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Abstract

The putative DNA encapsidation genes encoded by open reading frames (ORFs) 25, 26, 30, 34, 43,
45/42 and 54 were cloned from Varicella-zoster virus (VZV) strain Ellen. Sequencing revealed that
the Ellen ORFs were highly conserved at the amino acid level when compared to those of nineteen
previously published VZV isolates. Additionally, RT-PCR provided the first evidence that ORF45/42
was expressed as a spliced transcript in VZV-infected cells. All seven ORFs were expressed in
vitro and full length products were identified using a C-terminal V5 epitope tag. The in vitro products
of the putative VZV terminase subunits encoded by ORFs 30 and 45/42 proved useful in protein-
protein interaction assays. Previous studies have reported the formation of a heterodimeric terminase
complex involved in DNA encapsidation for both herpes simplex virus-type 1 (HSV-1) and human
cytomegalovirus (HCMV). Here we report that the C-terminal portion of exon 1l of ORF45/42
(ORF42-C269) interacted in GST-pull down experiments with in vitro synthesized ORF30 and
ORF45/42. The interactions were maintained in the presence of anionic detergents and in buffers of
increasing ionic strength. Cells transiently transfected with epitope tagged ORF45/42 or ORF30
showed primarily cytoplasmic staining. In contrast, an antiserum directed to the N-terminal portion
of ORF45 showed nearly exclusive nuclear localization of the ORF45/42 gene product in infected
cells. An ORF30 specific antiserum detected an 87 kDa protein in both the cytoplasmic and nuclear
fractions of VZV infected cells. The results were consistent with the localization and function of
herpesviral terminase subunits. This is the first study aimed at the identification and characterization
of the VZV DNA encapsidation gene products.
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Introduction

The ongoing clinical need to prevent or treat infections caused by members of the family
Herpesviridae merits continued investigation of novel antiviral agents (Biron, 2006; Bogner,
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2002; Casper, 2006; Casper and Wald, 2007; De Clercq, 2001; Griffiths, 2006; Luck et al.,
2006; Schang, 2006; Visalli, 2004; Visalli and van Zeijl, 2003). Proteins that play a role in the
DNA encapsidation process have become promising novel targets (van Zeijl etal., 2000; Visalli
etal., 2003; Visalli and van Zeijl, 2003). Studies on herpes simplex virus-type 1 (HSV-1) have
contributed greatly to our understanding of the proteins involved in encapsidation. A total of
seven genes have been shown to be essential in the HSV-1 DNA encapsidation process: UL's
6, 15, 17, 25, 28, 32 and 33 (Beard et al., 2002; Chang et al., 1996; Goshima et al., 2000;
Koslowski et al., 1999; Lamberti and Weller, 1996; Lamberti and Weller, 1998; McNab et al.,
1998; Newcomb et al., 2001a; Ogasawara et al., 2001; Patel and MacLean, 1995; Patel et al.,
1996; Reynolds et al., 2000; Salmon and Baines, 1998; Sheaffer et al., 2001; Taus and Baines,
1998; Yu and Weller, 1998b). These genes are conserved throughout the herpesvirus family
(Alba et al., 2001) and when any of the seven were deleted from the HSV-1 genome, empty
capsids accumulated in the nucleus. There is mounting evidence that at least two of the seven
encapsidation proteins form an essential terminase complex that likely functions as both an
endonuclease and a DNA translocase during DNA cleavage and packaging (Bogner, 2002;
Hwang and Bogner, 2002; Scheffczik etal., 2002; Scholz et al., 2003). During viral replication,
progeny DNA genomes are synthesized in the nucleus as long, branched head-to-tail
concatemers (Severini et al., 1996; Zhang et al., 1994). The capsid proteins are synthesized in
the cytoplasm, transported to the nucleus, and assembled into procapsids (Brown, 2002). The
tight packing of one unit length of herpesviral genomic DNA into preformed procapsids is
likely mediated by multi-protein complexes that include the viral terminase subunits.

The human cytomegalovirus (HCMV) terminase subunits pUL56 and pUL89, encoded by the
UL56 and UL89 genes, have been extensively studied. Both gene products formed toroidal
structures, possessed DNA binding and nuclease activities, and specifically recognized
genomic packaging (pac) sequences (Bogner et al., 1998; Scheffczik et al., 2002). The subunit
pUL56 was shown to have ATPase activity that was enhanced by the addition of the pUL89
subunit (Hwang and Bogner, 2002; Scholz et al., 2003). These subunits interacted in vitro
(Hwang and Bogner, 2002; Thoma et al., 2006) and could be co-immunoprecipitated from
HCMYV infected cell extracts (Hwang and Bogner, 2002). Additionally, pUL56 formed a
complex with the HCMV portal protein, pUL104 (Dittmer et al., 2005). This latter interaction
was abolished in the presence of the benzimidazole-D-ribonucleoside inhibitors BDCRB and
CL4RB (Dittmer etal., 2005). It was postulated that disruption of the pUL56 / pUL 104 complex
was responsible for the anti-HCMV activity exhibited by these compounds. Little work has
been done on the remaining HCMYV encapsidation gene products.

