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Two forms of herpes simplex virus glycoprotein gD were recombined into Autographa californica nuclear
polyhedrosis virus (baculovirus) and expressed in infected Spodoptera Jfugiperda (Sf9) cells. Each protein was
truncated at residue 306 of mature gD. One form, gD-1(306t), contains the coding sequence of Patton strain
herpes simplex virus type 1 gD; the other, gD-1(QAAt), contains three mutations which eliminate all signals for
addition of N-linked oligosaccharides. Prior to recombination, each gene was cloned into the baculovirus
transfer vector pVT-Bac, which permits insertion of the gene minus its natural signal peptide in frame with the
signal peptide of honeybee melittin. As is the case with many other baculovirus transfer vectors, pVT-Bac also
contains the promoter for the baculovirus polyhedrin gene and flanking sequences to permit recombination into
the polyhedrin site of baculovirus. Each gD gene was engineered to contain codons for five additional histidine
residues following histidine at residue 306, to facilitate purification of the secreted protein on nickel-containing
resins. Both forms ofgD-1 were abundantly expressed and secreted from infected Sf9 cells, reaching a maximum
at 96 h postinfection for gD-1(306t) and 72 h postinfection for gD-i(QAAt). Secretion of the latter protein was
less efficient than gD-1(306t), possibly because of the absence of N-linked oligosaccharides from gD-1(QAAt).
Purification of the two proteins by a combination of immunoaflinity chromatography, nickel-agarose chroma-
tography, and gel filtration yielded products that were >99% pure, with excellent recovery. We are able to obtain
20 mg of purified gD-1(306t) and 1 to 5 mg of purified gD-1(QAAt) per liter of infected insect cells grown in
suspension. Both proteins reacted with monoclonal antibodies to discontinuous epitopes, indicating that they
retain native structure. Use of this system for gD expression makes crystallization trials feasible.

Glycoprotein gD of herpes simplex virus (HSV) is a compo-
nent of the virion envelope which plays an essential role in
HSV entry into susceptible mammalian cells (28, 48). The
evidence to date suggests that gD binds to a cellular molecule,
possibly the mannose-6-phosphate receptor (25), following the
initial interaction of other HSV glycoproteins, gC and/or gB,
with heparan sulfate proteoglycans (23, 26, 27, 48). It was
proposed that the interaction between gD and the gD receptor
stabilizes the virus-cell complex prior to membrane fusion
which is mediated by other essential glycoproteins, such as gB
and gH, but possibly also including gD (20, 27, 48). In support
of this interaction, it was shown that truncated forms of HSV-1
gD (gD-it, truncated at residue 275) and HSV-2 gD (gD-2t,
truncated at residue 302) both directly bind to cells and also
block the binding of virus to cells (26). Using a complementa-
tion assay, it was shown that gD-2 can replace gD-1 in the
infection process (36), also suggesting that the two glycopro-
teins interact with the same receptor on Vero cells. Both
proteins induce production of neutralizing antibody and stim-
ulate a cross-protective immune response in animal models
(reviewed in references 3, 4, 10, 30, 35).

Structural studies of gD of HSV have relied on immunolog-
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ical, biochemical, and genetic approaches to establish working
models of this essential protein (10, 15, 18, 32, 37). It is clear
that X-ray crystallographic studies are required to precisely
define its three-dimensional structure. From the experience of
other investigators, it is generally accepted that the likelihood
of obtaining X-ray diffraction quality crystals of a glycoprotein
such as gD is increased if four conditions are met: (i) the
protein is truncated prior to the hydrophobic transmembrane
region (TMR); (ii) the protein retains its functionally active or
native structure; (iii) sufficient material is available for multiple
experiments; and (iv) a single molecular form of the protein
can be isolated (i.e., it should not be heterogeneous with
respect to carbohydrate or other posttranslational modifica-
tions).
To achieve high levels of expression and secretion of gD, we

used the insect cell-baculovirus expression system (34, 38, 49,
50), substituting the coding region of the first 306 amino acids
of the gD gene (not counting the signal peptide) for the
baculovirus polyhedrin gene. Several other laboratories have
reported using this system to successfully express full-length
gD in large quantity (22, 29, 30). We used the Autographa
californica nuclear polyhedrosis virus (baculovirus) transfer
vector pVT-Bac (50) to insert the gD gene into baculovirus.
This vector, which is derived from pAc373 (44), contains the
polyhedrin promoter and sequences which normally flank the
polyhedrin gene. Of significance, it contains the signal peptide
sequence for honeybee melittin and cloning sites adjacent to
this sequence which permit in-frame fusion of the coding
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FIG. 1. Gene construction of histidine-tailed gD-1(306t) and gD-1(QAAt). The source of the gD gene was plasmid pRWF6 (54), containing
the coding sequence of the Patton strain of HSV-1 gD. SP, gD-1 signal peptide; TM, transmembrane region of the protein. The vector containing
the gD DNA sequence coding for the protein gD-1(306t) is called pVT-gDMSP306, and the vector for the protein gD-1(QAAt) is called
pVT-gDMSPQAA. Details for the construction of the latter two plasmids are provided in the text.

sequence for a foreign protein with that of the melittin signal
peptide. Tessier et al. (50) previously showed that use of this
particular signal peptide significantly enhanced expression and
secretion of the papain precursor (EC 3.4.22.2) from baculo-
virus infected Spodoptera frugiperda (Sf9) cells (33). We exam-
ined the potential of two truncated forms of gD-1 to be
expressed in this system. One form, gD-1(306t), has the three
signals for addition of N-linked oligosaccharides (N-CHO)
present in wild-type gD-1; the other form, gD-1(QAA)t, has
the same amino acid sequence except for three mutations
which eliminate the three signals for addition of N-CHO (46,
47). Full-length gD-1(QAA), though somewhat different in
antigenic properties from fully glycosylated gD, is still func-
tional in virus infection (47). Our reason for overexpressing a
truncated form of this protein is to address the fourth concern
for crystallography of gD, namely, the possibility that gD might
not crystallize because of carbohydrate heterogeneity. For
gD-1(306t), we routinely obtain 20 mg of affinity-purified
protein per liter of growth medium. In contrast, much of
gD-1(QAAt) remains intracellular; therefore, we are able to
purify approximately 1 to 5 mg of this protein per liter of
growth medium. Both proteins retain the ability to bind most
monoclonal antibodies (MAbs) to discontinuous epitopes,
though gD-1(QAAt) exhibits reduced ability to bind some
group VI MAbs, a property similar to that of full-length
gD-1(QAA) produced in mammalian infected cells (46).
Lastly, after three steps of purification, both proteins were free
of contaminating proteins and appear to be >99% pure.
gD-1(306t) exhibits some heterogeneity in gradient sodium
dodecyl sulfate (SDS)-polyacrylamide gels, due in large part to
N-CHO, whereas gD-1(QAAt) appears to be homogeneous.
Thus, both proteins are candidates for crystallization trials
according to the four criteria stated above.

