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Glycoprotein D (gD) is an envelope component of herpes simplex virus types 1 (gD-1) and 2 (gD-2). The gD-1
polypeptide contains seven cysteine residues among its 369 amino acids; six are located on the N-terminal or
luminal portion of the glycoprotein, and a seventh is located in the transmembrane region. Previous studies
used a panel of monoclonal antibodies (MAbs) to define gD epitopes as continuous or discontinuous. Purified
gD, denatured by reduction and alkylation, loses discontinuous epitopes, whereas continuous epitopes are
retained. The contribution of disulfide bonds to maintenance of discontinuous epitopes is, therefore, significant.
In the present study, our objective was to determine the contribution of individual cysteine residues to folding
of gD-1 into its native conformation. Site-directed oligonucleotide mutagenesis was used to create seven
mutants, each with a serine residue replacing a cysteine. The mutated genes were cloned into a eucaryotic
expression vector and transfected into COS-1 cells, and the proteins were separated by nondenaturing
polyacrylamide gel electrophoresis, followed by immunoblotting. Replacement of cysteine 7 (residue 333) had
only a minimal effect on the antigenic properties of gD-1. In contrast, replacement of any one of the other six
cysteine residues resulted in either a major reduction or a complete loss of binding of those MAbs that recognize
discontinuous epitopes, with no effect on the binding of MAbs which recognize continuous epitopes. These
mutations also had profound effects on the extent of oligosaccharide processing of gD-1. This was determined
by digestion of the expressed proteins with various endoglycosidases, followed by electrophoresis and Western
blotting (immunoblotting) to observe any mobility changes. Three mutant gD proteins which did not express
discontinuous epitopes contained only high-mannose-type oligosaccharides, suggesting that processing had not
proceeded beyond the precursor stage. Two mutant forms of gD exhibited reduced binding of MAbs to
discontinuous epitopes. A small proportion of the molecules which accumulated at 48 h posttransfection
contained complex oligosaccharides. One mutant exhibited reduced binding of MAbs to discontinuous epitopes,
but was present at 48 h posttransfection only in the precursor form. The cysteine 7 mutant was processed to
the same extent as wild-type gD. We conclude that the first six cysteine residues are critical to the correct
folding, antigenic structure, and processing of gD-1, and we speculate that they form three disulfide-bonded

pairs.

Glycoprotein D (gD) of herpes simplex virus (HSV) is a
structural component of the virion envelope which stimu-
lates high titers of neutralizing antibody (6, 8, 16, 18, 19, 22,
28, 34, 37, 38, 44, 45) and is likely to play an important role
in the initial stages of viral infection. Studies using anti-gD
monoclonal antibodies (MAbs) have implicated gD-1 in virus
attachment (22) and penetration (23, 28) and in fusion of
infected cells (37, 38). Furthermore, animals immunized with
various forms of gD are protected from a lethal HSV
challenge (4, 12, 32, 34, 39). Genes for gD of both HSV type
1 (HSV-1) (gD-1) and HSV-2 (gD-2) have been localized (33,
50) and sequenced (31, 49, 50). The two proteins are highly
conserved, having 85% homology over their predicted amino
acid sequences of 394 amino acids for gD-1 and 393 for gD-2.
In each case, the first 25 amino acids of the predicted amino
acid sequence are cleaved from the protein during posttrans-
lational processing (15). Each protein contains three pre-
dicted sites for N-linked glycosylation (31, 49, 50), all of
which are utilized (10); O-linked oligosaccharides (reviewed
in reference 45); and a hydrophobic membrane-anchoring
domain near the carboxy-terminal end (36, 51). gD-1 con-
tains seven cysteine residues, six of which are clustered
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between amino acids 66 and 202 of the mature glycoprotein
(Fig. 1). These six cysteines are strictly conserved both in
number and in relative position in gD-2 (31, 49, 50). A similar
pattern of spacing was also found in the pseudorabies virus
gp50, which appears to be a gD homolog (40). Three contin-
uous antigenic epitopes have been mapped to specific amino
acids at widely separated regions of gD (6, 13, 16, 17, 36).
Also present on the native glycoprotein are discontinuous
epitopes which are characterized by their loss of MAb
reactivity after denaturation of the glycoprotein (7, 13, 16,
28, 37). Recently (11), we used deletion mutants of gD-1 to
map a portion of the group I epitope to residues 234-244.
Three other discontinuous epitopes are located within amino
acids 1-233.