Based on evidence for their homologous counterparts in HCMV, the UL15 and UL28 genes
encode the putative HSV-1 terminase subunits. The HSV-1 UL15 and UL28 gene products
were shown to interact with each other (Abbotts et al., 2000; Koslowski et al., 1999) (Jacobson
etal., 2006). The UL15/ UL28 complex is presumed to direct the cleavage and packaging of
genomic DNA, but neither subunit has been formally shown to exhibit ATPase activity.
Detailed studies have shown that the UL6 gene encodes a portal protein found at one vertex
of each preassembled capsid and that the portal is intimately involved in “guiding” viral DNA
into the pre-capsid (Newcomb et al., 2001b). The HSV-1 portal protein was shown to interact
with both the UL15 and UL28 proteins (White et al., 2003) and a series of thiourea compounds
were shown to prevent both the UL6 and UL 15 proteins from associating with capsids
(Newcomb and Brown, 2002). Additionally, replicating DNA, localized to nuclear replication
compartments, is probably associated with a complex containing the UL28, UL15 and UL33
gene products (Beard et al., 2002; Wills et al., 2006; Yang and Baines, 2006). The evidence
thus far suggests that multiple proteins act in concert during various steps of the encapsidation
process.
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Very little is known about the encapsidation process in Varicella-zoster virus (VZV). The
interactions previously described between the heterodimeric terminase subunits for both
HSV-1 and HCMV provided a basis for our studies seeking to define protein-protein
interactions important in the VZV DNA encapsidation process. This report is the first to
describe the cloning, sequencing, and in vitro expression of the seven ORFs encoding the
putative VZV encapsidation proteins. Consistent with studies reported previously for both
HSV-1and HCMV, the VZV terminase subunit homologs, encoded by ORF30 and ORF45/42,
were shown to interact and form stable complexes in vitro and both were shown to localize in
the nucleus of infected cells.

Materials and Methods

Cells and virus

RT-PCR

Monolayer cultures of human foreskin fibroblast (HFF), human lung fibroblast (IMR-90),
African green monkey kidney (Vero), or human melanoma (MeWo) cells were used for
propagation of VZV strain Ellen (ATCC VR-1367). Vero, IMR-90, and HFF cells were grown
in Dulbecco's Modified Eagles Medium (DME) supplemented with 10% fetal calf serum, 2
mM L-glutamine, 1.5 g/L sodium bicarbonate, 100 units/ml of penicillin, 100 mg/ml
streptomycin sulfate, and 50 pg/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 DME or MEM containing 3% serum.
Infections were performed with VZV-infected cell stocks applied to monolayers of uninfected
cells.

IMR-90 cells were infected with VZV strain Ellen and total infected cell RNA was prepared
at 48 hours post-infection using the RNAqueous-4PCR kit (Ambion, Inc., Austin, TX). RT-
PCR was performed on RNA samples using the SuperScript One-Step RT-PCR kit with
Platinum Tag (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations
with the following primer pair: (ORF45 5-CAAGTCTCGCCTGGAACAGT-3', ORF42 5'-
CAAGCTGTGACATCGCTATG-3'). The primer pairs were expected to yield a product of
386 nucleotides if ORF45 (Exon 1) and ORF42 (Exon 1) were contained within a spliced
transcript. A synthetically fused ORF45/42 gene lacking an intron was used as a control
template with the same primer set.

Cloning of Varicella-zoster virus strain Ellen open reading frames

Six of the seven VZV encapsidation ORFs (25, 26, 30, 34, 43, and 54) were amplified from
VZV strain Ellen genomic DNA using gene specific oligonucleotide primers (IDT, Inc.,
Coralville, IA): ORF25: Forward 5-CACCATGTACGAATCGGAAAATG-3', Reverse 5'-
AGCATCCTTCAATATTTCATG-3'; ORF26: Forward 5'-
CACCATGGATCGGGTAGAATCAGA-3', Reverse 5'-
GACATACTTCGATAGGGTGTG-3’; ORF30: Forward 5'-
CACCATGGAATTGGATATTAATCG-3', Reverse 5'-
TGAAAACGCCGGGTCCGTTG-3'; ORF34: Forward 5'-
CACCATGACGGCGAGATATGGGTT-3', Reverse 5'-
CGGTGTGGAGGCAAACTGAGG-3'; ORF43: Forward 5'-
CACCATGGAAGCCCATTTGGCAAAT-3', Reverse 5'-
TTTATGGGGGTTGGGAATAGAGAA-3’; ORF54: Forward 5'-
CACCATGGCCGAAATAACGTCTC-3', Reverse 5'-AGATCTTCGATCACGTCGC-3'.
KOD HiFi DNA polymerase (TOYOBO/Novagen, EMD Biosciences Inc., Madison, WI) was
used to generate blunt-end PCR products that were directionally cloned into pcDNA3.1D/V5-
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His-TOPO (Invitrogen). DNA sequencing (SeqWright, Houston, TX) confirmed that the V5
and His epitope tags were fused in frame after the last amino acid of each wild type, full length
VZV ORF.

