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Previously, a panel of monoclonal antibodies (MCAb) was used to define specific epitopes of herpes simplex

virus glycoprotein D (gD) (R. J. Eisenberg et al., J. Virol. 53:634-644, 1985). Three groups of antibodies
recognized continuous epitopes; group VII reacted with residues 11 to 19 of the mature protein (residues 36 to
44 of the predicted sequence), group II reacted with residues 272 to 279, and group V reacted with residues 340
to 356. Four additional antibody groups recognized discontinuous epitopes of gD, since their reactivity was lost
when the glycoprotein was denatured by reduction and alkylation. Our goal in this study was to localize more
precisely the discontinuous epitopes of gD. Using a nondenaturing system of polyacrylamide gel electrophoresis
(‘“‘native’’ gel electrophoresis) coupled to Western blotting, we analyzed the antigenic activity of truncated
forms of gD. These fragments were generated either by recombinant DNA methods or by cleavage of purified
native gD-1 (gD obtained from herpes simplex virus type 1) and gD-2 (gD obtained from herpes simplex virus
type 2) with Staphylococcus aureus protease V8. Antibodies in groups III, IV, and VI recognized three
truncated forms of gD-1 produced by recombinant DNA methods, residues 1 to 287, 1 to 275, and 1 to 233.
Antibodies in group I recognized the two larger forms but did not react with the gD-1 fragment of residues 1
to 233. On the basis of these and previous results, we concluded that a portion of epitope I was located within
residues 233 to 259 and that epitopes III, IV, and VI were upstream of residue 233. Antibodies to continuous
epitopes identified protease V8 fragments of gD-1 and gD-2 that contained portions of either the amino or
carboxy regions of the proteins. None of the V8 fragments, including a 34K polypeptide containing residues 227
to 369, reacted with group I antibodies. This result indicated that a second portion of epitope I was located
upstream of residue 227. Two amino-terminal fragments of gD-1, 33K and 30K, reacted with group III, IV,
and VI antibodies. A 33K fragment of gD-2 reacted with group III antibodies. Based on their size and reactivity
with endo-B-N-acetylglycosaminidase F, we hypothesized that the 33K and 30K molecules represented residues
1 to 226 and 1 to 182 of gD-1, respectively. These results suggest that epitopes III, IV, and VI are located within
the first 182 residues of gD. The association of group I monoclonal antibodies with several important biological
properties, including virus neutralization, protection by passive immunization, and inhibition of cell-to-cell
fusion, implicates residues 233 to 259 of gD in these functions. The association of group VI antibodies with virus
adsorption implicates gD residues upstream of 182 in this function.

Glycoprotein D (gD) is a virion envelope component of
herpes simplex virus (HSV) types 1 (HSV-1) and 2 (HSV-2)
which stimulates the production of high titers of virus-
neutralizing activity and is likely to play an important role in
the initial stages of viral infection. gD has been shown to
protect animals from HSV challenge (3. 8, 9, 16, 21, 39, 41.
47) and is a subunit vaccine candidate. Studies have shown
that gD is structurally and antigenically similar. although not
identical, in the two serotypes of HSV. These and other
properties of gD have recently been reviewed (54). The
function(s) of this glycoprotein has been inferred mostly
from studies with anti-gD antibodies. For example, certain
monoclonal antibodies (MCADb) directed at gD blocked virus
adsorption (30), whereas others interfered with the fusion of
infected cells (46). These data suggest that gD participates in
at least two different steps in infection and that different
parts of the protein appear to be involved in these activities.
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We examined a panel of gD MCADb and arranged them into
groups. presumably rcognizing distinct epitopes of HSV-1
gD (gD-1) and HSV-2 gD (gD-2) (22, 24, 25). Three contin-
uous epitopes (1) (epitopes not destroyed by reduction and
alkylation) were localized to residues 11 to 19 (group VII) (9.
10, 18), 268 to 287 (group 1) (25), and 340 to 356 (group V)
(16). Group L. II1. IV, and VI MCAb recognized discontin-
uous epitopes (1) of gD-1 (epitopes destroyed by reduction
and alkylation). Blocking studies showed that the four dis-
continuous epitopes were different from each other (25).
This type of analysis was also used to group MCADb from
other laboratories. We found that MCAb which had been
reported to exhibit the highest titers of neutralizing and
fusion-blocking activity (46) were in type-common group I,
whereas MCADb with the highest virus adsorption-blocking
activity (30) were in the HSV-1-specific group VI (R.J.
Eisenberg. V. Rinaldt. M. Nobel, and G. H. Cohen, unpub-
lished data). Thus. two functions of gD in viral infection are
associated with two discontinuous epitopes.
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The purpose of the current investigation was to localize
more precisely the discontinuous epitopes of gD. Our ap-
proach was to analyze the antigenic activity of truncated
forms of gD generated either by recombinant methods or by
proteolysis. Previously, we showed that the four discontin-
uous epitopes were located within residues 1 to 275 of gD-1
(25). In those studies, the protein or fragments were spotted
onto nitrocellulose and tested for reactivity in the antigen
spot test (9, 10, 18, 22, 25, 33). However, that system did not
permit visualization of a reactive fragment within a mixture;
moreover, we could not use Western blots (6, 55) of standard
sodium dodecyl sulfate (SDS)-polyacrylamide gels to visu-
alize the fragments, since the discontinuous epitopes were
destroyed by the denaturing conditions.