The loss of discontinuous epitopes after denaturation drew
our attention to the possible importance of cysteine residues
in the antigenic structure of gD, especially since denaturing
conditions employing reduction and alkylation disrupt disul-
fide bonds. Tertiary configurations related to the presence of
disulfide bonds have been shown to be critical for various
biological activities (1, 26, 35, 48). We found that a truncated
form of gD-1, residues 1-275, which lacked cysteine 7
(residue 333), retained all of the discontinuous epitopes (7).
This suggests that intramolecular disulfide bonding might be
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FIG. 1. Schematic representation of gD-1 and the seven cysteine
mutants. The essential features of gD-1 protein are depicted as a
stick figure. The protein (49) contains a signal peptide of 25 amino
acids, which is cleaved during cotranslational processing (15, 36),
and a hydrophobic anchor sequence (TMR) near the carboxy
terminus (36). The seven cysteine residues are located at amino
acids 66, 106, 118, 127, 189, 202, and 333. The protein contains three
sites for addition of N-linked oligosaccharides (10, 50), depicted as
balloons. The positions of three continuous epitopes (6, 7, 13, 16, 17,
36) at amino acids 11-19 (VII), 272-279 (1I), and 340-356 (V) are
shown. Stick models of each of the cysteine (C)-to-serine (S)
mutants are also shown. The plasmid designations for each mutant
are indicated on the right. The name given to each mutant is
indicated on the left. Mutant proteins are referred to as gD-1-(Cys-1)
through gD-1-(Cys-7), and the wild-type or parental form of gD
expressed from plasmid pRE4 is referred to as gD-1-(pRE4).

limited to the first six cysteines. Recently (11), we observed
that internal deletion mutants of gD-1 which lacked either
cysteine 1 (residue 66) or cysteine 6 (residue 189) were
unable to bind MAbs to discontinuous epitopes. In addition,
these mutant forms of gD-1 accumulated only high-mannose-
type oligosaccharides (8, 9, 14, 36), implying that conforma-
tions involving disulfide bonds are necessary for correct
processing. For these reasons we undertook a systematic
analysis of the contribution of each cysteine residue to the
antigenic structure and extent of processing of gD-1.

Oligonucleotide-directed mutagenesis (29, 30, 53) was
employed to create seven gD-1 mutants, each with a serine
rather than a cysteine codon. Each of the seven mutant gD
genes was transfected into mammalian cells, and the ex-
pressed proteins were examined with MAbs specific for
continuous and discontinuous epitopes. Replacement of
cysteine 7 had only a minimal effect on the antigenic prop-
erties or processing of gD-1. In contrast, replacement of any
one of the first six cysteine residues had profound effects on
both antigenicity and extent of processing. The six altered
forms of gD-1 shared several common features. First, they
suffered either a major reduction or a complete loss of
binding of those MAbs that recognize discontinuous epi-
topes, with no effect on binding of those MAbs that recog-
nize continuous epitopes. Second, the glycoproteins which
accumulated at 48 h posttransfection contained only high-
mannose oligosaccharides, suggestive of an abnormal pat-
tern of oligosaccharide processing in transfected cells.
Third, they formed high-molecular-weight aggregates which
were dissociated by denaturation by heat and reduction.
These properties were similar to those recently noted for
several deletion mutants of gD which lacked either cysteine
1 or cysteine 6 (11).
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MATERIALS AND METHODS

Cell culture and virus. Conditions for the growth and
maintenance of BHK cells and HSV-1 (Patton) were previ-
ously described (8, 18). An input multiplicity of 5 PFU was
used for infection. COS-1 cells (a gift from J. Alwine) were
propagated in Dulbecco minimal medium supplemented with
10% fetal bovine serum.