ORF 45/42 was cloned in several steps. Initially ORF45 (exon I) and ORF42 (exon II) were
amplified from VZV strain Ellen genomic DNA using primers: ORF45: Forward 5'-
CAAGAGATGAGGCGGATTCCGTGAATTG-3’; Reverse 5'-
GCTGTAAGACCCGTCGGTTAACGAAAACGT; ORF42: Forward 5'-
CGAGGTCAAGATGTTAACCTTCTGTTTGTGGA; Reverse 3'-
AACCAGACTAGTTACATTTCACGCGTCTTG. Hpa I restriction enzyme sites
(underlined) were incorporated into the ORF45 reverse and ORF42 forward primers by making
silent mutations within the coding sequence. The ORF45 forward and ORF42 reverse primers
were used to generate a single PCR product from a mixture of the individual ORF45 and ORF42
PCR products, which was subsequently cloned into pCR-Blunt-11-TOPO (Invitrogen). The
resulting plasmid contained two Hpa | sites near the predicted splice junction of ORF45/42.
Digestion with Hpa | removed unwanted sequences at the splice junction and two synthetic
oligonucleotides (5'-
AAAATCTTGACCTCGGATACCGTTTGTGTTGTGACTTGACGCGAACACCGCTGT
GCTGTAAGACCCGTCGGTA-3" and 5'-
TACCGACGGGTCTTACAGCACAGCGGTGTTCGCGTCAAGTCACAACACAAACGG
TATCCGAGGTCAAGATTTT-3') were annealed, kinased and ligated into the Hpa I site.
These sequences duplicated the splice junction predicted for wild type, full length ORF45/42.
Full length, intron-less ORF45/42 was directionally cloned into pcDNA3.1D/V5-His-TOPO
as described above using the primer pair: ORF45/42; Forward 5'-
CACCATGTCATTGATAATGTTTGGTCG-3'; Reverse 5'-
TTTAATAGGCATAAACACGGAATC-3'. DNA sequencing confirmed that the V5 epitope
tag was fused in frame after the last amino acid of ORF42 and that no amino acid changes were
introduced during regeneration of the predicted splice junction of ORF45/42.

Preparation of ORF30 and ORF45 specific antisera

Anti-ORF45/42 rabbit serum: Rabbits were immunized (New England Peptide, Inc., Gardner,
MA) with a peptide corresponding to amino acids 19-33 (ERLKRRRDERFGTLE) from the
N-terminus of the predicted amino acid sequence of ORF45. ELISA titers against the purified
peptide were <50 and 912,900 for the pre-bleed and final bleed sera, respectively. Anti-
ORF45/42 specific antibody was affinity purified via N-terminal peptide coupled column
chromatography using the SulfoLink Kit (Pierce Biotechnology, Rockford, IL).

Anti-ORF30 guinea pig serum: Guinea pigs were immunized (Cocalico Biologicals, Inc.,
Reamstown, PA) with a recombinant GST fusion protein containing amino acids 307-577 of
VZV ORF30.

Indirect immunofluorescence microscopy

Cells grown on sterile glass cover slips were either mock transfected or transfected with
pcDNA3.1D/V5-ORF30, pcDNA3.1D/V5-ORF45/42, or pcDNA3.1D/V5-lacZ 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 (Serotec, Inc., Raleigh, NC) for 1 hour. Subsequently, cover slips were washed with
PBS containing 1% Triton X-100, incubated with fluorescein isothiocyanate-conjugated goat
anti-mouse secondary antibody for 30 minutes, treated with 4’, 6-diamidino-2-phenylindole
(DAPI), and mounted for examination by fluorescence microscopy.
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Alternatively, glass cover slips were incubated for 24-48 hours with a mixture of uninfected
and VZV strain Ellen infected cells. Cover slips prepared as described above were incubated
with either an affinity purified anti-ORF45/42 rabbit serum, anti-ORF30 guinea pig serum, or
a monoclonal antibody specific for the VZV major capsid protein (Virusys Corp., Sykesville,
MD) followed by incubation with fluorescein isothiocyanate-conjugated goat anti-rabbit, anti-
guinea pig, or anti-mouse secondary antibodies, respectively.

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, Madison,
WI). Approximately 2 pg of the 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.

Immunoblotting

Proteins were detected by SDS-PAGE and immunoblot analysis. Transfected or in vitro
translated products containing the V5 epitope were detected with an anti-VV5 monoclonal
antibody (1:5000) (Serotec, Inc.) followed by an anti-mouse HRP conjugated secondary
antibody (1:3333). Infected cell proteins were detected using an anti-ORF30 guinea pig serum
(1:1000) or a VZV anti-glycoprotein | (Chemicon, Temecula, CA) monoclonal antibody
(1:5000) followed by anti-guinea pig (1:5000) or anti-mouse (1:3333) HRP conjugated
secondary antibodies respectively. GST fusion proteins were detected with an anti-GST
monoclonal antibody (1:5000) (EMD Biosciences Inc.) followed by an anti-mouse alkaline
phosphatase conjugated secondary antibody (1:1000). Chemiluminescent detection was
performed using the SuperSignal West Pico Chemiluminescent Substrate System (Pierce).

GST fusion protein purification

A DNA fragment containing the 3’ region of VZV ORF45/42 (bp1438-2241) was cloned into
pGEX-3X (GE Healthcare, Piscataway, NJ). The resulting plasmid encoded a recombinant
GST fusion protein, GST-ORF42-C269, containing the C-terminal 269 amino acids of
ORF45/42, and represented 68% (269 out of 395 residues) of the full length ORF42-encoded
exon Il.