To circumvent these problems, we adapted a nondenatur-
ing system of polyacrylamide gel electrophoresis (PAGE)
(‘“‘native” gel electrophoresis) coupled to Western blotting
(6) for use with each of the MCADb groups. Since many
MCAD are directed against discontinuous epitopes (2, 5), the
native gel-Western blotting system should have general
applicability. This technique allowed us to visualize the
reaction of group I, III, IV, and VI MCAb with native gD
and fragments of the molecule. Fragments were generated in
two different ways. First, three truncated forms of gD-1
(residues 1 to 287, 1 to 275, and 1 to 233) were produced and
secreted by Chinese hamster ovary cells transformed with
shuttle vectors containing portions of the gD-1 gene (39).
Second, Staphylococcus aureus protease V8 was used to
generate fragments of gD-1 or gD-2 under conditions of
partial digestion. These results, together with those of pre-
vious studies (24), showed that a portion of epitope I is
located between residues 233 and 259 of gD-1. We speculate
that another portion of epitope I is located further upstream.
Evidence is also presented to show that the other three
discontinuous epitopes are located within the first 182 resi-
dues of gD.

MATERIALS AND METHODS

Cells and virus. Conditions for the growth and mainte-
nance of BHK cells (14, 26) and for the propagation of virus
have been described previously (11, 12, 14). The NS strain of
HSV-1 was kindly provided by H. Friedman (29). The
SAVAGE strain of HSV-2 was used as a source of gD-2 (11).

Preparation of polyclonal antibody and MCAb to gD.
Polyclonal anti-gD-1 serum was prepared in rabbits (12)
against an immunosorbent-purified preparation of gD-1 (27).
MCADb DL2 (group VI) and DL11 (group I) were prepared
from mice immunized intraperitoneally (41) with 6 pg of
immunosorbent-purified gD-1 and gD-2 (27), respectively.
Three days after an intravenous boost of 1 ug, the spleens
were removed, and the cells were fused to SP2/0 cells (44).
Hybridomas were cloned in soft agarose (36), and ascites
fluids were prepared from Pristane-primed mice immunized
intraperitoneally with cloned cells. The preparation and
characteristics of MCAb DL6 (group II) were described
previously (25). MCAb 118 (group III) (24, 52), MCADb 41S
(group IV) (24, 52), and anti-358-369 serum were supplied by
M. Zweig. The latter was prepared against a synthetic
peptide which mimicked the amino acid sequence of gD-1 at
residues 358 to 369. MCAb 1D3 (group VII) (24) was
supplied by H. Friedman (29). Antibodies were grouped by
their ability to react with native or denatured gD-1 and gD-2
or both, blocking studies (previously termed competition
analysis [25]), neutralizing activity, and reactions with syn-
thetic peptides, as in previous studies (9, 10, 18, 22, 24, 25,
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52). Imunoglobulins were purified from sera and ascites
fluids by previously described methods (45).

Preparation of native gD and denatured gD. gD-1 and gD-2
were each purified from cytoplasmic extracts of infected
cells by affinity chromatography on a column of MCAb DL6
(group II) immunoglobulin G (25) linked to Sepharose by a
previously described procedure (6). Denaturation by boiling
of gD-1 and gD-2 in the presence of SDS and mercaptoeth-
anol, followed by alkylation with iodoacetamide, was carried
out as previously described (25, 43).

Preparation of truncated forms of gD. The gene for gD-1
was cloned into a pBR322-Simian virus 40 shuttle vector (39;
P. W. Berman and W. Nunes, submitted for publication) and
included a DNA fragment extending from a HindIII site
upstream of the gD-1 gene (38, 40, 57) to one of three
restriction sites within the gene: (i) an Accl site at residue
258 of the predicted sequence (residue 233 of the mature
protein); (ii) a Hinfl site at residue 300 of the predicted
sequence (residue 275 of the mature protein); or (iii) a Narl
site at residue 312 of the predicted sequence (residue 287 of
the mature protein). When these plasmids are grown in
Chinese hamster ovary cells, glycoproteins are secreted (39;
Berman and Nunes, submitted); the glycoproteins used in
this study were concentrated from the medium and, in the
case of the form containing residues 1 to 275, purified by
affinity chromatography (27).

V8 proteolysis of gD. Purified gD-1 and gD-2 (2-pg
amounts) were each suspended in 50 mM Tris hydrochloride
buffer (pH 8.0) and digested with 20 pg of S. aureus protease
V8 (20) (Miles Laboratories, Inc.) for 1 h at 37°C. The
reaction was stopped by freezing the sample at —70°C, and
samples were maintained at this temperature until electro-
phoretic analysis.

