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Of the five varicella-zoster virus (VZV) open reading frames (ORFs) known to encode proteins which
influence viral transcriptional events, two (ORFs 10 and 62) encode proteins associated with the tegument of
virus particles, where they may function during the immediate-early events of infection. In this study, anti-
bodies which recognize the products of the three additional VZV ORFs, ORFs 4, 61, and 63, were made and
used to characterize their association with virus particles. ORF 4 encoded a 52-kDa polypeptide, and anti-
bodies to ORF 63 reacted with polypeptides of 47 and 28 kDa. Antibodies to ORF 61 recognized heterogeneous
polypeptides of 62 to 66 kDa in cells infected with a vaccinia virus recombinant expressing ORF 61 and in
VZV-infected melanoma cells but reacted very weakly with polypeptides of VZV-infected human foreskin
fibroblasts, suggesting that cell-specific factors were involved in ORF 61 protein accumulation. Analysis of
virus particles purified from melanoma cells indicated that a 52-kDa polypeptide from ORF 4 and the 47-kDa
polypeptide from ORF 63, but not any from ORF 61, were associated with virus particles. The virion proteins
were likely components of the tegument, as they were not solubilized by treatment of virus with mild detergents
and were completely resistant to trypsin digestion unless prior envelope solubilization was performed. The
products of ORFs 4 and 63 were not found in purified VZV nucleocapsids. These results suggest that forms of
the ORF 4- and ORF 63-encoded transcriptional regulatory proteins are also structural and may also have

roles in the immediate-early events of infection.

Varicella-zoster virus (VZV), a ubiquitous human herpesvi-
rus, causes two clinically distinct human diseases, varicella
(chickenpox) and, after a long period of viral latency in the
sensory ganglia, zoster (shingles). Despite very efficient patho-
genicity and spreading in a susceptible population, the growth
of the virus outside the human host is considerably limited, and
as a consequence, its biology has been difficult to study. How-
ever, comparison of the VZV genome sequence (6, 7) with that
of the better-characterized herpes simplex virus type 1
(HSV-1) (32) has shown that the two viruses are closely re-
lated. Most VZV open reading frames (ORFs) encode prod-
ucts with amino acid homologies to characterized HSV-1 pro-
teins, and the respective genes are largely colinear on the viral
genomes (6). As a result, the functions of many putative VZV
proteins have been predicted from their HSV-1 homologs (7).
However, characterization of the encoded VZV proteins has
revealed aspects unique to VZV, particularly concerning virus
structural proteins (5, 24) and proteins with functions involved
in the regulation of viral transcription (8, 22, 23, 38, 41, 44).

The difficulty in obtaining high titers of cell-free VZV from
culture and conducting high-multiplicity infections has made it
hard to resolve VZV transcriptional events and determine how
they are regulated. However, evidence suggests that transcrip-
tion occurs in a temporal, controlled fashion (50) similar to
that originally characterized for HSV-1, such that each viral
gene can be categorized into one of three groups (immediate-
early [IE], early, and late), depending on the requirements for
transcription (19, 20). IE genes are transcribed in the absence
of de novo viral protein synthesis (19). Several VZV IE regu-
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lated proteins have been reported (30, 53), of which one has
been shown to be a 175- to 180-kDa phosphoprotein encoded
by VZV ORF 62 (14, 24). The ORF 62 polypeptide shows
considerable homology, both at the amino acid and functional
levels, to the major HSV-1 IE transcriptional regulatory pro-
tein ICP4 (9, 10, 12, 13). VZV ORFs 4, 61, and 63 also encode
proteins which are functional or positional homologs of the
HSV-1 IE gene products ICP27, ICP0, and ICP22, respectively
(6, 36, 38, 44). However, the regulation of these genes remains
to be defined.

Several herpesviruses have been shown to encode bifunc-
tional structural proteins which act upon infection to stimulate
IE gene transcription. The best characterized is the HSV-1 «
trans-inducing factor («TIF, VP16, or Vmwo65; reviewed in
reference 49), an abundant virion tegument protein which
complexes with cellular transcription factors upon infection (3,
15, 29, 35, 43, 48) and activates IE gene transcription through
specific DNA elements present in the IE gene promoters
known as TAATGARAT motifs (31, 47). Additional HSV-1
structural proteins, including the products of UL46 and UL47
(62, 63) and possibly low-abundancy structural forms of the
HSV-1 IE proteins ICP4 and ICPO (60, 61), may play accessory
roles. VZV ORF 10 encodes a virion transcriptional transac-
tivator (24, 37) with considerable homology to HSV-1 oTIF (6,
7). However, unlike HSV-1 oTIF, which is essential for virus
assembly (58) and optimal for IE gene transcription (1), VZV
OREF 10 can be deleted without affecting viral growth in tissue
culture (5). The VZV particle has been shown to contain
abundant levels of a 175-kDa tegument polypeptide encoded
by ORF 62 (24). As a potent transcriptional activator of many
VZV genes (2, 21, 22, 40, 45, 46), the structural form of the
OREF 62 product has been speculated to play a role in VZV IE
events (24, 28, 40).
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Additional VZV proteins not yet identified may also be
bifunctional structural proteins with roles in the IE events in
the newly infected cell. VZV ORFs 4, 61, and 63 encode
polypeptides which have been shown to influence viral tran-
scription from VZV promoters in transient transfection studies
(2, 8,21-23, 36, 39, 41, 44, 45). ORF 61 products can indepen-
dently activate transcription as well as effectively repress ORF
62- and ORF 4-mediated transcriptional activation (36, 39, 41,
45). ORF 4 also encodes a transcriptional activator which can
function both independently and in conjunction with ORF 62
(8, 21, 38, 44). The function of ORF 63 is less clear, but it has
been implicated as a repressor of ORF 62 transcription and
may affect transcription of certain VZV early genes (23).