MATERUILS AND METHODS

Construction of transfer vectors. Plasmid pRWF6 (53)
contains the entire gD gene (Fig. 1). A 918-bp fragment,
corresponding to amino acids 1 to 306 of gD (where amino
acid 1 is Lys-26 of the amino acid coding region) (12), was
amplified by PCR. The amino-terminal primer added a BamHI
site just upstream from the codon for amino acid 1; the
carboxy-terminal primer added five histidine codons following
the naturally occurring histidine at amino acid 306, a stop
codon, and a PstI site (Fig. 1). The histidine codons were added
to provide a binding site for Ni2 -nitriloacetic acid (NTA)-
agarose resin (Qiagen) for possible use in purification proto-
cols. The PCR reaction employed VentR DNA polymerase
(New England Biolabs) and was carried out for 45 cycles of 1
min at 99°C, 30 s at 52°C, and 2 min at 75°C. The amplification
products were analyzed on a 1% agarose gel, and the desired
fragment was purified from the gel. The PCR fragment and the
vector pVT-Bac (50) were each digested with BamHI and PstI
and ligated for 15 h at 15°C, using T4 DNA ligase (New
England Biolabs). The ligated plasmid was used to transform
Escherichia coli XL1-Blue (Stratagene) competent cells. Plas-
mids from ampicillin-resistant colonies were screened by
BamHI and PstI digestions. DNA was then purified by CsCl
banding. Plasmid DNA (pVT-gDMSP306) containing the
truncated form of gD-1 was recombined into baculovirus, and
the recombinant protein was designated gD-1(306t). The re-
combinant virus was designated bac-gD-1(306t).

Similar constructs were made by using plasmid pDS145 as a
source of the gD-1 gene with mutations which eliminated all
three N-linked glycosylation signal sites (46). In this mutant,
Asn-93 is converted to glutamine (Q), and Ser-122 and Thr-
263 are converted to alanine (A). The plasmid was designated
pVT-gDMSPQAA, the recombinant virus was designated bac-
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gD-1(QAAt), and the recombinant protein was designated
gD-i (QAAt).

Cell lines. All experimental work reported in this paper was
done in Sf9 cells. In early experiments, we found that gD
expression in cell monolayers of infected High Five cells was
substantially higher than in infected Sf9 cells. However, High
Five cells showed markedly reduced viability and clumping in
stirred suspension cultures and were not tested extensively for
large-scale (1 liter or more) purification trials. Both cell lines
were obtained from Invitrogen. For large-scale production of
gD from suspension cultures, we used a second strain of Sf9
cells (kindly provided by G. Godwin, GIBCO), which was
specifically adapted to grow in serum-free media.

Media. For small-scale studies, Sf9 cells were cultured in
Grace's insect cell culture medium supplemented with 10%
fetal bovine serum, 0.1% Pluronic F-68, 50 U of penicillin per
ml, and 50 ,ug of streptomycin per ml (reagents were from
GIBCO). The Pluronic F-68 was omitted during transfections
and infections. Sf90011 medium (GIBCO) (no serum) was used
for large-scale growth of Sf9 cells in suspension culture.

Construction and purification of baculovirus recombinants.
Cotransfection of Sf9 cells with 1.5 ,ug of pVT-gDMSP306 or
pVT-gDMSPQAA and 200 ng of linearized wild-type baculo-
virus DNA (A. californica nuclear polyhedrosis virus; Invitro-
gen) was mediated by cationic liposomes (Lipofectin; GIBCO)
according to the manufacturer's specifications. The transfec-
tion mixture was added to 3 x 106 cells in a 60-mm-diameter
dish and incubated with the cells in serum-free medium for 15
h at 27°C. The medium was removed and replaced with
serum-containing medium, and then incubation at 27°C was
resumed for 48 h. The supernatant virus was reserved for the
next step. Separate culture dishes (60-mm diameter) were
seeded with 3 x 106 Sf9 cells. The medium was removed, and
these cells were incubated for 1 h at room temperature with
various dilutions of supernatant virus recovered after cotrans-
fection. The virus was removed, and the cells were overlaid
with fresh medium containing 1.5% low-melting-point agarose
(Bethesda Research Laboratories) and then incubated at 27°C
for 5 days. Occlusion-negative plaques were picked and added
to serum-free medium. A portion was analyzed for recombi-
nant virus by PCR as described previously (43). Recombinants
were subjected to two additional rounds of plaque purification.
Virus stocks were prepared by infecting Sf9 cells in suspension
at a multiplicity of infection (MOI) of 0.1 and incubating them
for 6 days at 27°C. Supernatant virus was collected, filtered
through a 0.45-[Lm-pore-size filter, titered on monolayers of
Sf9 cells, and stored in aliquots at - 80°C.

Infections for protein expression. Suspension cultures of Sf9
cells were infected with one of the recombinant viruses at an
MOI of 4 and incubated at 27°C for various times up to 108 h.
Cells were pelleted by centrifugation, and supernatant proteins
were subjected to SDS-polyacrylamide gel electrophoresis
(PAGE). Gels were analyzed either by staining with Coo-
massie brilliant blue or by Western blotting (immunoblotting)
(6), using polyclonal anti-gD-1 serum (R1) (24).

Radiolabeling and immunoprecipitations. Sf9 cells were
infected in monolayers with recombinant baculovirus contain-
ing the genes for gD-1(306t) or gD-1(QAAt) at an MOI of 10
and incubated at 27°C. At 24 h postinfection (p.i.), the medium
was removed and replaced with methionine-free medium for 1
h. [35S]methionine was added at a final concentration of 50
pLCi/ml, and incubation at 27°C was continued until 48 h p.i.
Immunoprecipitation studies were done with two MAbs,
grouped as described previously (37). Antibody 55306 recog-
nizes a discontinuous epitope and was assigned to group Ia;
antibody 55317 recognizes a continuous epitope and was

assigned to group VII. An antibody to the fibroblast growth
factor receptor (Upstate Biotechnology, Inc.) was used as a
control. The supernatants were mixed with an equal volume of
radioimmunoprecipitation buffer (0.15 M NaCl, 0.1 M Tris-
HCl [pH 7.4], 10% glycerol, 0.5% sodium deoxycholate, 0.5%
Nonidet P-40). Antibody was added, and antibody-antigen
complexes were collected with protein A-Sepharose. The
pellets were washed three times with radioimmunoprecipita-
tion buffer, suspended in SDS sample buffer, and analyzed by
SDS-PAGE.
Western immunoblotting. SDS-PAGE under reducing or

nonreducing (native) conditions (9) was performed in 10%
acrylamide gels. Proteins were transferred to nitrocellulose,
probed with either an anti-gD-1 serum (Ri) (24) or a MAb,
and then probed with [125I]protein A (ICN) as described
previously (9). Representative MAbs from several groups (37)
were used: HD1 in group Ia (provided by L. Pereira); DL-11 in
group Ib, DL6 in group II, and ABD in group III (provided by
C. DesGranges); DL-2 in group VI; and 1D3 in group VII.

Analysis of carbohydrates by enzyme digestion. Purified
proteins were incubated with glycosidases or with neuramini-
dase as described previously (57) except that the detergent was
omitted from the incubation buffer. The digestion products
were analyzed by SDS-PAGE and Western blotting. The
following enzymes were used: endo-p-N-acetylglucosamini-
dase H (endo H; Boehringer Mannheim), endo-,B-N-acetylglu-
cosaminidase F (endo F; Boehringer Mannheim), O-glycosi-
dase (Boehringer Mannheim), and neuraminidase (type X,
from Clostridium perfringens; Sigma Chemical Co.).

Protein purification. (i) Immunoaffinity chromatography.
gD-1(306t) and gD-1(QAAt) were purified from supernatants
of baculovirus-infected cells grown in suspension. For each
protein, the clarified medium was passed over a column of
MAb DL6 coupled to Sepharose 4B, washed with 0.1 M
Tris-0.15 M saline, pH 7.5 (TS), eluted with 0.1 M etha-
nolamine, concentrated by using a YM3 membrane (Amicon),
and dialyzed (Spectra-Por; molecular weight cutoff of 12,000)
against phosphate-buffered saline (PBS) similarly to the
method previously described (16, 17).