E. coli (JM109) transformed with pGEX-3X (GST) or pGEX-ORF42 (exon Il) were inoculated
into 200 ml of 2x-YT media containing 50 ug/mL ampicillin. Cultures were incubated at 30°
C for eight hours and induced with 0.1 mM isopropyl-p-o-galactoside (IPTG) for 16 hours.
Cells were harvested by centrifugation at 7,000 xg for 10 minutes, washed twice with PBS, re-
suspended 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 xg
for 5 minutes at 4°C. Supernatants were adjusted to 2% Triton-X 100, incubated at 4°C for one
hour and purified on Sepharose 4B glutathione beads (GE Healthcare). Beads were washed
five times for 10 minutes each with cold PBS and re-suspended in storage buffer (50 mM
Hepes, pH 7.4, 150 mM NacCl, 5 mM dithiothreitol (DTT), 10% (v/v) glycerol) containing
protease inhibitors. Proteins were fractionated by SDS-PAGE and analyzed for purity and
integrity by Coomassie blue staining.

Additionally, a DNA fragment containing nucleotides 921-1731 of VZV ORF30 was cloned
into pGEX-3X. The resulting plasmid expressed a GST fusion protein containing amino acids
307-577 of ORF30 which was purified from E. coli as described above and used as the antigen
for the production of an ORF30 specific guinea pig antiserum.
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GST-pull down assays

GST or GST-ORF42-C269 fusion protein immobilized on beads were removed from storage
buffer and washed twice with binding (Proux-Gillardeaux et al., 2003) buffer (50 mM Hepes
pH 7.4, 150 mM NaCl, 5 mM DTT, 10% v/v glycerol, 1% Triton X-100). Equal amounts of
bead-immobilized GST or GST-ORF42 were re-suspended in 480 mL of binding buffer to
which 20 uL of various VV5-tagged in vitro transcribed / translated protein was added. After
mixing at room temperature overnight, beads were washed five times for 10 min with binding
buffer, solubilized in 2X sample buffer, fractionated on SDS-polyacrylamide gels and
transferred to nitrocellulose 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-ORF42-C269 fusion protein or the GST only control.

Subcellular fractionation

Results

Mock or VZV strain Ellen infected MeWo cells were separated into their cytosolic and nuclear
fractions using the Qproteome Cell Compartment kit (Qiagen Inc., Valencia, CA). The proteins
within each fraction were precipitated with ice-cold acetone, dissolved in sample buffer, and
resolved by SDS-PAGE. Gels were either stained with Coomassie blue or used in immunoblot
analysis.

Cloning of the VZV strain Ellen open reading frames encoding the putative DNA cleavage
and packaging gene homologs

Based on sequence homology, seven VZV genes, ORFs 25, 26, 30, 34, 43, 45/42, and 54, were
identified as homologs of the HSV-1 DNA encapsidation genes. The entire coding region for
six of the seven ORFs was amplified from VZV strain Ellen genomic DNA. ORFs 45 and 42
were the most likely candidates to encode exon | and exon Il, respectively, of a spliced gene
product conserved in both HSV-1 (UL15) and HCMV (UL89). ORFs 45 and 42 were amplified
separately and fused to yield a continuous open reading frame lacking the putative intron
sequences derived from ORFs 43 and 44.

Characteristics for all seven of the VZV Ellen encapsidation gene homologs are presented in
Table I. The predicted amino acid sequences of the Ellen ORFs were compared to those of
nineteen other previously published VZV isolates. Not unexpectedly, few amino acid
substitutions were observed. There were no differences in ORF25 and ORF30 for any of the
isolates. The small number of differences observed for ORF34, ORF54 and ORF45/42 were
all conservative in nature. Only three non-conservative substitutions were observed: 853
Arg>Cys of ORF26 in a set of three related isolates (32p72, 33p22, 32p5), 177 Arg>Cys of
ORF43 forthe MSP isolate, and 466 Pro>Leu of ORF43 for all nineteen isolates. The biological
significance of these changes, if any, is not known. Overall, a high degree of conservation
existed at both the nucleotide and amino acid levels for the 20 isolates that were compared.

RT-PCR analysis of total RNA isolated from VZV-infected cells reveals a spliced ORF45/42
gene product

The UL15 gene of herpes simplex viruses consists of two coding exons separated by an intron
of 3587 bp (Baines and Roizman, 1992; Dolan et al., 1991). The intron contains two genes,
UL16 and UL17, transcribed in the opposite orientation of UL15. Based on sequence
homology, ORF45 and ORF42 would be the most likely candidates to encode an equivalent
spliced gene product in VZV-infected cells (Fig. 1A) (Davison and Scott, 1986). RT-PCR
analysis was performed on RNA isolated from VZV strain Ellen infected IMR-90 cells (Fig.
1A). Primers specific for the 3’ end of exon | (ORF45) and the 5’ end of exon Il (ORF42)
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resulted in the synthesis of a 386 bp product that was cloned, sequenced and confirmed to be
the spliced product of the two predicted exons. An identical fragment was observed when using
the same two primers with a synthetically spliced ORF45/42 template. No similar products
were observed in RNA prepared from uninfected cells. Sequencing of the 386 bp product
confirmed the splice junction and that exon | (ORF45) and exon Il (ORF42) encoded 1056 and
1185 nucleotides respectively. The results suggested that ORF45/42 is expressed as a spliced
product consistent with the previously published results for the UL15 gene.