In this study, antibodies specific for the polypeptides of these
three VZV ORFs were made, used to identify the encoded
products, and used to show that those encoded by ORFs 4 and
63, but not ORF 61, were associated with purified virus parti-
cles. As these are proteins with both structural and transcrip-
tional regulatory functions, we postulate that they may also
play roles in the IE events of infection.

MATERIALS AND METHODS

Cells and virus. VZV strain Scott (isolate 71004) has been described previ-
ously (27) and was used throughout these studies at less than 12 passages beyond
its original isolation. Virus was grown at 35°C on human foreskin fibroblasts
(HFF cells; line 521, obtained from M. Vincent, Uniformed Services University
of the Health Sciences, Bethesda, Md.) or on a human melanoma cell line
(MeWo cells; kindly supplied by C. Grose, University of Iowa, Iowa City), as
previously described (56). The parental vaccinia virus, WR (originally obtained
from B. Moss, National Institute of Allergy and Infectious Diseases, Bethesda,
Md.), and vaccinia virus recombinants were grown on Vero and human TK™143
cells as described previously (4). All cells were maintained at 37°C in Eagle’s
minimal essential medium supplemented with 4% Serum Plus (Hazleton Bio-
logics Inc., Lenexa, Kans.), 4% fetal bovine serum, and an antibiotic mixture of
100 U of penicillin per ml and 0.1 mg of streptomycin per ml.

Antibodies. Antibodies which recognize the products of ORFs 4, 61, and 63
have been described previously (42). These were generated against VZV ORF
protein fusions to the maltose binding protein (MBP) by using the pMALC
Fusion Protein Expression System (New England Biolabs Inc., Beverly, Mass.).
Antibodies to two ORF 4 fusion proteins were used in these studies. The first
antibody was made against a fusion of MBP to the C-terminal 330 amino acids
of the 452-amino-acid ORF 4 product, expressed from a pMalC clone containing
VZV sequences from a BgllI site at position 4377 within ORF 4 to a Pvull site
downstream of the ORF at position 2036 (coordinates are given in base pairs
with respect to the published VZV sequence [7]). The second antibody was made
against a complete ORF 4-MBP fusion, expressed from a pMalC clone of VZV
sequences from an Ncol site spanning the ORF 4 ATG (at position 4141) to the
Pyull site at position 2036. A complete ORF 61-MBP fusion protein was ex-
pressed from a pMalC clone of VZV DNA from the Ncol site spanning the ATG
(at position 104,484) to an Accl site downstream of the ORF (at position
102,708), and a complete ORF 63 fusion protein was made from an in-frame
clone of an StyI-BamHI fragment containing the ORF, representing VZV se-
quences from positions 110,573 to 111,577. All fusion proteins were expressed in
Escherichia coli DH5a containing the plasmid clones and were purified from
bacterial sonicates by amylose affinity chromatography, as recommended by the
manufacturer of the protein expression kit. The protease inhibitors N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK) and N-a-p-tosyl-L-lysine chlorom-
ethyl ketone (TLCK) were added at 100 wM to all solutions to inhibit protease
activity. Antibodies to both native soluble protein and fusion protein presented
in unfixed sodium dodecyl sulfate (SDS)-polyacrylamide gel fragments were
made in rabbits simultaneously, using Freund’s adjuvants. Rabbit antibodies to
peptides derived from ORFs 29, 10, and 62 have been described previously (24,
25). Antibodies to the product of ORF 14 (gpV) were made by vaccination of
rabbits with a live vaccinia virus recombinant expressing this ORF (26).

Vaccinia virus recombinants. Vaccinia virus recombinants expressing ORFs 4,
61, and 63 were constructed by using the vector pSC11 (4). DNA fragments
containing each complete VZV ORF were prepared by using the restriction
enzyme sites described for the preparation of complete ORF fusion clones and
cloned into the unique Smal site of pSC11. Clones containing the ORFs in the
correct and incorrect orientations with respect to the vaccinia virus p7.5 pro-
moter were identified, and the plasmid DNA was transfected into Vero cells
infected with the parental vaccinia virus WR. Resulting recombinant thymidine
kinase-negative (TK™) viruses were selected by growth on TK™143 cells in the
presence of 50 pg of bromodeoxyuridine per ml. As pSC11 also contains the
B-galactosidase gene under control of the vaccinia virus promoter p11, additional
identification of recombinants was achieved by incorporating 5-bromo-4-chloro-
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3-indolyl-B-p-galactopyranoside (X-Gal) at 300 pwg/ml in an agarose overlay at 2
days postinfection, as described previously (4).

Radiolabelling of infected-cell polypeptides. VZV-infected MeWo cells were
labelled at 12 h postinfection by replacing normal growth media with media
containing 20% of the normal concentration of methionine and 30 pCi of
[**S]methionine per ml (1,112 Ci/mmol; NEN-Dupont Nemours, Boston, Mass.).
Cells were harvested at 72 to 96 h postinfection for virus particle and nucleo-
capsid preparation.

