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The gG-2 glycoprotein gene of herpes simplex virus type 2 (HSV-2) was cloned into the mammalian
expression vector pMSG under the control of the inducible mouse mammary tumor virus promoter.
Transfection of this cloned gG-2 construct into NIH 3T3 cells resulted in the stable expression of gG-2 upon
induction with dexamethasone. In addition, the 104,000-molecular-weight (104K) and 72K gG-2 precursors as
well as the 34K secreted component were generated in the transformed cells. The synthesis of gG-2 in these
transformed cells appeared to follow the same cleavage-processing pathway as gG-2 synthesis during an HSV-2
infection. These results indicate that the processing of gG-2 can occur in the absence of an HSV-2 infection.

Several antigenically distinct herpes simplex virus type 2
(HSV-2) glycoproteins are present on both the virus-infected
cell membranes and the virus envelope. These include
glycoproteins gB-2, gC-2, gD-2, gE-2, gG-2 (36) and possibly
gl-2, an additional glycoprotein encoded by the US7 open
reading frame of the HSV-2 genome (18). The synthesis of
glycoproteins gB-2, gC-2, gD-2, and gE-2 appears to parallel
that of their well-characterized counterpart glycoproteins in
HSV type 1 (HSV-1) (36). Unlike these glycoproteins, gG-2
differs from its HSV-1 counterpart in several aspects. Both
gG-1 and gG-2 were initially mapped to the unique short
region of the HSV genome (1, 26, 27, 30, 34, 35) and were
later identified as the US4 gene products of their respective
viral genomes (12, 28). However, DNA sequence analysis
revealed that the gG-2 gene, which encodes a 699-amino-acid
protein, contains an additional 1,460-nucleotide region ab-
sent from the smaller gG-1 gene, which encodes a 238-
amino-acid protein (28). Clear homology between the gG-1
and gG-2 molecules is restricted to the carboxyl-terminal
portion that includes the putative transmembrane anchor
domain (28). In addition, gG-2 undergoes a unique cleavage
event during its synthesis (3, 37); the processing of gG-1
synthesis does not include such a cleavage step (1, 12). Our
studies have shown that gG-2 is synthesized as a cotransla-
tionally glycosylated high-mannose intermediate with an
apparent molecular weight of 104,000 (104K). This 104K
intermediate is subsequently cleaved to generate two com-
ponents, the 31,000- and 72,000-dalton high-mannose inter-
mediates (31K and 72K, respectively). The 72K high-man-
nose intermediate is then further glycosylated to yield the
mature gG-2 glycoprotein of 108,000 daltons (108K) which is
found on the envelopes of virions and on the plasma mem-
branes of virus-infected cells. The 31K intermediate is
processed and subsequently secreted into the extracellular
medium as a 34,000-dalton (34K) component (37).

The events responsible for the cleavage and processing of
gG-2 are not well understood. It remains to be determined
whether other HSV-2 gene products play any specific role in
the processing of gG-2. To approach this problem, the
synthesis of gG-2 in the absence of an HSV-2 infection was
studied. Such a study was facilitated by the recent identifi-

* Corresponding author.

3668

cation and sequencing of the gG-2 gene encoded within the
US4 open reading frame (28). In this paper, we report the
cloning and subsequent expression of the gG-2 gene in a
mammalian cell line and provide evidence indicating that the
proteolytic processing of gG-2 can occur in the absence of an
HSV-2 infection.

MATERIALS AND METHODS

Cell culture. NIH 3T3 cells were cultured in Dulbecco
modified Eagle medium (Whittaker M.A. Bioproducts, Inc.)
supplemented with 10% newborn calf serum, penicillin-
streptomycin, 40 mM L-glutamine, and 0.075% sodium bi-
carbonate (all purchased from GIBCO Diagnostics). Cells
were maintained in a maintenance medium containing 2%
newborn calf serum.

Virus. HSV-2 strain 186 was used throughout this study.
The virus stocks were propagated at a low multiplicity of
infection in HEp-2 cells and assayed by plaque formation on
Vero cells (5).