(ii) Nickel chromatography. Histidine-tailed proteins were
purified on NTA-agarose resin (Qiagen) according to the
manufacturer's instructions. For small-scale purifications, 0.75
ml of resin was centrifuged and washed in succession with
water, 0.2 M acetic acid, and 0.1 M sodium phosphate (pH 8.0).
All solutions also contained 0.1 M NaCl and 0.1% Tween 20.
One milliliter of supernatant was added to the conditioned
resin and mixed for 15 min. The resin was then washed with 0.1
M sodium phosphate (pH 8.0) and twice with 0.1 M sodium
phosphate (pH 6.3). Proteins were eluted with 0.1 M sodium
phosphate (pH 4.5), centrifuged to remove residual resin, and
precipitated with 50% trichloroacetic acid containing 2 mg of
sodium deoxycholic acid per ml. Protein was redissolved in
SDS-PAGE sample buffer and analyzed on 10% acrylamide
gels. Large-scale purification was performed by passing immu-
nosorbent-purified truncated gD over an NTA-agarose col-
umn, washing the column with 0.1 M phosphate buffer (pH 7.2)
containing 0.3 M NaCl, and eluting with 0.1 M sodium acetate
(pH 4.5). The eluate was dialyzed against PBS (pH 7.2) and
concentrated by using a PM10 membrane (Amicon).

(iii) Superose 12 chromatography. Proteins purified by
immunoaffinity chromatography or by a combination of immu-
noaffinity chromatography and NTA-agarose chromatography
were further purified on a Superose 12 gel filtration column
(Pharmacia) in PBS and then concentrated by using a YM3
membrane (Amicon).
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FIG. 2. Schematic representation of two truncation forms of gD-I,
gD-1(306t) and gD-1(QAAt). Truncated forms of wild-type gD-1,
designated gD-1(306t), and a second form lacking all three signals for
addition of N-CHO (46) were cloned into pVT-Bac (50) as indicated
in the text. In each case, the normal 25-amino-acid signal peptide of gD
(12) has been replaced with that of the honeybee melittin signal. As a
result of cloning into pVT-Bac, cleavage of the melittin signal (hatched
box) leaves two additional amino acids on the N terminus of gD,
aspartic acid and proline, both shown by N-terminal sequencing to
precede lysine as shown in the diagram (data not shown). The three
disulfide bonds shown to be present in native gD (32) are indicated by
dotted lines, and the three sites for addition of N-CHO are shown by
balloons.

RESULTS

Effect of the melittin signal peptide. Our early attempts to
express gD-1(306t) by using the wild-type gD signal peptide
and a standard baculovirus vector yielded barely detectable
amounts of protein either intra- or extracellularly. We also
studied a construct which contained no signal peptide and
found that significant amounts of gD were synthesized intra-
cellularly, although as expected, the protein lacked carbohy-
drate, failed to fold properly, and was not secreted into the
medium (data not shown). These experiments suggested that
low levels of expression and secretion were associated with the
natural gD signal. Significant increases in expression and
secretion were observed when the mellitin signal peptide (50)
was used instead of the natural gD signal. Figure 2 shows stick
models of the two truncated forms of gD that were constructed
using pVT-Bac, gD-1(306t), and gD-1(QAAt). Note that in
each case, cloning into the BamHI site of pVT-Bac should
cause two extra amino acids (aspartic acid and proline) to be
present at the N terminus. The 3' primer was engineered to
provide five additional histidine residues (for a total of six in a
row) at the C terminus of the protein.
Monolayer cultures of Sf9 cells were infected with either

B
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-Ab FGFR 55317 55306 -Ab FGFR 55317 5530( 6

97-
69-

46-

30-
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FIG. 3. SDS-PAGE analysis of gD-1(306t) and gD-l(QAAt). (A)

Data for gD-1(306t); (B) data for gD-l(QAAt). The radiolabeled
truncated forms of gD-1 were immunoprecipitated directly from the
supernatant fluids of baculovirus-infected cells (lanes 1 to 4) or were
first passed over an NTA-agarose column (lanes 5 to 8). In the latter
case, the proteins were eluted with 0.1 M sodium acetate (pH 4.5) and
then immunoprecipitated. The first lane of each set was mock immu-
noprecipitated without antibody (-Ab). The second lane of each set
was immunoprecipitated with fibroblast growth factor receptor
(FGFR) antibody (as another control), and the last two lanes show the
proteins immunoprecipitated with two MAbs that have separate
specificities for gD. Sizes are indicated in kilodaltons.

bac-gD-1(306t) or bac-gD-l(QAAt), and at 24 h p.i., the
infected cells were labeled for 24 h with [35S]methionine.
Supernatants obtained at 48 h p.i. were tested for the presence
of secreted gD-1 by immunoprecipitation with either of two
MAbs. One, 55317, recognizes a continuous epitope near the N
terminus of gD, within antigenic site VII (8), and the other,
55306, reacts with a discontinuous epitope within site Ia (37).
Truncated gD-1(306t) and gD-l(QAAt) were detected with
both MAbs (Fig. 3), although less gD-l(QAAt) was immuno-
precipitated with either MAb (Fig. 3B). These results suggest
that both proteins retain their native structure. The glycopro-
teins were purified from the growth medium of infected cells
by NTA chromatography and then immunoprecipitated with
either 55317 or 55306. The ability to purify the proteins in this
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FIG. 4. Time course of synthesis of gD-1(306t) and gD-1(QAAt).
Sf9 cells were grown in suspension culture and infected at an MOI of
2. Supernatant fluids (20 IlI), sampled at various times p.i., were
electrophoresed on a 10% denaturing gel, transferred to nitrocellulose,
and probed with a polyclonal antiserum directed against HSV-1 gD.
Lanes: 1, 100 ng of immunosorbent-purified gD-1(306t) (see below); 2
to 7, cells infected with bac-gD-1(306t) at the time of infection (0 h)
and at 24, 48, 72, 96, and 104 h p.i., respectively; 8 to 13, cells infected
with bac-gD-1(QAAt) at the time of infection (0 h) and at 24, 48, 72,
96, and 104 h p.i., respectively.

manner showed that the six histidine residues engineered to be
at the C terminus of each protein were present. Furthermore,
N-terminal sequencing of NTA-purified gD-1(306t) gave the
expected amino acid sequence shown in Fig. 2 (data not
shown). These results indicate that both proteins are intact
when secreted from baculovirus-infected cells.
To ascertain the optimal time for obtaining each protein, we

did time course studies by infecting suspension cultures of Sf9
cells with bac-gD-1(QAAt) or bac-gD-1(306t) and then carry-
ing out Western blot analysis of supernatant samples taken at
various times p.i. up to 108 h (Fig. 4). The amount of gD
present as a function of time was quantitated by densitometry
(Fig. 5A) against a known concentration of purified gD-1(306t)
probed in the same Western blot (Fig. 4, lane 1). The small but
positive reaction of gD-1(306t) and gD-1(QAAt) (Fig. 4, lanes
2 and 8, respectively) with anti-gD serum at time zero repre-
sents the gD present in the initial infecting virus inoculum. The
amount of gD-1(306t) in the supernatant fluids increased
between 48 and 96 h p.i. and then leveled off by 104 h p.i. (Fig.
4, lanes 4 to 7; Fig. SA), while the amount of gD-1(QAAt)
increased sharply at 48 h p.i. but leveled off by 72 h p.i. (Fig. 4;
compare lanes 11 and 12). In both cases, the viability of the
cells decreased to 60%, with most of the decrease occurring
between 72 and 96 h (Fig. 5B). In this experiment, gD-1(306t)
reached a maximum of 35 ,ug/ml of supernatant and gD-
1(QAAt) reached a maximum of 12 pg/ml (Fig. 5A). The
amount of gD-1(306t) found in the supernatant is very repro-
ducible between experiments. However, the amount of gD-
1(QAAt) present in the supernatant is more variable. In
several experiments, we solubilized the cell pellets in SDS
sample buffer and examined them by Western blotting. We
found that almost no gD-1(306t) was in the infected cell pellet,
whereas at least 50% of the gD-1(QAAt) protein was retained
intracellularly (data not shown). We infer that the N-CHO are
important for efficient secretion of truncated gD from insect
cells.