Virus particle and nucleocapsid purification. Virus particles were purified
from VZV-infected MeWo and HFF cells in a manner similar to that described
previously (24). VZV-infected cells showing >90% cytopathic effect were har-
vested, pelleted by low-speed centrifugation, and used to prepare cytoplasmic
extracts by Dounce homogenization in serum-free media or phosphate-buffered
saline (PBS) at 4°C. In addition, the infected-cell medium was subjected to
high-speed centrifugation (40,000 X g for 2 h at 4°C) to pellet released material
and virus particles (54), which were then combined with the cytoplasmic extracts.
Following brief sonication and removal of debris by low-speed centrifugation, the
supernatant was centrifuged on 36-ml 5 to 15% Ficoll gradients for 2 h at 25,000
X g at 4°C, as described elsewhere (57). A light-diffusing band migrating approx-
imately halfway down the gradient (see Fig. 3a) which contained enveloped virus
particles (as determined by electron microscopy) was extracted, diluted in PBS,
pelleted by centrifugation at 40,000 X g for 2 h at 4°C, and resuspended overnight
at 4°C. The preparation was briefly sonicated and then fractionated by centrif-
ugation for 24 h on 30 to 0% reverse glycerol-0 to 50% potassium tartrate
gradients made in PBS, as described previously (24). Following concentration by
centrifugation, virus was stored at 4°C in PBS containing 10 .M each TLCK and
TPCK. Particle purity was monitored by determining loss of radiolabelled unin-
fected-cell proteins added during cell harvest, by checking of polypeptide content
by SDS-PAGE and protein staining, and by testing for lack of the 130-kDa
polypeptide from ORF 29 by using antipeptide antibodies specific for this ORF
(25).

Nucleocapsids were purified from the nuclei of VZV-infected cells as de-
scribed by Gibson and Roizman (17), with minor modifications. Briefly, VZV-
infected cell nuclei obtained by Dounce homogenization were washed in PBS
containing 0.5% Triton X-100 and lysed for 30 min in 50 mM Tris HCI (pH
7.6)-0.15 M NaCl-1% Nonidet P-40-0.5% sodium deoxycholate-50 pg of
DNase I per ml at 37°C. Following addition of urea to 0.5 M, residual cell debris
was removed by low-speed centrifugation and the supernatant fraction was sub-
jected to sedimentation on two successive 10 to 40% sucrose gradients made in
the lysis buffer without DNase I. Two closely sedimenting bands, which were
harvested together and concentrated by centrifugation, were observed in the
middle of the gradients. Nucleocapsids were resuspended and stored in PBS at
4°C.

Virion localization studies. Virion localization analyses were carried out as
described previously (24, 60, 61). For detergent solubilization analyses, prepa-
rations of virus particles were treated with PBS containing 10 uM each TLCK
and TPCK, with or without 1% Nonidet P-40 and 0.5% sodium deoxycholate, for
10 min at room temperature. Insoluble material was pelleted by centrifugation at
28,000 X g for 1 h at 4°C, and equal amounts of soluble and insoluble fractions
were subjected to SDS-PAGE for immunoblot analyses. For trypsin protection
studies, aliquots of virus particles were treated with trypsin at 0.1 mg/ml (3,055
U/mg, twice crystalized; Gibco BRL Laboratories, Gaithersburg, Md.) in the
presence of 100 uM TLCK for 10 min at 37°C, either in the absence or in the
presence of 1% Nonidet P-40. The reaction was halted by sequential addition of
egg white trypsin inhibitor to 1 mg/ml, TPCK to 100 M, phenylmethylsulfonyl
fluoride to 10 uM, and, finally, 4X SDS-PAGE buffer, after which the mixture
was heated to 95°C for 5 min. Polypeptides were electrophoresed on 7.5%
bisacrylamide gels and transferred to membranes for immunoreactivity analysis.

Immunoreactivity analyses. Following separation by SDS-PAGE, polypep-
tides were electrophoretically transferred to Immobilon P membranes (Millipore
Corp., Bedford, Mass.) in 192 mM Tris-glycine buffer (pH 8.5) containing 20%
methanol. Blocking and all antibody incubations were carried out at room tem-
perature with a buffer containing 25 mM Tris HCI (pH 7.6)-0.15 M NaCl-0.5%
Tween 20 (TBS) and 10% nonfat dried milk (TBS-M). Blots were blocked for 1
h prior to incubation with rabbit antibodies at a dilution of 1:100 for 1 h. Excess
antibodies were removed by washing, and bound antibodies were detected by
using '*I-protein A (NEN-Dupont Nemours) and autoradiography. Levels of
bound '**I-protein A were estimated either by scintillation counting or by den-
sitometric analysis of autoradiograms with an Optimus imaging system.

RESULTS

Antibody specificity. To characterize the association of the
polypeptides from ORFs 4, 61, and 63 with virus particles,
antibodies which specifically recognize them in immunoblot
analyses were required. We have recently described the immu-
noprecipitated polypeptides identified by the antibodies spe-
cific for these ORFs, which were made against MBP-VZV
ORF fusions as described in Materials and Methods (42).
Figure 1 shows the reactivity of these antibodies with immobi-
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FIG. 1. Immunoreactivities of monospecific antibodies to the fusion protein
products of VZV ORF 63 (a), ORF 4 (b), and ORF 61 (c) with polypeptides
derived from VZV-infected HFF cells (VZV) or from TK 143 cells infected
with vaccinia virus recombinants. v63c, v6lc, and v4c represent vaccinia viruses
expressing the indicated VZV OREF in the correct orientation with respect to the
vaccinia virus promoter; v61w and v4w represent vaccinia viruses expressing the
OREFs inserted in the incorrect orientation with respect to the vaccinia virus
promoter. The lane marked v8 represents vaccinia virus expressing 3-galactosi-
dase only, and that marked V10 represents a vaccinia virus expressing VZV ORF
10. The approximate positions of a set of molecular mass markers and their sizes
in kilodaltons are shown to the right of each blot, and the sizes of the major
polypeptides discussed in the text are shown to the left of each blot.