Plasmid construction. The cloning of the entire gG-2 gene
into the expression vector pMSG (Pharmacia, Inc.), such
that the gG-2 gene is under the control of the mouse
mammary tumor virus (MMTYV) promoter, is depicted in
Fig. 1. Several subcloning steps were required to eliminate
sequences upstream of the gG-2-coding region.

Plasmid pB-B2 contains a 4.5-kilobase (kb) BamHI frag-
ment excised from pRT1-4, a plasmid containing the HindIII
L fragment of HSV-2/HG (a kind gift from A. Kessous-
Elbaz, Institut du Cancer de Montreal, Department of Pa-
thology, University of Montreal, Canada). A 1.3-kb Sall
fragment was subcloned from pB-B2 into pUC19 to produce
pS-S1. pS-S1 was restricted with Ddel, made blunt ended
with mung bean nuclease, and subsequently digested with
Aa!ll to produce a 1.0-kb fragment which was subcloned
into the Aarll to blunted Ps¢I sites of pUC19. The resulting
plasmid, pD-A, was digested with HindIIl and Mlul to
release a 0.9-kb fragment containing the trimmed 5’ end of
the gG-2 gene. This fragment was inserted into the HindIII-
Miul sites of pB-B2 to generate pD-B. A 2.4-kb fragment
encoding gG-2 was excised from pD-B by cutting with
HindIll, blunt-ending, and then digesting with Xhol. This
fragment was ligated into the Smal to Xhol sites of pMSG to
yield pD-X.
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FIG. 1. Construction of plasmid pD-X for expression in NIH 3T3 cells. Details of the plasmid construction are described in Materials and
Methods. Briefly, pB-B2 was generated by subcloning a 4.5-kb BamHI fragment from a pBR322 construct containing the HindIII L fragment
of HSV-2 DNA into pUC19. A 1.3-kb Sall fragment was removed from pB-B2 and subcloned into pUC19 to generate pS-S1. pS-S1 was then
digested with Ddel, made blunt ended, and further digested with AarII to remove a 1.0-kb fragment. The 1.0-kb fragment was subcloned into
pUCI19, resulting in the plasmid pD-A. A 0.9-kb HindIII-Mlul fragment was excised from pD-A and ligated back into pB-B2, replacing its
HindlII-to-Mlul fragment. From the resultant plasmid, pD-B, a 2.4-kb fragment containing gG-2 was removed by first cutting the plasmid with
HindIIl, blunt-ending, and Xhol digestion. This fragment was ligated into pMSG at the Smal to Xhol sites to generate the plasmid pD-X.
Restriction enzyme sites are abbreviated as follows: A, Aatll; B, BamHI; D, Ddel; H, Hindlll; M, Mlul; P, Pst1; S, Sall; S’, Smal; and X,

Xhol. Not all Sall and Ddel restriction sites are indicated.

Plasmid constructions were performed by standard recom-
binant DNA techniques (25). The JM83 strain of Escherichia
coli was used for all plasmid transformations. Restriction
enzymes, mung bean nuclease, and T4 DNA ligase were
purchased from New England BioLabs, Inc., and employed
following the specifications of the manufacturer.

Transfection and selection. Plasmids were prepared from
bacteria grown in superbroth (15) and extracted by the
sodium dodecyl sulfate (SDS) lysis method (14). The DNA
was purified by cesium chloride equilibrium centrifugation
(25). Transfection of NIH 3T3 cells was performed by the
calcium phosphate precipitation method (16) as modified by
Chen and Okayama (7), except N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES)-buffered saline was used
in place of N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid (BES)-buffered saline. Each 100-mm dish was seeded
with 5 X 10° NIH 3T3 cells and transfected with 30 pg of
pD-X DNA. The cells were allowed to recover in growth
medium for 24 h before replating for selection. The expres-
sion vector, pMSG, contains the xanthine-guanine phospho-

ribosyl-transferase (gpr) gene (29); therefore, stable trans-
formants were selected by growth in medium supplemented
with mycophenolic acid (25 pg/ml), xanthine (250 pg/ml),
hypoxanthine (15 pg/ml), aminopterin (2 pg/ml) and thymi-
dine (5 pg/ml), all purchased from Sigma Chemical Co.
Surviving cell clones were picked after 2 weeks and ex-
panded. A resulting cell line, designated pDX, was used in
the studies reported here.