In vitro expression of epitope tagged VZV encapsidation gene products

Each of the open reading frames was cloned into pcDNA3.1D/V5-His-TOPO and protein
products were expressed via coupled in vitro transcription and translation. The resulting
products were analyzed by SDS-PAGE followed by immunoblotting with an antibody that
recognized a C-terminal V5 epitope fused in frame with the VZV ORF (Fig. 2). The molecular
mass of the major polypeptide observed in each sample was consistent with that predicted for
each respective ORF (Table 1). (The V5 epitope tag added approximately 5.1 kDa to each full
length VZV protein.)

Expression of the putative ORF45/42 terminase subunit in transfected and VZV-infected cells

The sub-cellular localization of ORF45/42-V5 was examined via indirect immunofluorescence
microscopy. Using an anti-V5 antibody, ORF45/42-V5 was shown to localize primarily to the
cytoplasm of transfected MeWo cells (Fig. 3A). Weak nuclear staining was observed in some
transfected cells but none showed strong or exclusive nuclear staining. In comparison, the
HSV-1 homolog of ORF45/42, UL15, was reported to localize to the nucleus of transfected
cells (Koslowski et al., 1999;Yu and Weller, 1998a). Differences in localization might be
explained by the presence of a strong nuclear localization signal in the UL15 polypeptide
(PKKRAKY at amino acids 183-189) but only a partially homologous sequence predicted for
ORF45/42 (KRAKY at amino acids 194-198).

The cellular localization of the ORF45/42 gene product in the context of VZV infection was
examined. Coverslips containing uninfected cells (Fig. 4A) or a mixture of uninfected and
VzZV-infected MRC5 (Fig. 4B), HFF (Fig. 4C and D), or MeWo (Fig. 4E-H) cells were fixed
with ice-cold acetone at 48 hours post-infection and incubated with an affinity purified anti-
ORF45/42 peptide rabbit serum (Fig. 4A-F) or amonoclonal antibody to the VZV major capsid
protein (Fig. 4G and H). ORF45/42 showed distinct nuclear staining in all three cell lines (Fig.
4B, D, and F) similar to that observed for the major capsid protein (Fig. 4H). Uninfected cells
(Fig. 4A) and cells incubated with pre-immune serum (data not shown) were negative for
fluorescence. In contrast to the primarily cytoplasmic localization of ORF45/42-V5 in
transfected cells, the ORF45/42 gene product was expressed almost exclusively in the nucleus
of VZV-infected cells. The results suggest that one or more viral gene products might be
involved in the translocation of ORF45/42 into the nucleus of infected cells.

The peptide antiserum reacted only weakly in immunoblot analysis of in vitro synthesized
ORF45/42-V5 (data not shown). Probing of VZV-infected cell extracts failed to consistently
detect polypeptides that could be assigned as ORF45/42 specific.

Expression of the putative ORF30 terminase subunit in transfected or VZV-infected cells

The sub-cellular localization of ORF30-V5 was examined via indirect immunofluorescence.
Using an anti-V5 antibody, ORF30-V5 was shown to localize primarily to the cytoplasm of
transfected MeWo cells (Fig. 3B). Little to no nuclear staining was observed in transfected
cells. The results were consistent with the previously reported observation that the HSV-1
homolog of ORF30, UL28, localized to the cytoplasm of transfected cells (Koslowski et al.,
1999;Koslowski et al., 1997).
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The cellular localization of the ORF30 gene product in the context of VZV infection was
examined. In contrast to the ORF45/42 gene product, an anti-ORF30 guinea pig serum showed
varied localization of ORF30 including cytoplasmic and perinuclear staining (data not shown).
Immunoblot analysis using the anti-ORF30 serum readily detected an 87 kDa polypeptide in
VZV-infected cells but not in uninfected cell extracts (Fig. 5). This size was consistent with
that predicted for the full length ORF30 protein (Table 1). Based on sequence homology to
other herpesviral terminase subunits (Visalli and van Zeijl, 2003), ORF30 likely encodes one
of the two putative VZV terminase subunits. Since DNA encapsidation occurs in the nucleus
of herpsevirus infected cells, it was hypothesized that some ORF30 would be observed in the
nucleus of VZV infected cells. Therefore, mock or VZV strain Ellen infected MeWo cells were
separated into their cytosolic and nuclear fractions. Proteins in each fraction were analyzed by
SDS-PAGE and Coomassie blue staining. The presence of the 155 kDa VZV major capsid
protein was used to monitor the fractionation procedure since the major capsid protein is a
primary component of virions and known to localize to the nucleus of infected cells
(Kinchington et al., 1992; also see Fig. 4H this study). The 155 kDa protein was readily visible
in both the nuclear fraction of infected cells and total infected cell extracts but not in the
cytoplasmic fraction or mock infected cells extracts (Fig. 6A). When the same samples were
used in immunoblot analysis with anti-ORF30 serum, the 87 kDa ORF30 gene product co-
fractionated with the major capsid protein (Fig. 6B) found in the nuclear fraction of cell extracts.
Some ORF30 was also detected in the cytosolic fraction and this is consistent with reports that
encapsidation proteins, including the terminase subunits of HSV-1, can be detected in the
cytoplasm of infected cells (YYang et al., 2007). Further studies will be necessary to define the
role of ORF30 in VZV encapsdiation, however, the presence of ORF30 in the nucleus of
infected cells is consistent with that of a terminase subunit.