lized SDS-PAGE-separated polypeptides derived from VZV-
infected HFF cells and from cells infected with vaccinia virus
recombinants expressing each VZV ORF. By expressing the
VZV ORFs in vaccinia virus recombinants under control of
the powerful vaccinia virus promoter p7.5, we aimed to avoid
problems in detection that might arise from weak expression in
VZV-infected cells, a strategy which proved important for
analysis of ORF 61. Antibodies to ORF 63 (Fig. 1a) identified
a 47-kDa polypeptide in extracts of cells infected with VZV
and with two independently isolated vaccinia virus recombi-
nants expressing ORF 63 (v63), which was not expressed in
cells infected with vaccinia virus controls (V10 and v8). An
additional VZV-infected-cell-specific 28-kDa polypeptide was
identified; although its origin is uncertain, we suspect that it is
a proteolytic degradation product, as its detection varied from
preparation to preparation of VZV-infected cells. However,
we cannot eliminate the possibility that it reflects a functional
truncated form of ORF 63. The 47-kDa polypeptide is larger
than the size predicted from its ORF (30,494 Da [7]) but
correlates with the immunoprecipitated species previously de-
scribed (42). When similar analyses were carried out with an-
tibodies made to the C-terminal two-thirds of the ORF 4
product, a VZV-specific 52-kDa polypeptide which was also
found in cells infected with the vaccinia virus-ORF 4 recom-
binant (v4c) but not in cells infected with control vaccinia
viruses (v4w, v61lw, and v61c) was identified. Antibodies made
to the entire ORF 4 fusion showed similar reactivity. The size
of the polypeptide is in close agreement with that predicted
from its ORF (51,540 Da [7]) and with that of the immuno-
precipitated polypeptide (42). Species of 54 and 50 kDa rec-
ognized by the ORF 4 antibodies only in the vaccinia virus-
ORF 4 recombinant-infected cell extracts were likely the result
of vaccinia virus-specific modifications.
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FIG. 2. Immunoreactivities of antibodies to ORF 4 (a) and ORF 61 (b) with
identical blots of polypeptides obtained from VZV-infected (+VZV) and unin-
fected MeWo cells (lanes M), Vero cells (lanes V), and HFF cells (lanes HF).
The sizes of the set of molecular mass markers, in kilodaltons, and their approx-
imate positions are indicated between the two blots.

Identification of the products of ORF 61 proved not as
straightforward. Figure 1c shows a blot identical to that pre-
sented in Fig. 1b but probed with ORF 61-specific antibodies.
Several polypeptides made in vblc-infected cells were recog-
nized, of which a group of polypeptides of 60 to 66 kDa were
predominant (Fig. 1c, v61c). These were not seen in the v6lw
or vdw controls; the reactivity seen with vdc extracts with 60-
and 70-kDa polypeptides was therefore presumed to be non-
specific. During this work, similar studies described by Steven-
son et al. (55) identified the products of ORF 61 as 62- to
66-kDa phosphoproteins. However, our antibodies failed to
detect polypeptides in VZV-infected HFF cell extracts (the
blot presented in Fig. 1c has been overexposed to highlight the
lack of reactivity). A second rabbit antibody prepared to ORF
61 yielded similar results (data not shown). This result was
important to these studies, as HFF cells have previously been
used as the source for the purification of virions (24). As ORF
61 polypeptides can be immunoprecipitated from VZV-in-
fected MeWo cells (42), we compared different cell types in-
fected with VZV under the same conditions. Figure 2 shows
immunoblots of polypeptides from equal amounts of MeWo,
Vero, and HFF cells, either uninfected or infected with VZV
under identical conditions and harvested at 40 h postinfection.
When probed with antibodies to ORF 4, all three cell types
expressed a VZV-infected-cell-specific 52-kDa polypeptide
(Fig. 2a). A difference of approximately fourfold between the
amounts of ORF 4 polypeptide present in HFF cells and in
MeWo cells (determined by counting of the bound '*I-protein
A) may reflect a difference in the number of cells initially
infected, as approximately three to five times more MeWo and
Vero cells than HFF cells are routinely present at confluence.
Probing of an identical blot with anti-ORF 61 antibodies
showed that, while 62- to 66-kDa polypeptides were readily
detected in VZV-infected Vero and MeWo cells, few were
present in VZV-infected HFF cells. From the amount of
bound '**I-protein A, the ORF 61 polypeptides in MeWo and
HFF cells show greater than 25-fold differential reactivity.
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FIG. 3. (a) Photograph of a 5 to 15% Ficoll gradient after centrifugation of
VZV-infected cell cytoplasmic extracts as described in Materials and Methods,
with illumination from above. The light-scattering band in the middle of the
gradient which contained enveloped nucleocapsid-containing virus particles is
indicated by an arrow. (b) Electrophoretically separated polypeptides of virus
particles after Ficoll and potassium tartrate gradient purification steps, as out-
lined in Materials and Methods. Polypeptides are shown stained with Coomassie
blue R250 (lane 1) or as an autoradiogram of *3S-labelled species (lane 2). The
sizes of the molecular mass markers are indicated in kilodaltons, and the 155-
kDa major capsid protein (155), the 175-kDa ORF 62 protein (175), and the
positions of the 47- and 52-kDa proteins discussed in the text are indicated to the
right. (c) Electrophoretically separated [**S]methionine-labelled polypeptides of
VZV nucleocapsids after one (G1) and two (G2) sucrose gradient fractionations,
as outlined in Materials and Methods. The sizes of marker polypeptides are
indicated to the right in kilodaltons, and the major capsid protein (MCP) is also
indicated.