Purification of gD-1(306t) and gD-1(QAAt). Initially, an
attempt was made to scale up the NTA chromatography
procedure in order to purify gD from the infected cell medium.
However, this was impractical because the high concentration
of salts in the growth medium caused the nickel to be removed
from the column matrix. In contrast, scale-up of the immuno-
affinity chromatography step was successful, and the growth
medium had no adverse effect on the binding of gD to
DL6-Sepharose. Therefore, immunoaffinity chromatography
was used as the first step, NTA chromatography was used as
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FIG. 5. Expression of gD-1(306t) and gD-1(QAAt) and cell viabil-

ity after infection by baculovirus recombinants. (A) The data in Fig. 4
were quantitated by densitometry against the gD standard in Fig. 4,
lane 1, and plotted as amount of gD present per milliliter of superna-
tant as a function of time p.i. (B) The viability of Sf9 cells over the time
course of infection with gD-1(306t) and gD-l(QAAt) is shown. Cell
samples were removed at the time indicated and stained with trypan
blue. Cell viability was estimated as the number of cells that excluded
the dye versus the total number of cells per field. The arrow indicates
the 50% viability mark.

the second step, and gel filtration was used as the third step of
purification. Below we will present results based on the final
protocol used for purification of gD-1(306t) and gD-1(QAAt).

(i) Immunoaffinity chromatography. Culture supernatants
obtained from cells infected either with bac-gD-1(306t) or
bac-gD-1(QAAt) (Fig. 6A, lane 1 or 4, respectively) were
passed over separate DL6 immunosorbent columns (16, 17),
and the flowthrough of each column was collected [Fig. 6A,
lane 2 for bac-gD-1(306t) and lane 5 for bac-gD-1(QAAt)].
Each column was washed with at least 5 bed volumes of TS.
Bac-gD-1(306t) and bac-gD-1(QAAt) bound to the column
were each eluted with 0.1 M ethanolamine (Fig. 6A, lanes 3
and 6, respectively). The eluate was concentrated and dialyzed
against PBS, and samples were analyzed by SDS-PAGE. The
purified samples were overloaded in the SDS-gel to visualize
any contaminating proteins. Small amounts (estimated at less
than 5%) of faster- as well as slower-migrating Coomassie-
stained proteins were seen along with the affinity-purified
products. Western blot analysis of samples from the same
purification protocol (Fig. 6B) confirmed the presence of gD in
the growth medium and in the DL6 column eluate.
On the basis of electrophoretic mobility, the apparent

molecular mass of gD-1(306t) is calculated to be 42 to 43 kDa
and that of gD-1(QAAt) is calculated to be 40 kDa. As has
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FIG. 6. Immunoaffinity purification of gD-1(306t) and gD-
1(QAAt) from the supernatant fluid of baculovirus-infected insect
cells. (A) Coomassie blue-stained SDS-polyacrylamide gel; (B) West-
ern blot of smaller aliquots of the same samples that were subjected to
SDS-PAGE, transferred to nitrocellulose, and probed with a poly-
clonal anti-gD-1 serum. In this experiment, 2 liters of Sf9 cells was
infected at an MOI of 2 with either gD-1(306t) or gD-1(QAAt) and
harvested at 89 h p.i. The cells were removed, and the supernatants
were passed over a DL6 immunosorbent. Each column was washed
with TS, and gD was eluted with ethanolamine. Lanes 1 to 3 show data
for gD-1(306t). Lane 1, 20 RI1 of supernatant fluid of cells infected by
bac-gD-1(306t); lane 2, the DL6 column flowthrough; lane 3, 2 ,ug of
gD-1(306t) eluted from the DL6 column. Lanes 4 to 6 show data for
gD-1(QAAt). Lane 4, 20 ,ul of supernatant fluid of cells infected by
bac-gD-1(QAAt); lane 5, the column flowthrough; lane 6, 200 ng of
gD-1(QAAt) eluted from the DL6 column. Sizes are indicated in
kilodaltons.

been noted before with full-length gD-1 and gD-1(QAA) (45,
54), these sizes of gD are somewhat higher than the predicted
molecular masses of fully glycosylated gD-1(306t) (ca. 40 kDa)
or of nonglycosylated gD-1(QAAt) (34 kDa) and may be due
to the high proline content of the protein (54). We conclude
that immunoaffinity purification removed most of the contam-
inants present in the growth medium, but since small amounts
of extraneous protein or other medium components might
inhibit crystallization of gD, we explored further purification
options by using NTA chromatography and gel filtration.

(ii) Purification of gD-1(306t) and gD-1(QAAt) by NTA
chromatography. Immunoaffinity-purified gD-1(306t) and gD-
1(QAAt) were bound to the NTA support and eluted with pH
4.5 acetate buffer [data for gD-1(306t) are shown in Fig. 7; data
for gD-1(QAAt) are not shown]. Virtually all of the protein
was recovered in each case, as shown by Coomassie blue
staining (Fig. 7A, lane 2) and also by Western blotting (Fig. 7B,
lane 2). However, this step did not substantially increase the
purity of the preparation (Fig. 7B). When gels were overloaded
with protein, minor contaminants were still present (data not
shown).

(iii) Gel filtration. The NTA-purified gD-1(306t) and gD-
1(QAAt) were subjected to gel filtration (Fig. 7A and B, lanes
3 and 4) to remove minor contaminants. In the case of
gD-1(306t), the major protein peak (Fig. 7A, lane 3) was
routinely accompanied by a higher-molecular-weight shoulder
(Fig. 7A, lane 4). In some experiments, this shoulder resolved
into a minor second peak (data not shown). Western blot
analysis (Fig. 7B, lane 4) indicated that the Superose 12
shoulder was gD since it reacted with anti-gD serum. We
speculate that it probably represents a more heavily glycosy-

45- 45-

31-

FIG. 7. Further purification of truncated gD-1 by nickel affinity

chromatography and gel filtration. Immunoaffinity-purified proteins
were subjected to nickel affinity chromatography followed by gel
filtration on Superose 12. The purified proteins were analyzed on 10 to

20% gradient polyacrylamide gels. Gels were stained with Coomassie

blue, or the proteins were transferred to nitrocellulose and probed
with a polyclonal antiserum to gD. Only the data for gD-1(306t) are

shown. (A) Coomassie blue-stained gel of 1.5 p.g of protein obtained at

each step of purification. Lanes: 1, immunoaffinity-purified gD-

1(306t); 2, NTA-agarose-purified gD-1(306t); 3, the major peak ob-

tained from the Superose 12 (gel filtration) column for gD-1(306t); 4,

the minor shoulder of the gel filtration peak of gD-1(306t). (B)
Western blot analysis of 200 ng of the same samples as in panel A.