Protein sample preparation. Cells were harvested and
solubilized in 1% SDS with boiling for 3 min. The boiled
samples were diluted in 4 volumes of a solution containing
1.25% Triton X-100 in 10 mM Tris (pH 7.4)-10 mM NaCl-1
mM EDTA (2). The resultant samples were then clarified by
centrifugation at 100,000 X g for 30 min. The supernatants
served as solubilized antigens for either direct analysis on
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) or
immunoprecipitations (10). Inmune complexes were recov-
ered by addition of Staphylococcus aureus cells (Pansorbin,
La Jolla, Calif.). Samples were prepared from extracellular
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medium by trichloroacetic acid and acetone precipitations as
previously described (37).

Immunoblotting. Analysis of samples by SDS-PAGE was
performed as described previously (32). Samples were elec-
trophoresed on a 7% acrylamide gel cross-linked with N,N-
methylene-bis-acrylamide. Immunoblotting was performed
essentially as reported by Towbin et al. (39) with some
modifications (8). As indicated in the text, the immunoblots
were reacted with either anti-gG-2 or anti-pgG-2 rabbit sera
(37). Reactive proteins were visualized by reaction with
[***I]protein A (ICN Pharmaceuticals Inc.) followed by
autoradiography.

Indirect immunofluorescence. Indirect immunofluores-
cence was conducted as described previously (11). Cells
were seeded on cover slips at an approximate density of 5 X
10° cells per 60-mm dish. Cover slips from mock-infected or
HSV-2-infected NIH 3T3 cells were harvested for immuno-
fluorescence at 12 h postinfection. Cover slips seeded with
pDX cells were harvested 12 h after induction with 107¢ M
dexamethasone (Sigma). For internal immunofluorescence,
cells were fixed with acetone before being stained with the
primary antibody. The anti-gG-2 serum used for both mem-
brane and internal immunofluorescence was preabsorbed
with NIH 3T3 cells and rabbit liver powder (GIBCO) (23).
After reaction with the primary antiserum, all cover slips
were then stained with fluorescein isothiocyanate-conju-
gated goat anti-rabbit gamma globulin (Caopel Laborato-
ries). Cover slips were visualized with an Jlympus (BHS)
microscope by using a tungsten light source.

RESULTS

Establishment of cell lines expressing gG-2. The synthesis
and processing of gG-2 in the absence of an HSV-2 infection
was accomplished by introducing a cloned gG-2 gene into
NIH 3T3 cells. During an HSV-2 infection, transcription of
the gG-2 gene presumably requires the presence of other
viral gene products (19). To study the synthesis of gG-2 in
the absence of HSV-2 infection, we cloned the gG-2 gene
behind the MMTV promoter on the expression vector,

FIG. 2. Expression of gG-2 in the pDX cells after addition of
dexamethasone. Parallel confluent cultures of pDX cells were
incubated in the presence (+dex) or absence (—dex) of 107¢ M
dexamethasone and harvested at the indicated times after dexameth-
asone addition (above lanes). Mock- or HSV-2-infected NIH 3T3
cells were harvested 22 h after infection. The harvested cell samples
were solubilized and immunoprecipitated with the anti-gG-2 serum.
The immunoprecipitates were analyzed by immunoblotting with the
anti-gG-2 serum. The positions of the 108K and 72K proteins are
indicated.
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FIG. 3. Detection of the synthesis of gG-2 precursors with the
anti-pgG-2 serum. NIH 3T3 cells or dexamethasone-induced pDX
cells were harvested at 12 h postinduction and immunoprecipitated
with anti-pgG-2 serum. The immunoprecipitated proteins were
analyzed by SDS-PAGE followed by immunoblotting with anti-pgG-
2 serum (lanes 1 and 2). HSV-2- or mock-infected NIH 3T3 cells
were harvested at 12 h postinfection and analyzed directly by
SDS-PAGE and immunoblotting with anti-pgG-2 serum (lanes 3 and
4). The positions of the 104K and 72K proteins are indicated.