HEFF cells harvested at later times postinfection showed little
more ORF 61 antigen (data not shown). We conclude that
analyses of the ORF 61 polypeptides, including the character-
ization of their association with virus particles, cannot be car-
ried out with VZV-infected HFF cells. VZV-infected MeWo
cells were therefore used for the virus particle purification
studies.

Virus purification. Procedures for the purification of VZV
particles have included use of sucrose gradients, potassium
tartrate density gradients (11, 52, 54), and combinations of
both (24). The last method yielded over 150-fold purification
of virus particles with respect to uninfected cell proteins. Re-
cently, a noninfectious, enveloped nonnucleocapsidated parti-
cle which could be separated from virions by using 5 to 15%
Ficoll gradients in physiological saline conditions was de-
scribed for HSV-1 (57). We modified the VZV purification
procedure to utilize such gradients for the first fractionation,
and Fig. 3a shows a photograph of a Ficoll gradient of centri-
fuged VZV extracts. A band of light-diffusing material migrat-
ing in the middle of the gradient was observed, and this band
was found to contain enveloped virus particles by electron

(a). ORF 29 {b). ORF 10 (c). ORF 4
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microscopy and, when analyzed by SDS-PAGE, abundant lev-
els of the major capsid protein. Concurrent analysis of cyto-
plasmic extracts of HSV-1 strain 17-infected BHK cells yielded
two light-scattering bands characteristic of light and heavy par-
ticles, a result which was confirmed by SDS-PAGE (data not
shown). Analysis of the gradient fractions predicted to contain
light particles indicated that very few light particles were
present. However, we cannot eliminate the possibility that the
lack stems from a quantitative effect, due to the much lower
yields of VZV obtained in comparison with that of HSV-1.
Figure 3b shows the stained (lane 1) and [**S]methionine-
labelled (lane 2) SDS-PAGE-separated polypeptides of puri-
fied VZV preparations following potassium tartrate gradient
fractionation. Approximately 25 polypeptide species, of which
the most abundant were 155 and 175 kDa, representing the
major capsid protein and the product of ORF 62, respectively
(24), were identified to be present in the radiolabelled prepa-
rations. The protein stain suggests that the majority of cellular
proteins have been excluded, as would be expected with puri-
fied virus preparations. These preparations also lacked the
130-kDa polypeptides reactive with antibodies directed against
OREF 29 products (see below). The virus particles were subse-
quently examined for reactivity with antibodies to products of
ORFs 4, 61, and 63.

Detection of the products of VZV ORFs in VZV particles.
Figure 4 shows identical immunoblots of polypeptides ob-
tained from uninfected (lanes 1) and VZV-infected (lanes 2)
MeWo cells, alongside preparations of virus particles obtained
from MeWo cells (lanes 4), probed with antisera specific for
products of ORFs 4, 10, 29, 61, and 63. Antibodies to ORF 29
(nonstructural) and ORF 10 (structural) were included as con-
trols. Equal amounts of VZV-infected and uninfected cell ex-
tracts were electrophoresed, with the level of VZV-infected
cell extracts being adjusted to give approximately similar levels
of bound **I-protein A as for virus particles when probed with
anti-ORF 10 antibodies (Fig. 4b). As expected, antibodies to
OREF 10 reacted strongly with a 47-kDa polypeptide present in
the virus particle preparation as well as in VZV-infected cell
extracts (Fig. 4b). Two forms of ORF 10 which have not been
previously described were resolved in the virus particle prep-
arations. While the origin of the two forms is currently un-
known, they may represent differentially modified forms incor-
porated into virions which are not resolved in extracts of VZV-
infected MeWo cells (Fig. 4b, lane 2) or in virus from HFF
cells (24). In contrast to those to ORF 10, antibodies to ORF
29 reacted with the full-length 130-kDa polypeptide only in

(d). ORF 63 (6). ORF 61
3 4 1 2 3 a 1 2 3 4

FIG. 4. Immunoreactivities of antibodies to ORF 29 (a), ORF 10 (b), ORF 4 (c), ORF 63 (d), and ORF 61 (e) with identical immunoblots of electrophoretically
separated polypeptides obtained from uninfected MeWo cells (lanes 1), VZV-infected MeWo cells (lanes 2), and pelleted and resuspended virus particles (lanes 4).
Lanes 3 represent the supernatant of the virus particle suspension after pelleting. The sizes of the specific polypeptides detected by the antibodies are shown to the

left of each panel in kilodaltons.
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VZV-infected cell extracts (Fig. 4a, lane 2). Very minor species
of 50 kDa were detected in lanes 3 and 4 of the gel shown in
Fig. 4a, but they likely reflected a nonspecific reaction. When
identical blots were reacted with antibodies to the complete
ORF 4 (Fig. 4c) and ORF 63 (Fig. 4d) fusion proteins, the
respective 52- and 47-kDa polypeptides were found both in
virus particles (lanes 4) and in VZV-infected cell extracts
(lanes 2). In contrast, polypeptides encoded by ORF 61 were
not detected in extracts of VZV particles and were found only
in VZV-infected cell extracts (Fig. 4e). These results indicate
that the products of ORFs 4 and 63, but not of ORF 61, are
associated with virus particles. Interestingly, the 28-kDa
polypeptide recognized by the ORF 63 antibodies in VZV-
infected cells was not detected in the virus particle extracts,
suggesting either that the virion form of the ORF 63 polypep-
tide is protected from the conditions which generate the 28-
kDa form or, if the 28-kDa form is a specific product, that it
lacks the signals required for virus incorporation. Subsequent
studies with virus particles purified from HFF cells confirmed
the association of polypeptides from ORFs 4 and 63 with virus
particles (data not shown). In Fig. 3b, the polypeptides corre-
sponding to the products of ORF 4 (52 kDa) and ORF 63 (47
kDa) are indicated.