Endo F treatment of gD. Purified gD-1 (2 ng) was sus-
pended in 0.1 M sodium phosphate buffer (pH 6.0) and
digested with 0.5 U of endo-B-N-acetylglycosaminidase F
(endo F) (New England Nuclear Corp.) (28) at 37°C for 4 h.
A duplicate sample of gD-1 was incubated in endo F buffer
without enzyme. At the end of the digestion period, each
sample was adjusted to a final concentration of 50 mM Tris
hydrochloride (pH 8.0). A 10:1 ratio of S. aureus V8 prote-
ase was added, and the samples were incubated for 1 h at
37°C. The reaction was stopped as described above.

Electrophoresis under nondenaturing conditions (native
gels). All of the experiments presented here used a Hoefer
minigel system for vertical electrophoresis. The resolving gel
consisted of either 10 or 12.5% acrylamide cross-linked with
either 0.1 or 0.125% bisacrylamide, respectively, in 0.425 M
Tris hydrochloride buffer (pH 9.18) containing 0.1% SDS.
The gel was polymerized with ammonium persulfate and
N,N,N',N’'-tetramethylethylenediamine (TEMED). The
stacking gel consisted of 3.2% acrylamide, 0.2% bisacryl-
amide, and 0.1% SDS in 0.054 M Tris-suifate (pH 6.1).
Samples were diluted into the sample buffer (0.054 M Tris,
0.1% SDS, 10% glycerol, 0.001% bromophenol blue), loaded
into the wells, and then overlaid with running buffer (0.1%
SDS in 0.04 M Tris-borate buffer [pH 8.651). Electrophoresis
was carried out for 45 min at 150 V. Following electropho-
resis, the proteins were electrophoretically transferred to
nitrocellulose (type BA-85, 0.45 um; Schleicher & Schuell,
Inc.) by using a Hoefer Transphor Electrophoresis Unit at
150 V for 30 min. The blotting buffer consisted of 0.02 M Tris
base, 0.150 M glycine, and 20% methanol (pH 8.3). Follow-
ing transfer, the nitrocellulose was washed with a protein-
blocking solution (10) and then incubated with antibody,
followed by iodinated protein A (Amersham Corp.) as pre-
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TABLE 1. Properties of continuous and discontinuous epitopes

of HSV gD
Reaction of
Epitope MCAb with « l:;:::::)ndgil)) Biological properties”
gD-1  gD-2
Continuous
VIl + + 11-19 Neutralization.
protection
11 + + 272-279 Neutralization.
protection
\Y + +/—  340-356 Unknown
Discontinuous
I + + 216, 233- Neutralization,
259, and protection. fusion
upstream
111 + + 1-182 Neutralization
v + - 1-182 Neutralization
VI + - 1-182 Virus adsorption.
protection

“ Reactivity was based on the results of immunoblot analysis with either the
antigen spot test (10. 25. 33) or Western blots of native gels (this paper). In
immunoprecipitation (24). group 1. II, I, IV, VI, and VII MCAb gave
essentially the same results as those indicated: however. group V MCAb
showed no cross-reactivity against any strain of HSV-2 gD (24.52).

” Neutralization properties were reported in references 24, 30. 46, 48. and
52. The ability of a particular epitope to participate in protection is based on
the results of experiments with MCADb for the passive immunization of mice.
followed by a live HSV-1 or HSV-2 challenge via the footpad route (19: R.
Dix. personal communication for groups Il and VI). By this criterion, epitope
V does not participate in protection (51). The participation of epitope VII in
protection was also shown by using synthetic peptides which mimic residues
1 to 23 of gD-1 or gD-2 as vaccines against a lethal HSV-2 challenge in mice
(9. 21). To assess the gD epitopes involved in fusion (46) and adsorption (20),
we grouped antibodies kindly supplied by P. G. Spear by reactivity against
gD-1 and gD-2. as well as by blocking studies (22, 25: Eisenberg et al.
unpublished data). The groupings were as follows: antibodies 111-114-4 and
11-174-1, shown to be best at inhibiting fusion (46). were in group I: antibody
1-99-1 was in group III: antibody 11-436-1 was in group IV: and antibodies
1-206-7 and 11-886-1. shown to be best at inhibiting adsorption (30). were in
group VI.

viously described (10). The blots were air dried and then
exposed to Kodak XAR-5 film with a Cronex Lightning-Plus
screen (Du Pont Co.) at —70°C.

General comments on the native gel system. There are a
number of methods by which electrophoretic separation and
blotting of proteins are carried out in such a way as to retain
much native conformation or to restore it (4, 17, 31). The
method we have chosen uses a low concentration of SDS, so
that proteins will still be separated by apparent molecular
weight. This concentration of SDS might have some dena-
turing effect. However, the native gel system worked well
with MCAD that recognized either continuous or discontin-
uous epitopes of gD. In addition, we found that the method
could also detect discontinuous epitopes of other HSV
glycoproteins (R. J. Eisenberg and G. H. Cohen, unpub-
lished data). However, in a few cases, e.g., MCAb DL2
(group VI), the antigen-antibody reaction was more difficult
to detect and might have been negatively affected by the
electrophoretic conditions. Attempts to alter the electropho-
retic conditions, e.g.. to further lower the SDS concentration
in the gel or running buffer, had an adverse effect on the
resolving power of the gel system. Therefore, in cases in
which the antigen-antibody reaction was particularly sensi-
tive to SDS, we increased the antigen concentration 5- to
20-fold, until a reaction was detected (see Figure legends).

