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Varicella-zoster virus (VZV) encodes six genes that do not have homologs in herpes simplex virus. One of
these genes, VZV open reading frame 2 (ORF2), was expressed as a 31-kDa phosphoprotein in the membranes
of infected cells. Unlike equine and bovine herpesvirus type 1 ORF2 homologs that are associated with virions,
VZV virions contained no detectable ORF2 protein. The ORF2 deletion mutant established a latent infection
in cotton rats at a frequency and with a number of VZV genomes similar to that of the parental virus. ORF63
transcripts, a hallmark of latent infection, were present in ganglia latently infected with both the ORF2
deletion mutant and parental VZV. Thus, ORF2 is the first VZV gene shown to be dispensable for establish-

ment of latent infection in an animal model.

Varicella-zoster virus (VZV) is a member of the alphaher-
pesvirus subfamily. This subfamily includes the genera Simplex-
virus, such as herpes simplex virus (HSV), and Varicellovirus.
The varicelloviruses include VZV, equine herpesvirus type 1
(EHV-1), bovine herpesvirus type 1 (BHV-1), and simian vari-
cella virus (SVV). VZV encodes at least 70 unique genes, most
of which are conserved in HSV. However, open reading frames
(ORFs) 1, 2, 13, 32, 57, and S/L do not have homologs in HSV
(6). Five of these genes, ORFs 1, 13, 32, 57, and S/L have been
shown to be dispensable for replication of VZV in vitro (4, 5,
9, 17, 26).

VZV ORF?2 is predicted to encode a 26-kDa protein con-
taining 238 amino acids (10). Although VZV ORF2 does not
have an HSV homolog, it does share positional and limited
sequence homology with several animal alphaherpesvirus
genes. These genes include the BHV-1 circ gene, EHV-1 gene
3 (UL1), EHV-4 gene 3, and Marek’s disease virus ORF71 (12,
16, 29, 30). Interestingly, ORF?2 is the only gene in VZV that
does not have a homolog in SVV (13).

VZV and HSV establish lifelong latent infections in sensory
ganglia in humans. Unlike latency in HSV infection, in which
only the latency-associated transcript RNA is expressed, mul-
tiple viral transcripts have been detected during VZV latency
(7, 8, 18, 20, 24). While many studies have evaluated which
HSV genes are dispensable for latency, it is unknown whether
specific VZV genes are required for the virus to establish a
latent infection. Here we show that VZV ORF2 is dispensable
for viral replication in cell culture and for establishment of
latent infection in an animal model.

VZV ORF2 encodes a 31-kDa phosphoprotein. RNA pre-
pared from VZV-infected cells revealed a 900-base transcript
in infected cells using a probe complementary to ORF2 (data
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not shown). To verify that the ORF2 protein is expressed in
VZV-infected cells, rabbit antibody to a maltose binding pro-
tein-ORF2 fusion protein containing amino acids 28 to 238 of
ORF2 was produced. Immunoprecipitation of [**S]methi-
onine-labeled cells using antiserum to ORF2 showed a 31-kDa
protein in VZV-infected cells (Fig. 1A).

While ORF?2 is predicted to encode a 26-kDa protein on the
basis of its amino acid sequence, the larger size of the protein
in virus-infected cells suggested that the protein may undergo
posttranslational modification(s). Treatment of VZV-infected
cells with tunicamycin or with neuraminidase and O-glycosi-
dase did not result in a change in the size of ORF2 protein
(data not shown). Thus, ORF2 is not N linked or O linked
glycosylated. To determine if ORF2 protein is phosphorylated,
VZV-infected cells were radiolabeled with [**P]orthophospho-
ric acid, and ORF2 protein and gE were immunoprecipitated.
OREF?2 protein was radiolabeled in cells infected with recom-
binant Oka (ROka) or VZV mutants with stop codons in the
ORF47 and ORF66 protein kinases (ROka47S/66S, ROka47s,
and ROka66S [14, 15]) but not in uninfected cells (Fig. 1C and
D). Thus, ORF2 protein is phosphorylated in the absence of
the VZV protein kinases.

VZV ORF?2 is located in the membrane fraction of infected
cells. Cytosolic and membrane fractions were prepared (5)
from virus-infected cells to localize the ORF2 protein. Immu-
noblotting using antiserum to ORF2 protein showed that the
protein was located in the membrane fraction but not in the
cytosol of VZV-infected cells (Fig. 2A). To determine whether
OREF?2 protein is located in virions, cells were infected with a
low-passage-number clinical isolate of VZV and virions were
isolated (22) and immunoblotted with antiserum to ORF2
protein. ORF2 protein was detected in lysates from VZV-
infected cells but not in purified virions (Fig. 2C). The purity of
the virion preparation was verified by the presence of the
ORF10 tegument protein and the absence of the ORF61 non-
structural protein (21) in virions (Fig. 2D and E).