Sizes are indicated in kilodaltons.

lated form of gD-1(306t) than the majority of the protein. The

fractions containing the major peak were pooled and concen-

trated. A similar protocol was used to purify gD-1(QAAt). In

this case, only a single peak was resolved by gel filtration (no

shoulder). For both proteins, we recovered >80% of the
protein loaded onto the gel filtration column; we estimate that

each protein was greater than 99% pure after three steps with

excellent overall recovery. In the case of gD-1(306t), an

average of 20 mg/liter of supernatant was purified by this

protocol and for gD-1(QAAt), 1 to 5 mg/liter of supernatant
was recovered in a pure form.

Evaluation of purified gD. (i) Reaction with M1Abs. Earlier

experiments showed that gD-1, truncated at residue 275, is

conformationally correct as determined by antigenic mapping

(9). To examine the antigenic structure of gD-1(306t) and
gD-1(QAAt), equal amounts of the two purified proteins were

electrophoresed on combless denaturing (native) SDS-poly-

acrylamide gels and transferred to nitrocellulose. Individual

strips were probed with one of several MAbs which recognize
different discontinuous and continuous epitopes (Fig. 8).
MAbs DL6 and 11D3, both of which recognize continuous
epitopes, reacted equally well with gD-1(306t) and gD-

I(QAAt) (Fig. 8A and B, lanes 1 and 2). Four MAbs that

A 1 2

3 4 5 6 B
3 4 5 6

_- b
FIG. 8. Western blot analysis of purified truncated forms of gD-

1(306t) (A) and gD-1(QAAt) (B). Equal amounts of each of the
purified proteins were electrophoresed on combless native or denatur-
ing SDS-polyacrylamide (10%) gels and transferred to nitrocellulose.
Nitrocellulose strips were individually probed with separate MAbs and
then with iodinated protein A. The first two lanes in each panel were

electrophoresed on a denaturing gel and transferred to nitrocellulose,
and strips were reacted with MAb 1D3 (group VII; lane 1) or with
MAb DL6 (group II; lane 2). Lanes 3 to 6 in each panel were
electrophoresed on a native gel and transferred to nitrocellulose, and
strips were probed with MAb ABD (group III; lane 3), DL11 (group
Ib; lane 4), HD-1 (group Ia; lane 5), or DL-2 (group VI; lane 6).

A B
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1 2 3 4 5 6 7 8 9 10

66-

45

31-
FIG. 9. Effects of glycosidases on the migration of purified gD-

1(306t) and gD-1(QAAt). Samples (1.5 ,ug) of gD-1(306t) or gD-
1(QAAt) were treated with glycosidase, neuraminidase, or a combina-
tion of neuraminidase and O-glycanase, then analyzed on 4 to 20%
gradient SDS-polyacrylamide gels, and stained with Coomassie blue.
Lanes: 1 to 5, gD-1(306t); lanes 6 to 10, gD-1(QAAt); 1 and 6,
untreated samples; 2 and 7, samples treated with endo H; 3 and 8,
samples treated with endo F; 4 and 9, samples were treated with
neuraminidase; 5 and 10, samples treated with a combination of
neuraminidase and O-glycanase. Sizes are indicated in kilodaltons.

recognized different discontinuous epitopes representing four
different MAb groups (37) reacted well with gD-1(306t) (Fig.
8A, lanes 3 to 6), indicating that protein conformation is intact.
In the case of gD-1(QAAt), three of these MAbs bound well
(Fig. 8B, lanes 3 to 5) but DL2 (group VI) bound poorly (Fig.
8B, lane 6). Weak binding of group VI MAbs was previously
noted for full-length gD-1(QAAt) produced in mammalian
cells (46, 47). We also noted that none of the gD-1(306t) or

gD-1(QAAt) was present in aggregates on native gels (data not

shown). Such aggregates are a sign of faulty protein folding
(11, 45, 46). We conclude that the antigenic structure of
baculovirus-derived proteins is not noticeably different from
the structure of full-length gD-1 or OAA produced in mam-

malian cells. In addition, neither protein was significantly
damaged by the purification procedures.

(ii) Endoglycosidase analysis. gD synthesized in mammalian
cells has been shown to contain both N-CHO (7, 45) and
O-CHO (42). It is noteworthy that pseudorabies virus gD (also
known as gpSO [39]) contains no signals for addition of N-CHO
but does contain significant amounts of O-CHO (51). We
found that gD-1(QAA) synthesized in mammalian cells does
contain O-CHO (46, 47), but whether it is modified on the
same amino acids as wild-type gD remains to be determined.
Glycoproteins synthesized in insect cells contain N- and 0-

CHO but generally lack sialic acid (34, 51). Using gradient
SDS-polyacrylamide gels, we were able to discern several
closely migrating forms of gD-1(306t) within each lane (Fig. 9,
lanes 1 to 5, but lane 3 in particular), but only a single band of
gD-1(QAAt) was ever resolved by this procedure (Fig. 9, lanes
6 to 10). To examine whether the heterogeneity of gD-1(306t)
was due, at least in part, to glycosylation, each protein was

treated with glycosidases or neuraminidase and then examined
by Western blotting. Endo H treatment altered the profile of
gD-1(306t) slightly (Fig. 9; compare lanes 1 and 2), suggesting
that most of the N-CHO present on gD were in a complex or

an endo H-resistant form. This was confirmed by endo F
treatment (Fig. 9, lane 3), which significantly increased the
electrophoretic mobility of gD-1(306t), indicating that the
protein was modified by complex N-CHO. As expected, the

electrophoretic mobility of gD-1(QAAt) was unaffected by
treatment with either glycosidase (Fig. 9; compare lanes 7 and
8 with lane 6), confirming that it contains no N-CHO. Neura-
minidase and O-glycanase treatment had no significant effect
on the mobility of either protein (Fig. 9, lanes 4, 5, 9, and 10),
suggesting that neither protein contains O-CHO. However, a

small number of short O-CHO might be present on either
protein and not be detected by this technique (51, 56). Thus,
the heterogeneity of gD-1(306t) appears to be due in part, but
not entirely, to glycosylation. In contrast, gD-1(QAAt) appears
not to be heterogeneous with respect to carbohydrate.

DISCUSSION

The goal of these studies was to produce large quantities of
conformationally correct and highly purified HSV-1 gD in a
form that would permit us to carry out crystallization trials.
Two forms of HSV-1 gD were cloned into baculovirus: (i)
wild-type HSV-1 gD truncated at residue 306 of the mature
protein, gD-1(306t); and (ii) gD-1(QAAt), which contains
three mutations (QAA) which eliminate all signals for addition
of N-CHO. Our previous studies showed that a virus contain-
ing the full-length form of gD-1(QAA) behaves quite normally
in infected cells (47). We were particularly interested in the
potential of the QAA mutant to be expressed in this system,
because the absence of the N-CHO might provide a less
heterogeneous molecule and therefore be more readily crys-
tallizable than gD-1(306t).
The results indicate that the baculovirus expression system