We also compared the separation of polypeptides in both
native and denaturing gels. The denaturing gels were used to
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determine the apparent molecular weights of the gD frag-
ments against the SDS-denatured protein standards. When
these calculated values for the fragments were assigned to
the equivalent polypeptides in the native gels, the migration
rates of the polypeptides in the native gel system were found
to be inversely proportional to the log of molecular weight
over a wide range.

RESULTS

Use of native gels to visualize native and denatured gD. A
summary of the grouping of gD epitopes is shown in Table 1.
Continuous epitopes (those recognized by group II, V, and
VII MCADb) were localized precisely by fragmentation stud-
ies (24), SDS-PAGE (43, 58), immunofluorescence (43), and
immunoblot analysis (9, 10, 18, 22, 25). However, discontin-
uous epitopes (those recognized by group I, III, IV, and VI
MCAD) were previously localized to a large fragment of gD
(amino acids 1 to 275). To localize these epitopes more
precisely, we used a native gel system for electrophoresis
coupled to Western blotting to examine the reactivity of gD
fragments.

(i) Reactivity of group VII and I1 MCAD against gD. To test
the resolving power of the gel and blotting system, we first
examined the reactivity of gD-1 and gD-2 against antibodies
which recognize continuous epitopes. Native and denatured
gD-1 and gD-2 were electrophoresed in a native gel, blotted
onto nitrocellulose, and reacted with group VII (Fig. 1A) and
II (Fig. 1B) MCAb. Epitope VII was localized to residues 11
to 19 (10, 18). Epitope I was originally localized to residues
268 to 287 (25) and more recently was further localized to
residues 272 to 279 (Conrad Heilman, unpublished data).
Both native and denatured gD-1 and gD-2 migrated in the gel
in a manner similar to that seen in standard SDS-PAGE
(inversely according to size) and reacted with both MCAb.
The precursor, product, and dimer forms of gD-1 were easily
distinguished (13, 23, 27. 32, 53). In the denatured gD-2
preparation, two breakdown products were observed, one of
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FIG. 1. Reactivity of group VII and I1 MCAD against native and
denatured gD-1 and gD-2. Immunosorbant-purified native (n) or
denatured (d) gD-1 and gD-2 (25 ng) were electrophoresed in a native
gel (10% acrylamide cross-linked with bisacrylamide) and trans-
ferred to nitrocellulose. (A) Reaction with group VII MCAD (resi-
dues 11 to 19): (B) reaction with group 11 MCAD (residues 272 to
279).
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which reacted with group VII and both of which reacted with
group II. This result suggests that the larger of the two
breakdown products extended at least from residues 11 to
279 and that the smaller one lacked residues 11 to 19 but
contained residues 272 to 279.

(ii) Reactivity of MCAb which recognize discontinuous
epitopes of gD (groups I, III, IV, and VI). Native and
denatured gD-1 and gD-2 were electrophoresed in a native
gel, transferred to nitrocellulose, and tested for binding of
MCADb which recognize discontinuous epitopes. Group I
(Fig. 2A) and III (Fig. 2B) MCADb recognized the native
forms of gD-1 and gD-2 but not the denatured forms. The
HSV-1-specific group 1V (Fig. 2C) and VI (Fig. 2D) MCAb
recognized only native gD-1. Again, each of the antibodies
reacted with precursor, product, and dimer forms of gD. In
Fig. 2C, group 1V appears to be less reactive against the
dimer. In this case, a different preparation of purified gD-1
which contained less dimer was used. The amount of dimeric
gD-1 varied in each preparation, for reasons which are not
understood. These results demonstrate that the native gel
system can be used to visualize both continuous and discon-
tinuous epitopes of gD.

Reactivity of MCAD against truncated forms of gD-1. Mam-
malian cell lines which synthesize three different truncated
forms of gD-1 (amino acids 1 to 233, 1 to 275, and 1 to 287)

dimer— w

gD~
group I, “group i
C D
dimer— @

group IV  group VI

FIG. 2. Reactivity of group I. III, IV, and VI MCAD against
native and denatured gD-1 and gD-2. Native (n) or denatured (d)
gD-1 and gD-2 were electrophoresed in a 10% native gel and
transferred to nitrocellulose. (A) 25 ng of gD-1n, 50 ng of gD-1d, 25
ng of gD-2n, and 50 ng of gD-2d; (B) 25 ng of gD-1n, 50 ng of gD-1d.
50 ng of gD-2n, and 100 ng of gD-2d: (C) 150 ng of gD-1n. 150 ng of
gD-1d, 300 ng of gD-2n, and 300 ng of gD-2d: (D) 150 ng of gD-1n.
150 ng of gD-1d, 300 ng of gD-2n, and 300 ng of gD-2d.
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FIG. 3. Reactivity of MCAD against truncated forms of gD-1.
Truncated forms of gD-1 were electrophoresed in a 10% native gel
and transferred to nitrocellulose. The amounts of protein used in
each case were as follows: gD-1, 5 ng: residues 1 to 287, 25 ng;
residues 1 to 275, 50 ng: and residues 1 to 233, 50 ng.

were constructed (39; Berman and Nunes, submitted). The
truncated proteins each lacked the carboxy terminus, the
transmembrane anchor region (38, 43, 56, 57), and various
numbers of upstream residues.