Interaction of the VZV terminase subunits

Studies with HSV-1 and HCMV defined several interactions between the terminase subunits
of the respective viruses. The human cytomegalovirus subunits, pUL56 and pUL89, were
shown to interact by both co-immunoprecipitation (Hwang and Bogner, 2002) from infected
cell extracts and in vitro GST pull down assays. Results from pull down assays using GST-
UL89 fusion proteins and in vitro synthesized pUL56 suggested that C-terminal residues of
pULB89 were necessary for the interaction of the terminase subunits (Thoma et al., 2006). A
fusion protein consisting of the carboxyl-terminal portion of pUL56 was shown to interact with
full length in vitro synthesized pUL89 (Hwang and Bogner, 2002). The HSV-1 subunits, UL28
and UL 15, were shown to interact via co-immunoprecipitation of baculovirus expressed UL28
and UL15 polypeptides (Abbotts et al., 2000). The results suggested that several regions of
UL 28 interacted with UL 15 and also that the C-terminus of UL15 (UL15-exon 1) could
mediate interaction with the full length UL15.

Pull downs assay were performed to determine if similar interactions could be observed for
the VZV ORF45/42 and ORF30 gene products. V5 epitope tagged ORF30, ORF45/42, or -
gal (B-galactosidase) polypeptides were incubated with purified GST or GST-ORF42-C269
immobilized on glutathione beads. Western blot analysis was performed on each pull down
assay to detect potential interactions between the in vitro synthesized products and GST-
ORF42-C269 (Fig. 7C). The 45/42-V5 and 30-V5 polypeptides were observed to interact with
GST-ORF42-C269 (Fig. 7C, lanes 1 and 5) but not with GST alone (Fig. 7C, lanes 2 and 6).
B-gal-V5 did not interact with GST or GST-ORF42-C269 (Fig. 7C, lanes 4 and 3). The results
showed that the C-terminal 269 amino acids of exon 1l (ORF42) were sufficient to mediate
interaction with the full length ORF45/42 or ORF30 gene products. Furthermore, the results
suggested that the ORF45/42 gene product has the potential to form complexes with itself via
interaction through exon Il. These results are consistent with those observed for the HSV-1
terminase subunits.
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Affinity of the ORF30 and ORF45/42 interactions with ORF42-C269

The original pull down assay that showed an interaction between the C-terminus of ORF45/42
and ORF30 was performed under low ionic conditions (150 mM NacCl) in the presence of 1%
Triton X-100 (a non-ionic detergent). To show that this interaction could be maintained under
more stringent conditions, pull down assays were performed in the presence of increasing
concentrations of (i) anionic detergents (Fig. 8) or (ii) NaCl (data not shown).

Pull down assays were performed as described previously except that the binding and wash
buffers contained increasing concentrations of the anionic detergents, SDS and DOC [0.05%
DOC + 0.01% SDS (lanes 13-15), 0.25% DOC + 0.05% SDS (lanes 9-11) or 0.50% DOC +
0.10% SDS (lanes 5-7)]. Interactions were maintained at the highest concentrations tested (Fig.
8A, lane 6). A decrease in relative binding was observed as the detergent concentrations
increased (Fig. 8A, compare lanes 14, 10, and 6). B-gal-V5 did not bind GST-ORF42-C269
(Fig. 8a, lanes 5, 9, and 13), nor did ORF30 bind GST (Fig 8A., lanes 7, 11, and 15), for any
of the conditions tested. Stripping and reprobing the blot with an anti-GST monoclonal
antibody (Fig. 8B) showed that all lanes contained approximately equal amounts of GST (Fig.
8B, lanes 7, 11, and 15) or GST-ORF42-C269 fusion protein (Fig. 8B, lanes 5-6, 9-10, and
13-14) in the binding assays.

Pull down assays were performed as described previously except that the binding and wash
buffers contained increasing concentrations of NaCl (50 mM NacCl, 150 mM NaCl, 250 mM
NaCl, or 500 mM NacCl). Interactions were maintained under conditions of increasing ionic
strength, however, a decrease in relative binding was observed as the ionic strength increased
(data not shown). The B-gal protein did not bind GST-ORF42-C269 nor did ORF30-V5 bind
GST for any of the conditions tested.

Interaction between ORF30 and ORF42-C269 was observed under increasingly stringent
conditions that were maintained during both the binding and washing steps of the pull down
assays. The results are consistent with previous studies demonstrating interaction between the
terminase subunits of other herpesviruses.

Discussion

Previous studies performed on the DNA encapsidation proteins of HSV-1, and to a lesser extent
on HCMV, suggest that certain interactions are conserved between homologous encapsidation
proteins of the family Herpesviridae. Studies designed to elucidate interactions amongst the
VZV DNA encapsidation proteins will contribute to a more thorough understanding of the
protein-protein complexes that take part, and are likely conserved, in the process of herpesviral
DNA cleavage and packaging. The results presented in this paper are the first that pertain to
any of the putative VZV encapsidation protein homologs. More specifically, in vitro pull down
assays revealed that the putative VZV terminase subunits, encoded by ORF30 and ORF45/42,
interacted with each other via the second exon of ORF45/42. Additionally, the C-terminal 269
amino acids of ORF45/42-exon Il were shown to be sufficient to mediate self-interaction with
the full length ORF45/42 gene product.