VZV unable to express ORF2 protein is not impaired for
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FIG. 1. Immunoprecipitation of ORF2 protein from VZV-infected
cells. (A) Antiserum to ORF2 immunoprecipitates a 31-kDa protein
from cells infected with ROka VZV and a low-passage clinical isolate
(Molly strain) but not from uninfected cells or cells infected with
ORF?2 deletion mutants of VZV (ROka2DA or ROka2DB). (B) Cells
infected with VZV ROka and ORF2 deletion mutants express 44- to
100-kDa proteins that immunoprecipitate with monoclonal antibody to
VZV gE (Chemicon, Temucula, Calif.). (C and D) ORF2 encodes a
phosphoprotein. Cells infected with parental VZV or with ORF47 or
ORF66 mutant viruses were radiolabeled with [**PJorthophosphoric
acid, and ORF2 protein was immunoprecipitated. ORF2 protein is
phosphorylated in cells infected with all of the VZV mutants. Panel D
is a darker exposure of panel C showing the ORF2 phosphoprotein in
cells infected with ROka47S/66S. The numbers to the right of the blots
indicate molecular masses (in kilodaltons).

replication in cell culture. A VZV ORF2 deletion mutant was
constructed to determine whether ORF2 is necessary for
growth of VZV. ORF2 is encoded by VZV nucleotides 1,134
to 1,847 (10). The RecA-assisted restriction endonuclease
cleavage technique (11) was used to produce VZV with a
deletion in ORF2. A 60-base oligonucleotide, 5'-GATCCCC
CCGTCAACAGCCGGTCTGTCACCGGGTTAGATTTGC
CGAACCTACGGAGGGCG-3’, centered around the Hpall
site at VZV nucleotide 1,808 in ORF2 was incubated with
plasmid NS (5) in the presence of RecA protein. The un-
blocked Hpall sites in plasmid NS were methylated using
Hpall methylase. After heat inactivation and dissociation of
the DNA-RecA complex, the plasmid was digested with Prmel
and Hpall. The large DNA fragment was blunt ended and
ligated to itself to generate plasmid NS2D. The NotI-Sacl
fragment of plasmid NS2D was inserted in place of the wild-
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type Notl-Sacl sequence in cosmid VZV Notl A to create
cosmid VZV Notl A-2D. Sequence analysis of two clones
showed that cosmid Notl A-2DA had nucleotides 1,214 to
1,808 (codons 27 to 226 of the 238-amino-acid ORF2 protein)
deleted, whereas cosmid Notl A-2DB had nucleotides 1,213 to
1,808 deleted.

Melanoma cells were transfected with cosmids Notl BD,
MstlIl A, Mstll B, and Notl A-2DA or Notl A-2DB as de-
scribed previously (4). Two viruses, ROka2DA and ROka2DB,
were obtained, and Southern blots confirmed that the genomes
had the expected configuration (data not shown). Immunopre-
cipitation of ORF2 from cells infected with VZV ROka or
ORF?2 deletion mutants showed that the ORF2 protein was
absent in cells infected with the mutants (Fig. 1).

SVV is the herpesvirus most closely related to VZV. The
sequence of SVV indicates that it has a homolog for each of
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FIG. 2. ORF2 protein is present in the membrane fraction of VZV-
infected cells but not in virions. Membrane and cytosolic fractions
from VZV-infected cells were prepared, and immunoblotting shows a
band of 31-kDa corresponding to the ORF2 protein in the membrane
fraction of VZV-infected cells (A). Immunoblotting with antibody to
VZV gE shows gE also in the membrane fraction of infected cells (B).
Cell lysates from VZV-infected cells, uninfected cells, or purified VZV
virions were boiled in sample buffer, and immunoblotting was per-
formed with antibodies (21, 25) to VZV ORF2 protein (C), ORF10
protein (D), and ORF61 protein (E). The numbers to the right of the
blots indicate molecular masses (in kilodaltons).
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FIG. 3. Infection with parental VZV and the ORF2 deletion mu-
tant results in similar VZV DNA copy numbers in dorsal root ganglia.
Copy number was estimated by densitometry. The VZV genome copy
numbers for animals that were considered positive for VZV (filled
circles) and for animals that had genome copy numbers below the
threshold for reliable detection of DNA (<10 copies of VZV DNA per
500 ng of ganglia DNA) (open circles) are shown. The geometric mean
copy numbers of VZV genomes per 500 ng of ganglia DNA in PCR-
positive animals are shown below the graphs.

the VZV genes, except for ORF2 (13). While VZV replicates
more efficiently in human cells than in simian cells, the con-
verse is true for SVV. Thus, ORF2 might provide a growth
advantage for VZV in human cells compared to simian cells.
Several human (melanoma, fibroblast, and schwannoma), and
simian (Vero and BSC-1) cell lines were infected with parental
VZV (ROka) and the ORF2 deletion mutants, and plaque
sizes were similar for each virus. In addition, infection of mel-
anoma cells with the parental and mutant viruses showed that
all grew to similar titers (data not shown).