(i) Reactions against MCAb which recognize continuous
epitopes. Each of the truncated gD-1 forms reacted with
group VII MCADb (Fig. 3A), confirming that they all con-
tained residues near the amino terminus of gD-1 (residues 11
to 19). Among the truncated forms, only that containing
residues 1 to 287 reacted with group II MCAb (Fig. 3B).
These results confirm and extend the results of our previous
studies (25) which showed that group Il MCAD (residues 272
to 279) did not react with gD-1 residues 1 to 275, although a
portion of the epitope is contained in this molecule. None of
the truncated gD-1 forms reacted with group V MCAD (24,
52), which recognize residues 340 to 356 (25) (data not
shown).

(ii) Reactions against MCAb which recognize discontinuous
epitopes. Each of the truncated gD-1 forms reacted with
group III MCAD (Fig. 3C), showing that this discontinuous
epitope was entirely contained within residues 1 to 233 of
gD-1. Similar results were obtained for group IV and VI
MCAD (data not shown). In contrast, group I MCAD reacted
with the truncated forms containing residues 1 to 287 and 1
to 275 but not with the truncated form containing residues 1
to 233 (Fig. 3D). This result indicates that a portion or all of
epitope 1 is located between residues 233 and 275.
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FIG. 4. Diagrammatic representation of the sequence of gD-1 and potential V8 sites in gD-1 and gD-2. In the line drawing of gD-1 in panel
A (38, 57), the positions of cysteine residues are denoted with a *‘C,”* N-asparagine-linked oligosaccharides (13, 38, 57) are denoted by circles,
and the transmembrane anchor (43) is indicated as a heavy rectangular box. Epitopes VII (amino acids 11 to 19), II (amino acids 272 to 279),
and V (amino acids 340 to 356) are denoted by boxes. These features are identical in gD-2, except that the cysteine at residue 332 is replaced
by a serine (38, 56). The line drawing in panel B indicates the positions of the potential V8 sites (glutamic acid residues [20]) in gD-1 and gD-2.
Also shown are the V8 fragments of gD-1 and gD-2, with probable residue numbers and apparent molecular weights (in thousands [K]) derived

from the experiments in Fig. 5 and 6.

V8 proteolysis of gD-1 and gD-2. (i) Potential cleavage sites.
The purpose of the proteolysis experiments was to generate
antigenically active fragments of gD-1 and gD-2 which would
be missing portions of either the amino- or carboxy-terminal
areas. S. aureus protease V8 specifically cleaves proteins on
the carboxyl side of glutamic acid residues (20). Figure 4
shows the potential protease V8 cleavage sites of gD-1 and
gD-2 based on their deduced amino acid sequences (38, 56,
57, W. Wilcox, G. H. Cohen, and R. J. Eisenberg, unpub-
lished results for HSV-2 strain 333 gD). Fourteen of these
sites are identical in the two proteins; however, gD-1 con-
tains two additional sites (residues 259 and 357) not present
in gD-2, and gD-2 contains one additional site (residue 45)
not present in gD-1. The sizes of the potential V8 fragments
vary from 3 to 44 amino acids. However, a partial digest was
able to yield a number of larger fragments, some of which are
indicated in Fig. 4. .

Previously (24, 25), we treated gD-1 bound to a specific
MCAD with protease V8 and examined the sizes and tryptic
peptide profiles of the fragments remaining bound to the
antibody. We identified a 38K fragment of gD-1 containing
epitopes I, III, IV, and VI and probably representing resi-
dues 1 to 259. Further cleavage products included a fragment
containing epitope VII and another fragment containing
epitope V.

In this study, we treated purified gD-1 and gD-2 with
protease V8 in the absence of antibody and under conditions

of partial proteolysis. The fragments were separated by
electrophoresis in a 12.5% native gel and transferred to
nitrocellulose.

(ii) Identification of gD residues contained in the antigeni-
cally active fragments. To identify and position the
polypeptides in the digests, we used both polyclonal anti-
bodies, and MCAb that recognized specific continuous
epitopes of gD. We first examined the digestion products
with polyclonal antisera to gD-1 (Fig. SA) and gD-2 (data not
shown). The results indicate that gD-1 and gD-2 were each
cleaved into a number of faster-migrating antigenically reac-
tive polypeptides which varied in apparent molecular weight
over a wide range.

Group VII MCAb (Fig. 5B) were used to identify frag-
ments containing residues 11 to 19 (termed amino-terminal
fragments), group II MCAD (Fig. 5C) were used to identify
fragments containing residues 272 to 279, and anti-358-369
serum (Fig. SD) was used to identify fragments containing
the carboxy-terminal residues of gD (termed carboxy-
terminal fragments). These results, together with the appar-
ent molecular weights of the reactive fragments, were used
to deduce the compositions of V8 fragments shown in Fig. 4.