These results are consistent with those previously described for the HSV-1 and HCMV
terminase subunit homologs. The C-terminal portion of the HSV-1 ORF45/42 homolog, UL 15,
was sufficient to mediate interaction with the full length UL15 gene product. The terminase
subunits of HSV-1 or HCMV were shown to interact via GST pull down assays, co-
immunoprecipitation of baculovirus expressed products, and/or from virus infected cell
extracts.
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We showed the interaction of ORF30 or ORF45/42 with ORF42-C269 was maintained in
increasing detergent concentrations and in the presence of increasing ionic strength. The results
suggest that a relatively stable association occurs between the VZV terminase subunits.
Confirmation of ORF30 and ORF45/42 interactions in VZV-infected cells has proven
challenging. This might be attributed to the inherent difficulty of infecting cells with VZV at
a high multiplicity and/or the possibility that terminase subunit complexes are present in low
amounts in infected cells.

Prior to the studies reported here, none of the VZV encapsidation proteins had been identified
in infected cells. The identification of a spliced mMRNA consisting of two exons derived from
ORFs 45 and 42 is analogous to that previously reported for the UL15 and UL89 genes of
HSV-1 and HCMV respectively. An ORF45/42 specific peptide antiserum showed that the
ORF45/42 gene product localized to the nucleus of VZV-infected cells. This result is consistent
with ORF45/42 encoding a terminase involved in the DNA encapsidation process.
Interestingly, cells transiently transfected with ORF45/42 showed only weak nuclear staining.
This is in contrast to the HSV-1 homolog, UL15, which was shown to localize efficiently to
the nucleus in UL15 transfected cells. This is not entirely unexpected as UL 15 contains areadily
identifiable nuclear localization signal whereas ORF45/42 does not. Further studies will be
necessary to determine if another VZV protein, cell protein, and/or modification of ORF45/42
is required for the translocation of the ORF45/42 gene product to the nucleus in infected cells.

In contrast to the striking nuclear localization observed for the ORF45/42 gene product,
localization of the ORF30 gene product by indirect immunofluorescence was less clear.
Immunoblot analysis of VZV-infected cell extracts using an ORF30 specific antiserum readily
detected a polypeptide of 87 kDa. Analysis of the nuclear fraction isolated from VZV infected
cell extracts revealed co-fraction of ORF30 with the VZV major capsid protein. Sequence
homology with other herpesvirus terminase subunit genes strongly suggested that the ORF30
gene product was one of the two putative VZV terminase subunits. Therefore, some ORF30
gene product would be expected to localize to the nucleus in infected cells.

Our results provide corroborating evidence that the DNA encapsidation proteins of the
Herpesvirdae form a heterodimeric terminase. Several classes of herpesviral inhibitors have
been described that target the viral terminase complex (Buerger et al., 2001; Krosky et al.,
1998; Reefschlaeger et al., 2001). Interestingly, there appear to be separate classes of inhibitors
that act upon different viral cleavage and packaging proteins associated with the terminase
complex.

The benzimidazole compounds BDCRB and TCRB were shown to be potent and highly
specific inhibitors for the terminase complex of HCMV (Townsend et al., 1995). Treatment of
HCMYV infected cells with either resulted in the accumulation of immature capsids and
uncleaved DNA (Krosky et al., 1998). Maximal resistance to these compounds was mapped
to two different encapsidation genes, UL89 and UL56 (Krosky et al., 1998; Underwood et al.,
1998). The UL89/56 gene products are thought to make up the heterodimeric HCMYV terminase
complex.

Buerger et al. (2001) described a series of non-nucleoside inhibitors (BAY 38-4766 and
associated analogs) that interfere with HCMV viral DNA cleavage and packaging via the UL89
and UL56 terminase subunits but whose molecular mode of interaction is in fact separable
from the benzimidazole ribonucleosides. This BAY series of compounds differs from the
previously reported HCMV terminase inhibitors in i) the apparent lack of demonstrable viral
cross-resistance to the benzimidazole ribonucleoside series (Evers et al., 2002) and ii) their
broadened range of specificity (i.e. they also inhibit monkey and rodent cytomegaloviruses)
(Buerger et al., 2001; Reefschlaeger et al., 2001; Weber et al., 2001).
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Protein-protein interactions found to occur between the encapsidation proteins of one member
of the Herpesviridae may be conserved in one or more of the other family members. The
understanding of such interactions could be utilized to develop assays for the identification of
new small molecular inhibitors of DNA encapsidation. The discovery of small molecules that
inhibit DNA cleavage or packaging for HSV-1, HCMV, and VZV validate encapsidation as
an antiviral target (Biron et al., 2002; van Zeijl et al., 2000; Visalli et al., 2003; Visalli and van
Zeijl, 2003). The reagents described in this report, combined with a series of VZV specific
small molecule encapsidation inhibitors that target the putative ORF54 portal protein (Visalli
et al., 2003; Di Grandi et al., 2004), should be valuable tools to study the multi-protein
complexes involved in DNA cleavage and packaging. Further dissection of the interactions
between the ORF30 and ORF45/42 gene products and investigation of potential interactions
between the other VZV encapsidation proteins merits further study.
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Fig. 1.