To support these results, virus particles obtained from Ficoll
and potassium tartrate gradients were subjected to a third
fractionation through 10 to 55% sucrose gradients, as previ-
ously described (24). Fractionation on sucrose gradients re-
flects a third physical gradient parameter for particle purifica-
tion, as sucrose has osmotic properties considerably different
from those of Ficoll. The entire gradient was fractionated, and
the polypeptides present in each fraction were examined by
SDS-PAGE and immunoblot analysis. Figure 5a shows the
polypeptides detected in each fraction after SDS-PAGE and
silver staining. The peak fractions of the gradient containing
virus particles were fractions 10 and 11, as detected by virion
polypeptides including the 155-kDa major capsid protein and
the 175-kDa tegument protein. Immunoblot analyses of the
whole gradient with antibodies to ORF 10 showed that the
encoded structural 47-kDa polypeptide peaked in the same
fraction as the virus particles did (Fig. 5b). No reactivities of a
130-kDa polypeptide were found with antibodies to ORF 29
(data not shown). Panels c and d of Fig. 5 show immunoblot
analysis of the fractions spanning the virus particle peak with
antibodies to ORFs 4 and 63, respectively. The polypeptides of
each ORF were clearly present and peaked in the fractions that
contained the virus particles (fractions 10 and 11). These data
supported a tight association of the ORF 4 and ORF 63
polypeptides with virus particles.

Viral location of the polypeptides of ORFs 4 and 63. The
herpesvirus particle is composed of four structural units. A
central DNA-protein core containing the DNA genome is sur-
rounded by a 172-unit icosahedral shell which forms the nu-
cleocapsid of the particle. Surrounding this is a region with a
little-known defined structure called the tegument, which is
further enclosed by a lipid envelope containing viral glycopro-
teins. The polypeptides of isolated VZV nucleocapsids were
first examined for reactivity with antibodies to ORFs 4 and 63.
Figure 3c shows [**S]methionine-labelled polypeptides of
highly purified VZV nucleocapsids, obtained by the method of
Gibson and Roizman (17). Two gradients were required for
the purification, as an initial single gradient revealed numerous
cellular polypeptides in the preparation (Fig. 3c, G1). In the
nucleocapsids obtained from the second gradient (G2), five
polypeptides, of which the most abundant was the 155-kDa
major capsid protein, were identified. Minor species of 32, 35,
54, and 57 kDa were also identified. On analysis by immuno-
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FIG. 5. Polypeptides of sucrose gradient-fractionated purified virus particles.
(a) Silver-stained, SDS-PAGE-separated polypeptides present in fractions of the
sucrose gradient, with fraction 1 representing the bottom of the gradient (B) and
fraction 18 representing the top of the gradient (T). The positions of the major
capsid protein (MCP) and the ORF 62 protein (ORF62) are indicated to the left,
and the approximate positions of a set of molecular mass markers are indicated
to the right in kilodaltons. (b) Immunoreactivity of an immunoblot of the same
fractions after probing with antibodies to ORF 10. The 47-kDa ORF 10 polypep-
tide species and a nonspecifically reacting polypeptide (ns) are indicated. (¢ and
d) Analyses of the peak fractions of the sucrose gradient shown in panel a for
immunoreactivity with antibodies to ORF 4 (c) and ORF 63 (d), as detected by
immunoblot analyses. The gradient fractions analyzed correlate with the frac-
tions of the gradient shown in panels a and b. The size of the major polypeptide
detected is indicated to the right of each blot in kilodaltons.

blot, no reactivities of nucleocapsid polypeptides with antibod-
ies to ORFs 4, 63, 10, and 62 were found (data not shown),
suggesting that ORFs 4 and 63 were located in the viral enve-
lope or the tegument.

To resolve this further, the distribution of the ORF 4 and
OREF 63 polypeptides in the soluble and insoluble fractions of
virus particles was examined after treatment with the deter-
gents Nonidet P-40 and deoxycholate (Fig. 6). It was reasoned
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FIG. 6. Immunoreactivities of antibodies to ORF 14 (a), ORF 10 (b), ORF
4 (c), and ORF 63 (d) with identical immunoblots of electrophoretically sepa-
rated polypeptides of VZV particles after no treatment (lanes 1 and 2) and
treatment with 1% Nonidet P-40 and 0.5% deoxycholate (lanes 3 and 4). Equal
amounts of the soluble fractions (lanes 1 and 3) and the pelleted insoluble
material (lanes 2 and 4) were electrophoresed. The sizes of the major polypep-
tides detected are indicated in kilodaltons.