Two V8 fragments of gD-1, 33K and 30K, and one
fragment of gD-2, 33K, reacted with group VII MCAb
(residues 11 to 19) (Fig. 5B). These fragments of gD-1
migrated more rapidly than the truncated form containing
residues 1 to 233 (see Fig. 6F). From these results, we
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FIG. 5. V8 proteolysis of gD-1 and gD-2: orientation of fragments. Purified gD-1 and gD-2 were each digested with S. aureus protease V8,
electrophoresed in a 12.5% native gel, and transferred to nitrocellulose. The antibodies were as follows: A, polyclonal anti-gD-1 antibody (1,
6, 16); B, group VII MCAb; C, group Il MCAb; and D, anti-358-369 serum.

deduced that the 33K fragment was most likely generated by
cleavage of gD-1 or gD-2 at residue 226 or further upstream.
The 30K fragment derived from gD-1 could either be a
precursor (e.g., less glycosylated) form of the 33K fragment
(13, 23) or a further V8 cleavage product, such as residues 1
to 182 (see below).

Group II MCAD (residues 272 to 279) reacted with a 34K
fragment of gD-1 (Fig. 5C) as well as with lower-molecular-
weight polypeptides. These antibodies, when reacted with
the gD-2 digest, recognized a 34K fragment (trace amounts)
and three well-resolved lower-molecular-weight fragments.
These results suggested that several overlapping gD frag-
ments had been generated. Since epitope II is in the middle
of the molecule, the fragments could contain different amino
or carboxy termini. However, none of the fragments comi-
grated with those reacting against group VII MCAD (residues
11 to 19).

The V8 digests were analyzed further with group V MCAb
(data not shown) and with anti-358-369 serum (Fig. 5D). For
gD-1, both antibodies produced patterns similar to those
shown for gD-1 digested by anti-358-369 serum (Fig. 5D).
However, group V MCAD reacted poorly against gD-2 (25)
and could not be used to identify V8 fragments derived from
this molecule. In contrast, anti-358-369 serum was cross-
reactive (Fig. 5D). The results clearly show that all of the V8
fragments of gD-1 and gD-2 which were recognized by group
II MCADb (Fig. 5C) were also recognized by anti-358-369
serum (Fig. 5D). In addition, anti-358-369 serum reacted
against a 10K polypeptide of gD-1 and gD-2 which was not
recognized by group II MCADb. These results indicate that all
of the V8 fragments containing epitope II also contained the
carboxy terminus of gD. In addition, the V8 digest contained
a 10K carboxy-terminal fragment which lacked epitope II.

The smallest fragment of gD-2 that could have reacted
with anti-358-369 serum but not with group II MCAb would
consist of residues 281 to 368 (87 amino acids, approximately
10K, Fig. 4), although it could have extended upstream to
residue 275 and still be lacking epitope II. A 12K carboxy-
terminal fragment of gD-2 (Fig. 5D) contained epitope II and
therefore included at least residues 272 to 368 (Fig. 4). The

16K and 20K carboxy-terminal fragments would contain
additional upstream residues (indicated for 20K as residues
257 to 368 in Fig. 4); the 20K fragment would also appear
larger if it contained the N-asparagine-linked oligosaccharide
on residue 262 (13). Based on its reactivity and apparent
molecular weight, the 34K fragment (Fig. 5C and D) ap-
peared to contain at least residues 227 to 369 (Fig. 4) and
could conceivably extend further upstream, possibly to
residue 183.

(ili) Reaction of group I, III, IV, and VI MCAb with
fragments in the V8 digests. Group I MCAD did not react with
any of the fragments present in either V8 digest (Fig. 6A).
As,uming that the 34K fragment includes at least residues
227 to 369, it should also contain that portion of epitope I
localized to residues 233 to 275 (Fig. 3D). This result
suggests that another portion of epitope I might be located
upstream of residue 227. Alternatively, the tertiary structure
of the 34K fragment and possibly epitope I could have been
lost because of V8 proteolysis.

Group III MCADb reacted with the 33K and 30K fragments
of gD-1 (Fig. 6B and C) and the 33K fragment of gD-2, which
contained epitope VII (Fig. SB and 6F). This result suggests
that epitope 111 is located at least within the first 226 residues
of gD-1 and gD-2. Group IV (Fig. 6D) and VI (Fig. 6E)
MCAD also reacted with the 33K and 30K fragments of gD-1,
suggesting that these epitopes are also located within the
same portion of the protein as epitope III.

