminal V5 epitope. Equal concentrations of GST or GST-ORF25 immobilized on beads were
resuspended in binding buffer containing various pORF-V5s or β-gal-V5. Beads were washed,
fractionated by SDS-PAGE and subjected to immunoblot analysis using an anti-V5 monoclonal
antibody.
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Figure 4.
Two-hybrid analysis of pORF25 self-interaction. Target and bait vectors containing a DNA
binding domain (BD) or transcriptional activation domain (AD) fused to the full length ORF25
gene were co-transformed into yeast. (A) Immunoblot analysis of yeast transformed with:
pGBKT7 +pGADT7pORF25 (lanes 1 and 4), pGADT7+pGBKT7pORF25 (lanes 2 and 5) or
pGADT7pORF25+pGBKT7pORF25 (lanes 3 and 6). Lanes 1–3 and lanes 4–6 were incubated
with antibodies to the GAL4 activation (anti-HA) or binding (anti-GAL4 DNA BD) domains
respectively. (B) Relative α-gal activity detected in the supernatants of yeast co-transformed
with: 1-pGADT7 + pGBKT7pORF25, 2-pGBKT7 + pGADT7pORF25, 3-pGADT7pORF25
+ pGBKT7pORF25, 4-pGBKT7-lam + pGADT7-T, or 5-pGADT7 + pGBKT7. A positive
control using two known interacting partners, pGBKT7-53 and pGADT7-T, consistently
yielded activity greater than 35,000 fold over baseline (data not shown).
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Figure 5.
Co-immunoprecipitation of pORF25 and pORF30. Uninfected or VZV infected MeWo cell
extracts were immunoprecipitated using an ORF25 specific antiserum or a V5 epitope specific
antibody. Precipitated proteins were fractionated by SDS-PAGE and analyzed by western blot
with an ORF30 specific antiserum. The arrow indicates the position of the 87 kDa pORF30.
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