pMSG. The expression of gG-2 should be inducible with the
glucocorticoid dexamethasone (22). _

The construction of the expression plasmid designated
pD-X is outlined in Fig. 1 and further described in Materials
and Methods. The viral sequence cloned into pD-X included
the entire gG-2 coding sequence from a Ddel site 110 base
pairs 5’ of the gG-2 initiation codon to an Xhol site 114 base
pairs downstream from the polyadenylation signal (28). NIH
3T3 cells were transfected with pD-X DNA by the calcium
phosphate precipitation technique (16), and the transformed
cells were selected for gpt expression in medium containing
25 wg of mycophenolic acid per ml (see Materials and
Methods for details). Single colonies were picked and repla-
ted in 24-well plates. A total of nine separate cell lines were
established; one cell line, designated pDX, was selected for
further characterization.

Inducible expression of gG-2 in pDX cells. Since the gG-2
gene within pDX cells was under the control of the MMTV
promoter, gG-2 expression in this cell line was studied after
induction with dexamethasone. Confluent monolayers of
pDX cells were incubated in the presence or absence of 10™¢
M dexamethasone and harvested at various times after
induction. Mock- or HSV-2-infected NIH 3T3 cells were
included as controls, and these cells were harvested at 22 h
postinfection. At the indicated times, the various cultures
were harvested and solubilized, and the gG-2 proteins were
immunoprecipitated with anti-gG-2 serum. The immunopre-
cipitated proteins were solubilized, resolved on SDS-PAGE,
and then transferred to nitrocellulose and immunoblotted
with anti-gG-2 serum (Fig. 2). After the addition of dexa-
methasone, an increased accumulation of gG-2 was detected
with time compared with noninduced pDX cells. If one
compares the gG-2 components synthesized in transformed
cells with those made in HSV-2-infected cells, it is apparent
that after dexamethasone treatment, the 108K and the 72K
precursors are detectable in the pDX cells. The amount of
gG-2 (108K) and the 72K precursor detected appears to
diminish at later times after induction. However, the nature
of the difference in the steady-state levels of 108K versus the
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FIG. 4. Detection of the 34K secreted component in the extra-
cellular medium of pDX cells after dexamethasone addition. The
medium from pDX cells cultured in the presénce or absence of
dexamethasone (from Fig. 2) was harvested at the indicated times
(above lanes) after addition of dexamethasone, and the proteins
were precipitated with trichloroacetic acid. The recovered proteins
were analyzed by immunoblotting with the anti-pgG-2 serum. The
position of the 34K protein is indicated.

72K precursor is not understood and is currently under
further study. The nonspecific reactivity that was present in
the lower one-third of all lanes was the result of the [*2*I]pro-
tein A reacting with the immunoglobulins originating from
the immunoprecipitation step of the procedure.

The synthesis of the gG-2 precursors in the gG-2-trans-
formed cells was further studied by using the anti-pgG-2
serum prepared against the 104K precursor (37). This anti-
pgG-2 antibody was employed to facilitate the specific de-
tection of the 104K and the 72K precursors (37). NIH 3T3 or
pDX cells induced with dexamethasone for 12 h were
harvested and immunoprecipitated with the anti-pgG-2 se-
rum. The immunoprecipitated proteins were analyzed by
SDS-PAGE followed by immunoblotting with anti-pgG-2
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serum (Fig. 3, lanes 1 and 2). HSV-2 or mock-infected NIH
3T3 cells were harvested at 12 h postinfection and analyzed
by SDS-PAGE and immunoblotting with anti-pgG-2 serum
(Fig. 3, lanes 3 and 4). Both the 104K and 72K intermediates
were clearly observed in the HSV-2-infected as well as the
gG-2-transformed cells. These results suggest that the
expression of gG-2 in the pDX cells is indeed inducible with
dexamethasone and that the 104K and 72K high-mannose
gG-2 precursors are generated in the transformed cells.