Endo F digestion of V8 fragments. One question raised in
the previous experiment was whether the 33K and 30K
fragments represented two different glycosylated forms of
gD-1; alternatively, the 30K fragment could contain fewer
amino acids than the 33K fragment. To answer this question,
we used the enzyme endo F, which removes both high-
mannose (present on the precursor) and complex (present on
the product) N-asparagine-linked oligosaccharides from gly-
coproteins (28). If the 33K and 30K fragments were precur-
sor-product, digestion with endo F would convert both to the
same-sized polypeptide. Alternatively, if the 33K and 30K
fragments contained different numbers of amino acids, we
would detect two fragments.
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FIG. 6. V8 proteolysis of gD-1 and gD-2: identification of fragments retaining discontinuous epitopes. Purified gD-1 and gD-2 were each
digested with S. aureus protease V8, electrophoresed in a 12.5% native gel, and transferred to nitrocellulose. The truncated form (residues
1 to 233) (5 ng) was electrophoresed as a marker in panels C and F. The antibodies were as follows: A, group I; B, group III; C, group III;

D, group IV; E, group VI; and F, group VII.

gD-1 was first treated with the enzyme endo F for 4 h and
subsequently with protease V8 for 1 h. A control sample was
incubated in endo F buffer (no enzyme) and then treated with
protease V8. The fragments were separated by electropho-
resis, transferred to nitrocellulose, and probed with group III
MCAD (Fig. 7). The control sample (with V8, without endo
F) contained 33K and 30K fragments which reacted with
group III MCADb. In contrast, the sample which had first
been treated with endo F and then with V8 contained 26K
and 22K fragments, both of which reacted with group III
MCADb. These polypeptides had the expected sizes of
unglycosylated forms of the 33K (residues 1 to 226) and 30K
(residues 1 to 182) fragments.
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FIG. 7. Endo F and protease V8 treatment of gD-1. Purified gD-1
was incubated at 37°C with endo F for 4 h and then at 37°C with
protease V8 for 1 h. Control samples (gD-1 or gD-1 + V8) were
incubated under the same conditions in the appropriate enzyme
buffers but without one or both enzymes. The samples were
electrophoresed in a 12.5% native gel, transferred to nitrocellulose,
and probed with group 111 MCAb.

On the basis of the results in Fig. 6 and 7, we conclude that
discontinuous epitopes III, IV, and VI are at least within
residues 1 to 182 of gD-1.

DISCUSSION

Previously, we defined antigenic epitopes of gD based on
an analysis with a panel of MCAb (10, 24, 25). Three
epitopes were continuous and were located at residues 11 to
19 (group VII) (10, 18), 272 to 279 (group II) (25; Heilman,
unpublished data), and 340 to 356 (group V) (25, 43, 58).
Four epitopes were discontinuous and were localized to
residues 1 to 275 of gD-1 (24, 25). Our long-term goal is to
define discontinuous epitopes with the same precision
achieved for the continuous epitopes (9, 10, 18, 22, 25). On
the basis of blocking studies (25), a topographic map of gD-1
was constructed that indicated that epitopes I and III (both
type common) were distinct from each other and that
epitopes IV and VI (type 1 specific) were also distinct from
each other. In addition, some epitopes appeared to partially
overlap. In particular, the binding of group II MCAb par-
tially blocked the binding of group I MCADb but had no effect
on the binding of group III MCADb. Therefore, epitope I was
depicted in the map as being closer to epitope II, and epitope
III was depicted further upstream.

In the present study, we developed methods to localize
more precisely the positions of discontinuous epitopes of
gD. For other HSV glycoproteins, the mapping of discontin-
uous epitopes has relied on the availability of mutants (7, 34,
36, 37, 42) but has not been as precise as in cases in which
the tertiary structure of the protein is known (2, 15, 59). For
gD, a paucity of mutants is available for study. No temper-
ature-sensitive mutants have thus far been identified. Sev-
eral MCAb-resistant mutants have been isolated (37) and, in
some cases, sequenced (A. Minson, personal communica-
tion). One natural variant with an altered pattern of reactiv-
ity with MCAD has been sequenced (50). Here, our strategy
was to examine the antigenic activity of gD fragments that
retained their native conformation. A nondenaturing system
of PAGE (native gel elctrophoresis) coupled with Western
blotting (6, 55) was adapted for use with the MCAb groups.
This method appears to have general applicability for the
study of MCADb which recognize discontinuous epitopes (2,
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5). The technique has allowed us to visualize the reactions of
group I, III, IV, and VI MCAb with native gD and with
fragments of gD.

Two different approaches were used to obtain fragments.
First, three truncated forms of the gD-1 gene were produced
by recombinant DNA methods, inserted into a shuttle vec-
tor, and expressed by Chinese hamster ovary cells (39;
Berman and Nunes, submitted). The expressed proteins
lacked the carboxy terminus, the transmembrane anchor,
and various numbers of upstream residues. The shortest
form, residues 1 to 233, reacted wih group III, IV, and VI
MCADb but not with group I MCAb. Thus, a portion of
epitope I appeared to be within residues 233 to 275. This
finding confirmed and extended our previous speculation
(25) that a portion of epitope I was further downstream than
epitope III, IV, or VL.