Identification of the spliced ORF45/42 RNA transcript. (A) Arrangement of the ORFs in VZV
showing the location of ORFs 45 and 42 and the intervening sequences encoded by ORFs 43
and 44. The direction of transcription is indicated by the thin arrows. The approximate location
of the forward and reverse primers used for RT-PCR is shown by the short arrows (->) above
the 3'-ORF45 and 5’-ORF42 sequences. (B) RT-PCR analysis of RNA samples prepared from
VZV strain Ellen infected IMR-90 cells. The primer pair was expected to yield a fragment of
386-bp if a spliced ORF45/42 product was present. RNA was isolated from uninfected cells
(Neg) and two different VZV-infected cell samples. Additionally, a DNA fragment
representing the expected product was generated via PCR using a synthetically constructed
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ORF45/42 plasmid (45/42 DNA) lacking the intervening sequences. Markers of 310 and 603
bp are shown on the left (M).
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Fig. 2.

The DNA encapsidation genes, ORFs 25, 26, 30, 34, 43, 45/42, and 54, were cloned into
pcDNA3.1D/V5-His-TOPO. In vitro transcription and translation was used to synthesize C-
terminal V5 epitope tagged polypeptides. Proteins were detected using an anti-V5 monoclonal
antibody. The predicted molecular mass for each protein product with and without the V5
epitope is provided in Table I.
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ORF 45/42 ORF 30

Fig. 3.

Indirect immunofluorescence analysis of ORF45/42 and ORF30 expressed in transiently
transfected cells. Cells were mock transfected or transfected with pcDNA3.1D/V5-ORF45/42
or pcDNA3.1D/V5-ORF30. Twenty-four hours post-transfection cells were fixed, stained with
DAPI, and incubated with an anti-V5 primary antibody followed by a FITC conjugated
secondary antibody.
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Fig. 4.

Indirect immunofluorescence analysis of VZV-infected cells. Cover slips were prepared with
uninfected MRC5 (A) or a mixture of uninfected and VZV-infected MRC5 (B), HFF (C and
D) or MeWo (E-H) cells. Cells were incubated with an affinity purified anti-ORF45/42 peptide
serum (A-F) or a monoclonal antibody specific for the VZV major capsid protein (G and H)).
Panels C, E, and G show the adjacent field of cells stained with DAPI.
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Fig. 5.

Detection of the VZV ORF30 protein in VZV-infected MeWo cells. Immunoblot analysis of
uninfected or VZV Ellen infected cell extracts was performed with (A) an anti-ORF30 guinea
pig serum or (B) a monoclonal antibody specific for VZV glycoprotein | (a positive control
for infected cells proteins).
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Fig. 6.

Subcellular fractionation of mock infected and VZV infected cells. (A) Coomassie stained gel
of the cytoplasmic (cyto) or nuclear (nuc) fractions of uninfected (U) or infected (1) cell
extracts. The location of the 155 kDa VZV major capsid protein is shown in the infected cell
nuclear fraction and total infected cell extract. (B) Immublot analysis using anti-ORF30 serum
with a duplicate set of samples observed in panel A. The 87 kDa ORF30 protein is indicated.
mcp = major capsid protein.
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Fig. 7.

GST pull down assays were performed to detect potential protein-protein interactions. (A) GST
(lane 1) or GST-ORF42-C269 (lane 2) were purified on glutathione beads. Proteins were
analyzed on Coomassie blue stained SDS-polyacrylamide gels. (B) pcDNA3.1D/V5 - lacZ
(B-gal; lane 1), ORF45/42 (lane 2), or ORF30 (lane 3) were used in in vitro transcription/
translation reactions to synthesize the respective protein products containing a V5 epitope. (C)
GST (lanes 2, 4, and 6) or GST-ORF42-C269 (lanes 1, 3, and 5) were immobilized on beads
and re-suspended in binding buffer containing ORF45/42-V/5 (lanes 1 and 2), B-gal-V5 (lanes
3 and 4) or ORF30-V5 (lanes 5 and 6). Beads were washed, fractionated by SDS-PAGE and
subjected to immunoblot analysis using an anti-V5 monoclonal antibody.
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Effect of varying anionic detergent concentrations on the binding of ORF30 to ORF42-C269.
B-gal-V5 (lane 1) or ORF30-V5 (lanes 2 and 3) were incubated with purified GST or GST-
ORF42-C269 in the presence of 0.05% DOC + 0.01% SDS (lanes 13-15), 0.25% DOC + 0.05%
SDS (lanes 9-11) or 0.50% DOC + 0.10% SDS (lanes 5-7). Samples were subjected to
immunoblotting first with an anti-VV5 monoclonal antibody (A) and after stripping the blot,
with an anti-GST monoclonal antibody (B). Lanes: (1) p-gal-V5; (2-3) ORF30-V5; (4, 8 and
12) empty; (5, 9 and 13) GST-ORF42-C269 + B-gal-V5; (6, 10 and 14) GST-ORF42-C269 +

ORF30-V5; (7, 11 and 15) GST + ORF30-V5. (Lanes 4, 8, and 12 were empty.)
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