In HSV-2-infected cells, the synthesis of gG-2 involves a
cleavage-processing event that results in the generation of
the 72K component and the 34K secreted cleavage product.
To verify that the 34K cleavage product was also produced
in the pDX cells, the extracellular medium from transformed
cell cultures incubated with dexamethasone was analyzed.
At the indicated times, the cell supernatants were harvested
and the proteins from the medium were precipitated, solu-
bilized, and analyzed by SDS-PAGE followed by immuno-
blotting with the anti-pgG-2 serum (Fig. 4). The 34K cleav-
age product was clearly detectable in the extracellular
medium of the pDX cells after induction with dexameth-
asone. The amount of the 34K secreted component appeared
to accumulate with increasing time after induction. The
presence of the 34K component in the culture medium of the
pDX cells indicates that the cleavage-processing events for
gG-2 are similar in both the transformed and HSV-2-infected
cells.

Localization of gG-2 by immunofluorescence. Both internal
and membrane immunofluorescence were used to study the
distribution of the gG-2 antigens expressed in pDX cells.
NIH 3T3 and pDX cells were seeded onto cover slips either
separately or as mixed cultures. The gG-2-transformed cells
were induced with dexamethasone for 12 h before harvest,
while the NIH 3T3 cells, either mock infected or infected
with HSV-2, were harvested at 12 h postinfection. All cover
slips were then processed for internal or membrane immu-
nofluorescence and reacted with normal rabbit serum or

FIG. 5. Internal immunofluorescence studies of gG-2 synthesis in the pDX cells. HSV-2-infected NIH 3T3 .cells (D)‘, induced pDX cells
alone (A and C), or a mixed culture of induced pDX cells and NIH 3T3 cells (B) were fixed and stained with eltl_ler an}n-gG-Z (A, B, and D)
or normal rabbit serum (C). After being reacted with the secondary fluorescein isothiocyanate-goat anti-rabbit antibody, the cells were

visualized for immunofluorescence staining.
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FIG. 6. Surface immunofiuorescence studies of pDX cells. NIH
3T3 cells (A) or induced pDX cells (B and C) were stained with
either the anti-gG-2 (A and B) or (C) normal rabbit serum and
processed for membrane immunofluorescence as described in Ma-
terials and Methods.

anti-gG-2 serum. The internal immunofluorescence staining
results are shown in Fig. 5. Specific perinuclear staining was
observed in the gG-2-transformed cells (Fig. SA) as well as in
the HSV-2-infected NIH 3T3 cells (Fig. 5SD). The intensity of
the fluorescence was always greater in the virus-infected
cells. In cultures containing NIH 3T3 cells and pDX cells
mixed at a ratio of approximately 5:1, one observed positive
cells surrounded by nonreactive cells (Fig. 5B). Cells trans-
formed with gG-2 and reacted with normal rabbit serum (Fig.
5C) and mock-infected NIH 3T3 cells stained with anti-gG-2
serum (not shown) showed no significant staining.

The membrane immunofluorescence reactions are pre-
sented in Fig. 6. Positive staining was detected when anti-
gG-2 serum was reacted with the gG-2-transformed cells
(Fig. 6B). In contrast, mock-infected NIH 3T3 and pDX cells
showed no reactivity with anti-gG-2 serum and normal rabbit
serum, respectively (Fig. 6A and C).