Our second approach was to generate fragments of both
the amino and carboxy portions of gD-1 and gD-2 with S.
aureus protease V8. We identified the fragments by using
group II and VII MCAb as well as an antiserum to a
synthetic peptide which mimics the gD carboxy terminus
(provided by M. Zweig), anti-358-369 serum. We found that
none of the fragments reacted with group I MCADb, not even
a 34K fragment tentatively identified as residues 227 to 369.
This result indicated that another portion of epitope I was
located upstream of residue 227. Alternatively, the 34K
carboxy-terminal fragment could have contained all the
amino acids of epitope I but might have lost the proper
tertiary structure for reacting with group I MCAb. The other
three discontinuous epitopes were located within two amino-
terminal V8 polypeptides, 33K and 30K, tentatively identi-
fied as residues 1 to 226 and 1 to 182. The 30K fragment
could have contained fewer amino acids, since there were
glutamic acid residues just upstream of residue 182. Further
experiments will be necessary to determine the precise
compositions of these polypeptides.

In the present experiments, the major amino-terminal V8
fragment represents residues 1 to 226. Previously, the major
amino-terminal V8 fragment was deduced to represent resi-
dues 1 to 259 (24). We speculate that the difference depends
on the experimental conditions used to generate the frag-
ments. In the original experiments (24), gD was first bound
to group I MCADb and then treated with V8. In the present
study, the purified native protein was directly exposed to the
protease. We speculate that the bound antibody protected or
masked residue 226 from V8 cleavage.

Epitope I. Our results indicate that a portion of epitope I is
located downstream of residue 233. Our previous studies
with V8 indicated that epitope I was located on a 38K
fragment which lacked one N-asparagine-linked glycosyla-
tion site (13, 24; D. Long, G. H. Cohen, and R. J. Eisenberg,
unpublished results). Based on the deduced amino acid
sequence of gD-1 (38, 57) and tryptic peptide analysis (24),
the 38K fragment most probably contains residues 1 to 259.
Thus, we speculate that one portion of epitope I is located
between amino acids 233 and 259.

Since group I MCADb show equivalent reactivity against
gD-1 and gD-2, our working hypothesis is that the residues
which comprise epitope I are identical in the two glycopro-
teins. In this regard, MCAb DL11 (group I) was developed
with spleen cells of mice immunized with gD-2 (25), whereas
other group I MCADb, such as HD-1 (49) and 4S (52), were
prepared against HSV-1. There are three positions in which
gD-1 and gD-2 differ in amino acid sequence within the
region containing residues 233 and 259. Residue 233 is valine
in gD-1 and leucine in gD-2; residue 246 is alanine in gD-1
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and proline in gD-2; and residue 259 is glutamic acid in gD-1
and aspartic acid in gD-2 (38, 56, 57).

A second portion of epitope I appears to be located
upstream of residue 227, perhaps upstream of residue 183.
This speculation is based on several observations. (i) There
is a lack of reactivity of group I MCAb with the 34K
(residues 227 to 369) carboxy-terminal V8 fragment. (ii)
Epitope 1 is destroyed by reduction and alkylation; all of the
cysteine residues that might contribute to disulfide bonding
are located between residues 66 and 202. (iii) Three group I
MCAb-resistant mutants contain a nucleotide change in the
gD gene which alters residue 216 from asparagine to serine
(Minson, personal communication).

Since group I MCADb have been associated with important
biological functions of gD, including fusion (46), neutraliza-
tion (24, 30, 49, 52), and protection (19, 22), the amino acids
which comprise epitope I are likely to represent biologically
important portions of gD.

Epitope III. Previous experiments suggested that epitopes
I and TII are structurally distinct (25). We have confirmed
this conclusion, since a portion of epitope I is between
residues 233 and 259, but epitope III appears to be located
upstream of residue 182. In contrast to group I MCADb, the
binding of group III MCAb was always greater with gD-1
than with an equimolar amount of gD-2 (Fig. 2B and 6B).
This difference suggests that epitope III is not identical in
structure in gD-1 and gD-2. It is possible that the amino acids
which comprise epitope III differ in the two glycoproteins;
alternatively, the amino acids could be identical, but their
tertiary structure might be different.

Epitopes IV and VI. These type 1-specific epitopes are also
located within residues 1 to 182. Epitope VI appears to be
associated with virus adsorption (30), based on the following
observations. (i) Blocking studies indicated that MCAb DL.2
(group VI) is in the same group as MCAb I-206-7 and I1-886-1
(obtained from P. Spear) (Eisenberg et al., unpublished
data). (ii) The latter antibodies inhibited the adsorption of
HSV-1 to uninfected cells to the greatest extent of the
anti-gD antibodies tested (30).

Disulfide bonding in gD. The identification of antigenically
active fragments of gD enables us to speculate about disul-
fide bonding. The observation that group III, IV, and VI
MCAD recognized residues 1 to 226 and 1 to 182 suggests
that these polypeptides maintained their normal disulfide
bond pattern. The only way that the polypeptide containing
residues 1 to 182 could have been generated without disrupt-
ing disulfide bonds is if cysteine residues 189 and 202 were
not bonded to any cysteine residues upstream of residue 182
(Fig. 4). If gD contains three disulfide bonds, cysteine
residues 202 and 189 may be bonded to each other.

Future studies will focus on an analysis of disulfide
bonding in gD. In addition, the techniques of in vitro
mutagenesis will be applied to the study of discontinuous
epitopes of gD.
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