that if the ORF 4 and ORF 63 polypeptides were associated
with the outside or inside of the envelope, solubilization by
these detergents would likely release the proteins into the
soluble fraction. Antibodies to the membrane glycoprotein
gpV from ORF 14 and to the tegument protein from ORF 10
were used as controls. With antibodies to gpV, >90% of the
100,000- to 105,000-molecular-weight polypeptide was solubi-
lized by treatment with detergents (Fig. 6a, lane 3); <10% was
released without such treatment (lane 1) (as determined by
estimation of the amount of '*I-labelled protein A bound to
the blot). The latter result may be due to a fraction of virus
particles that failed to pellet in the centrifugation step. In
contrast, the majority (>75%) of the tegument protein from
ORF 10 remained in the insoluble fraction after detergent
treatment and pelleted with the nucleocapsid-tegument (Fig.
6b, lane 4). A small fraction above levels obtained without
treatment was released by the detergents (Fig. 6b, lane 3); this
may reflect a partial disruption by the detergent treatment of
the protein-protein interactions that maintain the tegument
structure. Similar observations regarding the HSV-1 tegument
protein oTIF have been reported (62). The 60-kDa polypep-
tide recognized by the ORF 10 antibodies was likely nonspe-
cific. Probing of identical blots with antibodies to ORFs 4 and
63 revealed that the majority of the respective polypeptides
failed to be solubilized by the detergents and remained pre-
dominantly in the insoluble fraction (Fig. 6¢ and d, respec-
tively, lanes 4), strongly supporting a tegument location of
these polypeptides. Harsher treatments of virus particles with
higher concentrations of deoxycholate (up to 2%), 5 M NaCl,
or 0.2% SDS also failed to completely solubilize the tegument
proteins from ORFs 10, 4, and 63, suggesting more than just a
loose association (data not shown). However, we were unable
to resolve the detergent-treated virus particles by further gra-
dients; we speculate that this might have resulted from some
aggregation of virus particles following detergent treatment,
causing them to sediment heterogeneously.

Further evidence suggesting a tegument location of the ORF

PROTEINS OF VZV GENES 4, 61, AND 63 4279

(a). ORF 14 (gpV) (b). ORF 10
1 2 3 4 1 2 3 4
105K g — E ;
it
K e

(c). ORF4 (d) ORF 63
1 2 3 1t 2 3

52K s — —

47K - —

R -

FIG. 7. Immunoreactivities of antibodies to ORF 14 (a), ORF 10 (b), ORF
4 (c), and ORF 63 (d) with identical immunoblots of electrophoretically sepa-
rated polypeptides of VZV particles after no treatment (lanes 1) and treatment
with trypsin in the presence of 1% Nonidet P-40 (lanes 2), with trypsin alone
(lanes 3), and with 1% Nonidet P-40 alone (lanes 4). The sizes of the major
polypeptide species detected are indicated in kilodaltons.

4 and ORF 63 polypeptides was obtained from trypsin protec-
tion studies. It was reasoned that tegument polypeptides would
be protected from the protease by the virion envelope. How-
ever, such proteins would be rendered susceptible to digestion
following disruption of the envelope by mild detergent treat-
ment. For this analysis, virus particles were purified without
protease inhibitors and were subjected to trypsin treatment in
the presence or absence of 1% Nonidet P-40 as outlined in
Materials and Methods. The results are presented in Fig. 7, in
which four identical blots of the SDS-PAGE-separated
polypeptides of the treated virus particle fractions probed with
antibodies to ORFs 14 (gpV), 10, 4, and 63 are shown. Anti-
bodies to ORF 14 (gpV) indicate that the majority of the
glycoprotein was sensitive to trypsin digestion, both in the
absence (Fig. 7a, lane 3) and in the presence (lane 2) of
Nonidet P-40, as would be expected of a surface glycoprotein.
A small fraction of the glycoprotein appears more resistant to
digestion in the absence of detergents, which might reflect
either a small amount of gpV on the inner surface of the viral
envelope or, more likely, an increased susceptibility of the
glycoprotein to digestion following detergent treatment. In
contrast, the ORF 10 tegument protein was completely resis-
tant to trypsin unless the envelope was solubilized (Fig. 7b).
When identical blots were probed with antibodies to ORF 4
and ORF 63 (Fig. 7c and d, respectively), results similar to
those for the tegument protein of ORF 10 were obtained, with
the majority of the reactive polypeptides remaining completely
resistant to trypsin digestion in the absence of detergents.
These results strongly substantiate the conclusion that ORFs 4
and 63 encode polypeptides associated with the tegument of
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VZV particles, with the viral envelope protecting the polypep-
tides from the external environment.

DISCUSSION

In this study, evidence was presented to strongly suggest that
forms of polypeptides encoded by VZV ORFs 4 and 63, but
not ORF 61, were tightly associated with virus particles, most
likely as part of the tegument. While the function of these
structural forms has not yet been resolved, we speculate that
they might have roles, as transcriptional regulatory proteins, in
the initial events of cell infection by VZV.

In the characterization of the antibodies required for these
studies, an interesting cell-specific difference in the accumula-
tion rates of the polypeptides from ORF 61 was identified.
While the characterizations of polypeptides from ORFs 4 and
63 were straightforward and agreed with results of previous
studies (42), the lack of detectable ORF 61 polypeptides in
VZV-infected HFF cells was not expected. Three possible rea-
sons could account for the results: the polypeptides were
poorly expressed, were expressed but subject to a high rate of
turnover, or were expressed but were not reactive with the
antibodies. Low levels of ORF 61 polypeptides in VZV-in-
fected cells have been noted by others (55). Initial studies of
OREF 61 transcripts suggest that similar levels of ORF 61
RNAs accumulate in VZV-infected HFF and MeWo cells
(57a). Furthermore, HFF cells infected with the v61 recombi-
nant express 62- to 66-kDa polypeptides, suggesting that an
antigenic difference is unlikely. We therefore suspect that ORF
61 proteins are translated inefficiently or are much less stable
in this cell type than are those expressed in VZV-infected
MeWo cells. While this issue is not yet resolved, these studies
were important as they directed us to the use of VZV-infected
MeWo cells for virus purification.