developed by Tessier et al. (50) can be used to achieve this
goal. We are able to obtain 20 mg of affinity-purified gD-
1(306t) per liter of growth medium and somewhat less of
gD-1(QAAt). We have developed a three-step purification
protocol that permits excellent recovery of both proteins in a
highly purified antigenically active form. Purified gD-1(306t) is
still somewhat heterogeneous after three steps of purification,
since it contains complex N-CHO. On the other hand, gD-
1(QAAt) appears to be less heterogeneous because it lacks
N-CHO. Neither protein appeared to be extensively 0 glyco-
sylated. Studies in other laboratories have shown that full-
length HSV gD produced in baculovirus-infected cells contain
N-CHO (22, 30). Pseudorabies virus gD (gp5O) contains no
signals for N-CHO (39), and a baculovirus recombinant ver-
sion of this protein was found to contain short chains of
O-CHO (51). gD-1(306t) is able to bind a large number of
MAbs to discontinuous epitopes (four shown here), indicating
that the protein is properly folded. gD-1(QAAt) is able to bind
MAbs of several groups but binds poorly to group VI MAbs,
analogous to what was noted before for the full-length form of
this protein expressed in mammalian cells (46, 47). In addition,
less protein is secreted by bac-gD-1(QAAt)-infected cells,
necessitating its purification from a larger quantity of growth
medium. On the basis of these considerations, crystallization
trials with both proteins will be initiated.
Removal of the TMR of gD. Crystallization of integral

membrane proteins with an intact TMR has been successful in
a limited number of cases (21, 41). It is generally recognized,
however, that removal of the TMR improves the chances for
success in crystallization efforts, provided that its absence does
not impair the structure or function of the ectodomain.
Crystallization of glycosylated proteins is also hampered by
heterogeneity of attached oligosaccharides and by the presence
of sialic acid. Thus, it is not surprising that the two viral
glycoproteins whose structures have been solved, the hemag-
glutinin and neuraminidase of influenza virus, were each
crystallized as truncated forms lacking the TMR. In the former
case, the protein lacked sialic acid, and in the latter case, the
protein was treated with neuraminidase prior to crystallization
(52, 55, 58, 59).

Evidence that gD-1 can be truncated upstream of the TMR
and still retain proper antigenic structure was first provided by
proteolytic cleavage studies of gD synthesized during HSV
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infection (9, 13, 14, 37). Molecular biological approaches were
also used to express large quantities of truncated gD-1 in
mammalian cells. These truncated forms stimulated an im-
mune response and protected animals from virus challenge (1,
2, 31, 60). We studied one of these truncated forms of gD-1
(residues 1 to 275) and found few differences between its
conformational structure and that of the full-length natural
product (14). Other studies showed that a truncated form of
gD-2 (residues 1 to 302) was still protective in animals (4). As
mentioned above, this form of gD-2 also possesses biological
activity in in vitro studies (26).

Expression of HSV gD by recombinant means. A number of
laboratories have overexpressed truncated forms of gD in
transformed mammalian cells (2, 4, 5, 19, 31, 40), and several
groups have reported on the expression of full-length gD by
baculovirus-infected insect cells (22, 29, 30). In every case in
which it was tested, the recombinant gD induced production of
neutralizing polyclonal antibodies and protected animals
against a lethal challenge of HSV (22, 29, 30). To our
knowledge, this is the first report of expression of truncated
gD-1 and of truncated nonglycosylated gD-1 using the baculo-
virus expression system. Landolfi et al. (30) reported that they
obtained milligram quantities of HSV-2 gD from an unspeci-
fied volume of suspension culture. The other reports of studies
using baculovirus recombinants of HSV-1 gD do not specify
how much glycoprotein was obtained. Furthermore, in one
study, a significant amount of gD was present as smaller-
molecular-weight species, possibly due to partial proteolysis of
the glycoprotein (22). In the present study, we did not achieve
high levels of gD expression and secretion in the standard
baculovirus system until we replaced the gD signal peptide
with that of honeybee melittin.
Comparison of gD-1(306t) and gD-1(QAAt). gD-1(306t) and

gD-1(QAAt) were each secreted into the supernatant of
baculovirus-infected cells, but the efficiency of secretion was
noticeably different. Virtually all of gD-1(306t) was found in
the growth medium, whereas more than half of the gD-
l(QAAt) synthesized by baculovirus-infected insect cells was
retained inside the cells. This finding suggests that efficient
secretion of HSV-1 gD from insect cells requires N-CHO.
Does gD-1(QAAt) contain O-CHO? We were unable to
document the presence of significant amounts of O-CHO on
either recombinant protein and were therefore surprised that
gD-1(QAAt) is secreted at all from insect cells. However, a
more sensitive method might be needed to clarify this point. It
was previously reported that gD synthesized in HSV-1-infected
mammalian cells contains two or three O-CHO, detected by
chemical methods (42). We used enzymatic methods to dem-
onstrate the presence of O-CHO on gD-1(QAA) synthesized
in HSV-1-infected mammalian cells (46, 47). Assuming that
baculovirus-expressed gD or QAA contains only two or three
O-CHO, their removal would have little effect on the apparent
molecular weight of either protein, as these oligosaccharides
are known to be far less complex in insect cells than in
mammalian cells (51).
Another issue raised by this study is whether inefficient

secretion of gD-1(QAAt) is specific for a truncated molecule
synthesized by insect cells. In previous studies (46, 47), no
difference was found in the kinetics of synthesis and transport
of full-length gD-1 versus full-length gD-1(QAA) in mamma-
lian cells. One way to address this issue is to construct
bs culovirus recombinants containing full-length gD-1(QAA)
fi id full-length gD-1 and to compare the kinetics of their
transport to the cell surface with that of the same gD proteins
expressed in HSV-infected mammalian cells.
We are encouraged by the fact that both of the truncated

glycoproteins appear to retain most of the features of their
native structure, especially after several steps of purification.
For crystallization, optimally there should be a single molecu-
lar species of the protein. Purified gD-1(306t) consists of
several closely migrating bands in gradient gels. Some of this
heterogeneity is associated with N glycosylation. Other modi-
fications, such as acetylation or phosphorylation, may also
contribute to the heterogeneity. We are characterizing the
heterogeneity of gD-1(306t) in greater detail and are evaluat-
ing additional methods for purification, such as preparative
isoelectric focusing, chromatofocusing, and/or ion-exchange
chromatography. Of course, none of these measures may be
needed if we are able to crystallize gD in a form suitable for
X-ray diffraction analysis after the three steps of purification
detailed in this report.

ACKNOWLEDGMENTS

We thank Thierry Vernet of the Biotechnology Research Institute
(Montreal, Canada) for providing the pVT-Bac transfer vector. We
also thank Jeanne Corman and R. Seetharam for N-terminal sequence
analysis and Mike Pralle for cell culture technical assistance.

This investigation was supported by Public Health Service grants
DE-08239 from the National Institute of Dental Research and AI-
18289 from the National Institute of Allergy and Infectious Diseases.
M. Hilf is a student at the School of Veterinary Medicine, University
of Pennsylvania, and was supported for one summer by Public Health
Service grant NS-07180 from the National Institute of Neurological
Diseases and Stroke.

REFERENCES
1. Berman, P. W., D. Dowbenko, L. A. Lasky, and C. C. Simonsen.

1983. Detection of antibodies to herpes simplex virus with a
continuous cell line expressing cloned glycoprotein D. Science
222:524-527.

2. Berman, P. W., T. Gregory, D. Crase, and L. A. Lasky. 1985.
Protection from genital herpes simplex virus type 2 infection by
vaccination with cloned type 1 glycoprotein D. Science 227:1490-
1492.

3. Burke, R. L. 1992. Contemporary approaches to vaccination
against herpes simplex virus. Curr. Top. Microbiol. Immunol.
179:137-158.

4. Burke, R. L. HSV vaccine development. In B. Roizman and C.
Lopez (ed.), The herpesviruses, in press. Raven Press, New York.