DISCUSSION

In this report we describe the establishment and charac-
terization of a NIH 3T3 cell line constitutively expressing the
gG-2 gene of HSV-2. This gG-2-transformed cell line, desig-

J. VIROL.

nated the pDX cell line, was generated by the transfection of
NIH 3T3 cells with the gG-2 gene fused to the MMTV
promoter on the expression vector, pMSG. In agreement
with studies with the MMTV promoter (6, 22), the expres-
sion of gG-2 in the pDX cells was enhanced by the addition
of the glucocorticoid, dexamethasone, indicating that the
gG-2 gene was indeed under the control of the MMTV
promoter.

The pDX cells expressed lower levels of the mature gG-2
in comparison with HSV-2-infected cells, as determined by
immunoblotting and immunofluorescence studies. This can
be attributed to a combination of several factors. First, the
number of gene copies in the transformed cell may be much
lower than that generated during an HSV-2 infection. In one
study using the pMSG expression vector, only 15 copies of
the vector were present per cell (21). However, during
HSV-2 infection, hundreds of copies of the gG-2 gene may
be present since gG-2 is produced subsequent to the initia-
tion of viral DNA replication. Alternatively, there may be a
difference in the rate of gG-2 turnover between the pDX cells
and the HSV-2-infected cells. In agreement with studies
using pMSG to express a DNA-binding protein (21), accu-
mulation of the mature gG-2 was not observed in the pDX
cells at later times (22 h) after induction (Fig. 2); a constant
level of mature gG-2 was maintained for up to 48 h (data not
shown). This is in contrast to the increasing amounts of the
34K secreted component detected in the extracellular me-
dium at similar times. Since the 34K secreted component
and the mature gG-2 share a common precursor (37), the
continued accumulation of 34K in the extracellular medium
at later times suggest that synthesis of gG-2 is still occurring.
The lack of a steady accumulation of the mature gG-2
therefore indicates that there may be cellular turndver of the
mature gG-2 in the pDX cells. Such turnover of gG-2 during
HSV-2 infection has not been described. Additionally, some
as yet unidentified viral function may allow for a more
efficient expression and processing of gG-2 in the infected
cells than in the transformed cells. None of these possibili-
ties can be excluded at present.

With the availability of a stable cell line expressing gG-2,
the processing events for gG-2 can be further dissected.
Consistent with the processing events of gG-2 already estab-
lished in HSV-2-infected cells (3, 9, 37), the mature 108K
gG-2, as well as the 104K and 72K intermediates, were all
detected in the gG-2-transformed cells. In the presence of
tunicamycin, the synthesis of the mature gG-2 was inhibited
in the pDX cells (data not shown), as is the case in tunicamy-
cin-treated HSV-2-infected cells (3, 35). Furthermore, the
synthesis of gG-2 in the pDX cells also involves the cleav-
age-processing event that results in the secretion of the 34K
component into the extracellular medium. Taken together,
these results suggest that the normal processing of gG-2 is
not dependent on the presence of other HSV-2 gene prod-
ucts. Although autoproteolytic cleavage of gG-2 precursor
cannot be entirely ruled out, the cleavage event is probably
mediated by a host cell-specific protease. Such host cell-
specific proteolytic cleavage has been shown for the proc-
essing of the glycoproteins of several RNA viruses, includ-
ing HA of orthomyxovirus, F of paramyxovirus (12), and E2
of coronavirus (20). Although cleavage of HA, F, and E2
plays a role in the activation of viral infectivity of their
respective viruses (12, 13, 20), no such role is expected for
gG-2 since recent studies have indicated that both gG-1 (24,
40) and gG-2 (17) are nonessential functions for viral repli-
cation in tissue culture. The gX glycoprotein of pseudorabies
(a suggested homolog of gG-2 [31]) appears to resemble gG-2
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in that synthesis of gX involves a cleavage-processing step
as well as secretion of the cleavage product (4, 33). The gX
glycoprotein is also nonessential for virus growth in tissue
culture (38). The function of gG-2 remains to be determined.

These studies represent the first reported expression of
gG-2 in mammalian cells in the absence of an HSV-2
infection. With the establishment of such a system, experi-
ments can now be initiated to study the cleavage-processing
events associated with gG-2 synthesis.
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