The conclusion that polypeptides encoded by ORFs 4 and
63, but not ORF 61, were associated with virus particles was
based upon antibody reactivities with enveloped virus particles
isolated from three successive gradient fractionations. We con-
sider that such a strategy eliminated the possibility that con-
taminating membrane vesicles could account for these results,
as each gradient has quite different parameters governing sep-
aration. We are, however, cautious in describing the virus par-
ticles, for two reasons. First, we were routinely unable to retain
virus infectivity following the initial cytoplasmic extraction of
the infected cells. The loss of infectivity is typical of VZV
grown in culture (59) and has been suggested to occur as a
consequence of viral particle maturation through the lysosomal
vesicles, which, when released by cell lysis, degrade surface
proteins on the virus which are required for infectivity (16).
This also highlights our second reservation, in that these stud-
ies were performed with cell culture-grown VZV. VZV iso-
lated from the vesicle fluid is considerably more infectious and
stable than is culture-grown virus (59), and it is possible that
maturation and egress occur differently for vesicle fluid-iso-
lated virus than for virus grown in culture and that the virus
may acquire different tegument proteins. Resolution of this
problem could be difficult, because it is impractical to purify
VZV from human vesicle fluid. However, immunoelectron mi-
croscopic techniques may allow the analysis of vesicle samples,
and such approaches are currently being explored. Regarding
the virus analyzed in this study, we further acknowledge the
lack of quantitation of the levels of these proteins in the virus
particle, due to the apparent migration of several polypeptides
in the size range of the ORF 63 and ORF 4 polypeptides. In
particular, the ORF 10 tegument polypeptide has mobility
identical to that of the ORF 63 polypeptide (24). Assessment
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of the levels of these proteins might be achieved by using VZV
mutants expressing size-altered polypeptides generated by in-
sertions, but such viruses are not yet available.

Comparisons of the VZV structural-transcriptional regula-
tory proteins with homologs in related alphaherpesviruses sug-
gest some similarities and some divergences. The VZV struc-
tural proteins from ORFs 10 and 62 have clearly diverged from
their HSV-1 homologs. Unlike the essential HSV-1 «TIF (58),
OREF 10 can be deleted without affecting virus growth (5), and
while HSV-1 ICP4 is a minor virion component (60), the ORF
62 protein is abundant in virus (24). Regarding ORF 63, it has
not yet been determined whether the HSV-1 homolog, ICP22,
has forms which are virion associated. However, equine her-
pesvirus 1 particles have been shown to contain a form of the
equine herpesvirus 1 protein considered homologous to HSV-1
ICP22 and VZV ORF 63 (18), suggesting some conservation
of structural roles. HSV-1 particles contain low levels of ICP0O
but contain no ICP27 (60, 61). The results for VZV suggest a
divergence of ORFs 4 and 61 from the HSV-1 homologs, as
OREF 61 (nonstructural) is homologous to HSV-1 ICPO (struc-
tural) and the positional homolog of ORF 4 (structural) is
HSV-1 ICP27 (nonstructural). However, the corresponding
proteins are considerably divergent at both the amino acid and
functional levels. Specifically, VZV ORF 4 cannot complement
HSV-1 mutants altered in ICP27 and demonstrates consider-
able functional differences (8, 21, 22, 38, 44). Although ORF
61 can complement HSV-1 mutants with defective or absent
ICPO genes (36) and can activate transcription (39), it exhibits
a powerful repressor activity on ORF 62- and ORF 4-mediated
activation (41), an activity not found with HSV-1 ICPO. It
therefore seems quite possible that the properties of the prod-
ucts of these genes have diverged regarding structural incor-
poration.

The question arises as to the roles, if any, that these proteins
play in virus structure and/or regulation of IE gene expression.
It is feasible that the proteins are nonspecifically acquired into
the tegument by their localization to the site of tegument
formation. However, we speculate that, as structural-transcrip-
tional regulatory proteins, they may act during IE events of
infection. It has been suggested that VZV IE genes might be
activated in a manner different from that of HSV-1 IE genes,
a possibility supported by the lack of a requirement for ORF
10 (5) and the finding of abundant levels of virion ORF 62
protein (24). Also indirectly supporting this is the observation
that several proteins are made under IE conditions in VZV-
infected cells (53). However, only the ORF 62 gene (of those
genes homologous to HSV-1 IE genes) has TAATGARAT
motifs in its promoter, the element responsible for IE gene
expression in HSV-1 (28, 33, 34, 40). The fact that ORF 4
encodes a potent activator which can act in conjunction with
the ORF 62 protein (8, 21, 22, 38, 44) is consistent with a
model in which ORF 4 and ORF 62 proteins act in concert to
stimulate transcription upon infection. A lack of ORF 61
polypeptides, as repressors of ORF 4- and ORF 62-mediated
activation (41), is also consistent with this model. The func-
tions of ORF 63 are less well understood. ORF 63 appears to
encode transcriptional repression activities of the ORF 62 pro-
moter and can regulate the activities of VZV early genes (23).
However, it is possible that ORF 63 protein in conjunction with
other structural proteins may exhibit different transcriptional
regulatory functions, or that its activity differs in different cell
types. Studies of HSV-1 ICP22 suggest functions which are
essential for growth in certain cell types (51). Currently, we are
investigating the possible interplay of ORF 63 proteins with
other structural-transcriptional regulatory proteins in tran-
scription from putative VZV IE gene promoters.
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