5. Burke, R. L., G. Van Nest, J. Carlson, B. Gervase, C. Goldbeck, P.
Ng, L. Sanchez-Pescador, L. Stanberry, and G. Ott. 1989. Devel-
opment of herpes simplex virus subunit vaccine, p. 377-382. In
R. A. Lerner, H. Ginsberg, R. M. Chanock, and F. Brown (ed.),
Vaccines 89. Modem approaches to new vaccines including pre-
vention of AIDS. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

6. Burnette, W. N. 1981. "Western blotting." Electrophoretic transfer
of proteins from SDS-polyacrylamide gels to unmodified nitrocel-
lulose and radiographic detection with antibody and radioiodi-
nated protein A. Anal. Biochem. 112:195-203.

7. Cohen, G. H., D. Long, J. T. Matthews, M. May, and R. Eisenberg.
1983. Glycopeptides of the type-common glycoprotein gD of
herpes simplex virus types 1 and 2. J. Virol. 46:679-689.

8. Cohen, G. H., B. Dietzschold, M. Ponce de Leon, D. Long, E.
Golub, A. Varrichio, L. Pereira, and R. J. Eisenberg. 1984.
Localization and synthesis of an antigenic determinant of herpes
simplex virus glycoprotein D that stimulates production of neu-
tralizing antibody. J. Virol. 49:102-108.

9. Cohen, G. H., V. J. Isola, J. Kuhns, P. W. Berman, and R. J.
Eisenberg. 1986. Localization of discontinuous epitopes of herpes
simplex virus glycoprotein D: use of a nondenaturing ("native"
gel) system of polyacrylamide gel electrophoresis coupled with
Western blotting. J. Virol. 60:157-166.

10. Cohen, G. H., M. I. Muggeridge, D. Long, D. A. Sodora, and R. J.
Eisenberg. 1992. Structural and functional studies of herpes
simplex virus glycoprotein D, p. 217-228. In J. E. Ciardi (ed.),

VOL. 68, 1994



774 SISK ET AL.

Genetically engineered vaccines. Plenum Press, New York.
11. Doms, R. W., R. A. R. A. Lamb, J. K. Rose, and A. Helenius. 1993.

Folding and assembly of viral membrane proteins. Virology 193:
545-562.

12. Eisenberg, R. J., D. Long, R. Hogue-Angeletti, and G. H. Cohen.
1984. Amino-terminal sequence of glycoprotein D of herpes
simplex virus types 1 and 2. J. Virol. 49:265-268.

13. Eisenberg, R. J., D. Long, L. Pereira, B. Hampar, M. Zweig, and
G. H. Cohen. 1982. Effect of monoclonal antibodies on limited
proteolysis of native glycoprotein gD of herpes simplex virus type
1. J. Virol. 41:478-488.

14. Eisenberg, R. J., D. Long, M. Ponce de Leon, J. T. Matthews, P. G.
Spear, M. G. Gibson, L. A. Lasky, P. Berman, E. Golub, and G. H.
Cohen. 1985. Localization of epitopes of herpes simplex virus type
1 glycoprotein D. J. Virol. 53:634-644.

15. Eisenberg, R. J., D. Long, D. L. Sodora, H. Chiang, W. C. Wilcox,
W. R. Abrams, M. I. Muggeridge, and G. H. Cohen. Structure and
function of glycoprotein D of herpes simplex virus. In Y. Becker
and G. Darai (ed.), Frontiers in virology, in press. Springer-
Verlag, Heidelberg, Germany.

16. Eisenberg, R. J., M. Ponce de Leon, H. M. Friedman, L. F. Fries,
M. M. Frank, J. C. Hastings, and G. H. Cohen. 1987. Complement
component C3b binds directly to purified glycoprotein C of herpes
simplex virus types 1 and 2. Microb. Pathog. 3:423-435.

17. Eisenberg, R. J., M. Ponce de Leon, L. Pereira, D. Long, and G. H.
Cohen. 1982. Purification of glycoprotein gD of herpes simplex
virus types 1 and 2 by use of monoclonal antibody. J. Virol.
41:1099-1104.

18. Feenstra, V., M. Hodaie, and D. C. Johnson. 1990. Deletions in
herpes simplex virus glycoprotein D define nonessential and
essential domains. J. Virol. 64:2096-2102.

19. Freifeld, A. G., B. Savarese, P. R. Krause, D. Paar, C. Dekker, S.
Adair, M. Tigges, R. L. Burke, and S. E. Straus. 1990. Phase 1
testing of a recombinant herpes simplex type 2 glycoprotein D
vaccine, abstr. 722, p. 206. Program Abstr. 30th Intersci. Conf.
Antimicrob. Agents Chemother.

20. Fuller, A. O., and W.-C. Lee. 1992. Herpes simplex virus type 1
entry through a cascade of virus-cell interactions requires different
roles of gD and gH in penetration. J. Virol. 66:5002-5012.

21. Garavito, R. M., and D. Picot. 1990. The art of crystallizing
proteins, p. 57-69. In J. N. Abelson and M. I. Simon (ed.),
Methods: a Companion of Methods in Enzymology. Academic
Press, Inc., San Diego, Calif.

22. Ghiasi, H., A. B. Nesburn, R. Kaiwar, and S. L. Wechsler. 1991.
Immunoselection of recombinant baculoviruses expressing high
levels of biologically active herpes simplex virus type 1 glycopro-
tein D. Arch. Virol. 121:163-178.

23. Herold, B. C., D. WuDunn, N. Soltys, and P. G. Spear. 1991.
Glycoprotein C of herpes simplex virus type 1 plays a principal role
in the adsorption of virus to cells and in infectivity. J. Virol.
65:1090-1098.

24. Isola, V. J., R. J. Eisenberg, G. R. Siebert, C. J. Heilman, W. C.
Wilcox, and G. H. Cohen. 1989. Fine mapping of antigenic site II
of herpes simplex virus glycoprotein D. J. Virol. 63:2325-2334.

25. Johnson, D. (McMaster University). Personal communication.
26. Johnson, D. C., R. L. Burke, and T. Gregory. 1990. Soluble forms

of herpes simplex virus glycoprotein D bind to a limited number of
cell surface receptors and inhibit virus entry into cells. J. Virol.
64:2569-2576.

27. Johnson, D. C., T. Gregory, and R.-L. Burke. 1991. Identification
of a receptor for HSV-1 glycoprotein D, a putative receptor for
HSV, abstr. 3A-05, p. 57. Abstr. XVI Int. Herpesvirus Workshop.

28. Johnson, D. C., and M. W. Ligas. 1988. Herpes simplex viruses
lacking glycoprotein D are unable to inhibit virus penetration:
quantitative evidence for virus-specific cell surface receptors. J.
Virol. 62:4605-4612.

29. Krishna, S., B. A. Blacklaws, H. A. Overton, D. H. L. Bishop, and
A. A. Nash. 1989. Expression of glycoprotein D of herpes simplex
virus type 1 in a recombinant baculovirus: protective responses
and T cell recognition of the recombinant-infected cell extracts. J.
Gen. Virol. 70:1805-1814.

30. Landolfi, V., C. D. Zarley, A. S. Abramovitz, N. Figueroa, S. L. Wu,
M. Blasiak, S. T. Ishizaka, and E. M. Mishkin. 1993. Baculovirus-

expressed herpes simplex virus type 2 glycoprotein D is immuno-
genic and protective against lethal HSV challenge. Vaccine 11:
407-414.