VZV ORF2 is dispensable for establishment of latency.
Guinea pigs and rats inoculated with VZV develop latent in-
fection with viral DNA present in trigeminal (2, 23) or dorsal
root (1, 27) ganglia. Since cotton rats are more permissive than
other rodents for certain virus infections (3), we tested the
ability of cotton rat cells to support the growth of VZV. While
VZV growth in cell culture was thought to be limited to hu-
man, simian, and guinea pig cells, we found that VZV grew in
cotton rat fibroblasts in vitro (data not shown).

To study VZV latency, 7-week-old cotton rats were injected
intramuscularly along both sides of the thoracic and lumbar
spine with melanoma cells containing 3 X 10° PFU of VZV
ROka or ROka2DA. None of the animals developed signs of
varicella. One month after inoculation, the animals were sac-
rificed and DNA was isolated from pooled thoracic and lumbar
dorsal root ganglia. VZV DNA was amplified by PCR using
primers for VZV ORF21 (2), and Southern blots were per-
formed with an ORF21 probe. The radioactive signal on the
blot was quantified using a phosphorimager. A standard curve
was constructed on the basis of the amount of PCR product
obtained from serial dilutions of cosmid NotI A in 500 ng of
DNA from ganglia of uninfected animals. The assay could
reliably detect 10 copies of VZV cosmid DNA mixed with 500
ng of DNA from uninfected dorsal root ganglia.

Positive signals (=10 copies/500 ng of DNA) were detected
in ganglia from 12 of 18 VZV ROka-infected and 13 of 18
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ROka2DA-infected animals. Two controls were performed to
show specificity. First, DNA extracted from ganglia of animals
inoculated with uninfected cells showed no viral DNA. Second,
DNA from ganglia of animals inoculated with cells containing
VZV ROka that had been heat inactivated (95°C for 10 min)
contained no viral DNA. The amount of virion DNA in the
inoculum after heat inactivation was similar to that without
heat treatment, as assessed by Southern blotting (data not
shown). Thus, infectious virus is necessary for establishment of
latency. To estimate the copy number of VZV DNA in ganglia
from latently infected animals, densitometry was performed
using autoradiograms from Southern blots of PCR products.
The geometric means of VZV genome copies from PCR-pos-
itive ganglia per 500 ng of ganglia DNA for animals infected
with VZV ROka (44 copies) and ROka2DA (40 copies) were
similar (Fig. 3).

To verify that animals were latently infected with VZV,
RNA was isolated from dorsal root ganglia, treated with
DNase, and heated to inactivate DNase. cDNA, obtained by
reverse transcription, was amplified by PCR using ORF63 (TT
ATCTAATGGGTCGCACC and GTATATTCCGCGGTTT
CTGC) or ORF40 (2) primers. Southern blotting with a probe
for ORF63 showed that ORF63 transcripts were present in
ganglia from 13 of 18 VZV ROka-infected and 12 of 18
ROka2DA-infected animals (Fig. 4 and data not shown). In
contrast, ORF40 transcripts were present in ganglia from none
of 18 VZV ROka-infected and 1 of 18 ROka2DA-infected
cotton rats (data not shown). ORF63 RNA has been detected
in ganglia from rats inoculated with VZV and humans (8, 18,
27), while ORF40 transcripts have rarely been associated with
latent infection (7, 18, 19). Thus, the pattern of latent infection
in cotton rats is similar to that reported previously.

ORF?2 is the first VZV gene shown to be dispensable for
establishing a latent infection in an animal model. ORF2 may
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FIG. 4. ORF63 transcripts are detected in ganglia from latently
infected animals. RNA was prepared from animals inoculated with
uninfected cells or cells containing VZV ROka, ROka2D, or heat-
inactivated ROka (HI-ROka). RNA was also isolated from VZV-
infected melanoma cells. cDNA was prepared from the RNA, and
PCR was performed using ORF63 primers followed by Southern blot-
ting with an ORF63 probe. ORF63 RNA was detected in VZV-in-
fected melanoma cells and in ganglia from animals 1, 2, 3, 4, 5, 6, 8, and
10 infected with VZV ROKka and in animals 1, 3, 6, 7, and 9 infected
with ROka2D. Samples were incubated in the presence (+) or absence
(—) of reverse transcriptase (RT) during preparation of cDNA.
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still play a role in latency such as in reactivation from latency.
While reactivation of VZV is generally limited to a single
dermatome in humans, reactivation of SVV in monkeys is
rarely evident, but when detected, it presents as a widely dis-
seminated rash (28). Thus, ORF2, which is the only VZV gene
that is not conserved in SVV, may help to regulate reactivation
of VZV from latency.
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