31. Lasky, L. A., D. Dowbenko, C. C. Simonsen, and P. W. Berman.
1984. Protection of mice from lethal herpes simplex virus infection
by vaccination with a secreted form of cloned glycoprotein D.
Bio/Technology 2:527-532.

32. Long, D., W. C. Wilcox, W. R. Abrams, G. H. Cohen, and R. J.
Eisenberg. 1992. Disulfide bond structure of glycoprotein D of
herpes simplex virus type 1 and 2. J. Virol. 66:6668-6685.

33. Luckow, V. A., and M. D. Summers. 1988. Trends in the develop-
ment of baculovirus expression vectors. Bio/Technology 6:47-55.

34. Miller, L. K. 1988. Baculoviruses as gene expression vectors.
Annu. Rev. Microbiol. 42:177-199.

35. Mishkin, E. M., J. R. Fahey, Y. Kino, R. J. Klein, A. S. Abramovitz,
and S. J. Mento. 1991. Native herpes simplex virus glycoprotein D
vaccine: immunogenicity and protection in animal models. Vac-
cine 9:147-153.

36. Muggeridge, M. I., H.-Y. Chiang, G. H. Cohen, and R. J. Eisen-
berg. 1992. Mapping of a functional site on herpes simplex virus
glycoprotein D. J. Cell. Biochem. Suppl. 16C:132.

37. Muggeridge, M. I., S. R. Roberts, V. J. Isola, G. H. Cohen, and
R. J. Eisenberg. 1990. Herpes simplex virus, p. 459-481. In
M. H. V. Van Regenmortel and A. R. Neurath (ed.), Immuno-
chemistry of viruses. II. The basis for serodiagnosis and vaccines.
Elsevier Biochemical Press, Amsterdam.

38. O'Reilly, D. R., L. K. Miller, and V. A. Luckow. 1992. Baculovirus
expression vectors: a laboratory manual. W. H. Freeman & Co.,
New York.

39. Petrovskis, E. A., J. G. Timmins, M. A. Armentrout, C. C.
Marchioli, R. J. J. Yancey, and L. E. Post. 1986. DNA sequence of
the gene for pseudorabies virus gp5O, a glycoprotein without
N-linked glycosylation. J. Virol. 59:216-223.

40. Pogue-Geile, K. L., G. T.-Y. Lee, and P. Spear. 1985. Novel
arrangements of herpes simplex virus DNA sequences resulting
from duplication of a sequence within the unique region of the L
component. J. Virol. 53:589-595.

41. Reiss-Husson, F. 1992. Crystallization of membrane proteins, p.
175-193. In A. Ducruix and R. Giege (ed.), Crystallization of
nucleic acids and proteins: a practical approach. Oxford University
Press, Oxford.

42. Serafini-Cessi, F., F. Dall'Olio, N. Malagolini, L. Pereira, and G.
Campadelli-Fiume. 1988. Comparative study on 0-linked oligo-
saccharides of glycoprotein D of herpes simplex virus types 1 and
2. J. Gen. Virol. 69:869-877.

43. Sisk, W. P., J. D. Bradley, L. L. Seivert, R. A. Vargas, and R. A.
Horlick. 1992. Rapid screening of baculovirus recombinant
plaques by PCR amplification. BioTechniques 13:186.

44. Smith, G. E., G. Ju, B. L. Ericson, J. Moschera, H. Lahm, R.
Chizzonite, and M. D. Summers. 1985. Modification and secretion
of human interleukin 2 produced in insect cells by a baculovirus
expression vector. Proc. Natl. Acad. Sci. USA 82:8404-8408.

45. Sodora, D. L., G. H. Cohen, and R. J. Eisenberg. 1989. Influence
of asparagine-linked oligosaccharides on antigenicity, processing,
and cell surface expression of herpes simplex virus type 1 glyco-
protein D. J. Virol. 63:5184-5193.

46. Sodora, D. L., G. H. Cohen, M. I. Muggeridge, and R. J. Eisenberg.
1991. Absence of asparagine-linked oligosaccharides from glyco-
protein D of herpes simplex virus type 1 results in a structurally
altered but biologically active protein. J. Virol. 65:4424-4431.

47. Sodora, D. L., R. J. Eisenberg, and G. H. Cohen. 1991. Charac-
terization of a recombinant herpes simplex virus which expresses a
glycoprotein D lacking asparagine-linked oligosaccharides. J. Vi-
rol. 65:4432-4441.

48. Spear, P. G. 1993. Membrane fusion induced by herpes simplex
virus, p. 201-232. In J. Bentz (ed.), Viral fusion mechanisms. CRC
Press, Inc., Boca Raton, Fla.

49. Summers, M. D., and G. E. Smith. 1987. A manual of methods for
baculovirus vectors and insect culture procedures. Texas Agricul-
tural Experimental Station and Texas A&M University, College
Station.

50. Tessier, D. C., D. Y. Thomas, H. E. Khouri, F. Laliberte, and T.
Vetnet. 1991. Enhanced secretion from insect cells of a foreign

J. VIROL.



BACULOVIRUS RECOMBINANTS EXPRESS TRUNCATED HSV-1 gD 775

protein fused to the honeybee melittin signal peptide. Gene
98:177-183.

51. Thomsen, D. R., L. E. Post, and A. P. Elhammer. 1990. Structure
of 0-glycosidically linked oligosaccarides synthesized by the insect
cell line Sf9. J. Cell. Biochem. 43:67-79.

52. Varghese, J. N., W. G. Laver, and P. M. Colman. 1983. Structure
of the influenza glycoprotein antigen neuraminidase at 2.9 A
resolution. Nature (London) 303:35-40.

53. Watson, R. J. 1983. DNA sequence of the herpes simplex virus
type 2 glycoprotein D gene. Gene 26:307-312.

54. Watson, R. J., J. H. Weis, J. S. Salstrom, and L. W. Enquist. 1982.
Herpes simplex virus type-1 glycoprotein D gene: nucleotide
sequence and expression in Escherichia coli. Science 218:381-384.

55. Webster, R. G., G. M. Air, D. W. Metzger, P. M. Colman, J. N.
Varghese, A. T. Baker, and W. G. Laver. 1987. Antigenic structure
and variation in an influenza virus N9 neuraminidase. J. Virol.
61:2910-2916.

56. Whitford, M., and P. Faulkner. 1992. A structural polypeptide of

the baculovirus Autographa californica nuclear polyhedrosis virus
contains 0-linked N-acetylglucosamine. J. Virol. 66:3324-3329.

57. Wilcox, W. C., D. Long, D. L. Sodora, R. J. Eisenberg, and G. H.
Cohen. 1988. The contribution of cysteine residues to antigenicity
and extent of processing of herpes simplex virus type 1 glycopro-
tein D. J. Virol. 62:1941-1947.

58. Wiley, D. C., I. A. Wilson, and J. J. Skehel. 1981. Structural
identification of the antibody-binding sites of Hong Kong influ-
enza haemagglutinin and their involvement in antigenic variation.
Nature (London) 289:373-378.

59. Wilson, I. A., J. J. Skehel, and D. C. Wiley. 1981. Structure of the
haemagglutinin membrane glycoprotein of influenza virus at 3 A
resolution. Nature (London) 289:366-373.

60. Zarling, J. M., P. A. Moran, R L. Burke, C. Pachl, P. W. Berman,
and L. A. Lasky. 1986. Human cytotoxic T cell clones directed
against herpes simplex virus-infected cells. IV. Recognition and
activation by cloned glycoproteins gB and gD. J. Immunol. 136:
4669-4673.

VOL. 68, 1994