Construction of gD mutants by oligonucleotide-directed
mutagenesis. A 1,420-base-pair HindlII fragment containing
the entire gD-1 (Patton) coding sequence (50) was excised
from the gD expression vector pRE4 (11) and subcloned into
the HindlIII site of the replicative form of M13mp18. Muta-
genesis was carried out by the method of Zoller and Smith
(53) as modified by Kunkel et al. (29, 30) to allow for
phenotypic selection of phage containing the desired muta-
tion. Seven synthetic oligonucleotide primers ranging in size
from 17- to 21-mer were used, each of which had a single-
base mismatch designed to change a cysteine anticodon to
one for serine (AGC or ACA to TGC or TCA). The se-
quences of the oligonucleotides were: Cys-1 (residue 66),
CACGCTGCGGCTGGCGCGCT; Cys-2 (residue 106), GAT
AGCACTGTTGCCTCC; Cys-3 (residue 118), TTGTAGG
AGCTTTCGGTGTAC; Cys-4 (residue 127), TTCGGATGG
GACTGGCCCCC; Cys-5 (residue 189), GCGTACTTACTG
GAGCCCTT; Cys-6 (residue 202), GGAGAGGCTGGCT
GAC; Cys-7 (residue 333), CAATTCCGCTAATGACC. The
anticodon is underlined here, and the T in each case was the
mismatch. Mutants were identified, and their DNA se-
quences were verified by the dideoxynucleotide method (42).
In our hands, 40 to 80% of the plaques contained virus with
the desired cysteine-to-serine alteration. The mutated gD
gene was removed from the replicative-form DNA of each
mutant clone with HindIII and inserted into the eucaryotic
expression vector pRSV-nt EPA (3, 11), which has a unique
HindlII site adjacent to the Rous sarcoma virus long termi-
nal repeat promoter (gift of S. Carswell and J. Alwine). This
vector was also the parent vector for pRE4 (11). Before
transfection of mammalian cells, the correctness of the
mutation was again confirmed by employing the supercoil
sequencing technique (5).

Transfection procedure. The calcium phosphate coprecipi-
tation procedure (27) was used with two modifications. First,
calcium phosphate-precipitated supercoiled plasmid DNA
was incubated with the cells for 16 h, rather than for 3 h.
Second, the cells were not subjected to glycerol shock. For
each plasmid, the DNA concentration and incubation time
leading to maximum expression of gD were determined. In
most cases, 10 pg of DNA per 60-mm plate was used and the
cells were harvested at 48 h posttransfection. Cells were
harvested and cytoplasmic extracts were prepared as previ-
ously described for infected cells (8).

Polyclonal antibodies and MAbs. The antibodies used in
this study were rabbit anti-gD-1 serum (19), MAb DL11
(group I) (7), MAb DL6 (group II) (7), MAb 118 (group III)
(16, 44), MAb 55S (group V) (16, 44), MAb DL2 (group VI)
(7), and MADb 1D3 (group VII) (7, 21). MAbs 11S and 55S
were supplied by Martin Zweig. Antibodies were grouped by
their ability to react with native or denatured gD-1 and gD-2
(6, 7, 13, 17), blocking studies (17), neutralization activity
(16, 44), reactions with synthetic peptides (6, 7, 13), and their
location on fragments of gD (7, 16, 17). Each MAb was
chosen to represent a group; however, it is possible that
different MAbs within a group react with distinct epitopes
within an antigenic site (52).

Western blot analysis. Sodium dodecyl sulfate-polyacryl-
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amide gel electrophoresis of proteins under denaturing and
nondenaturing (‘‘native’’) conditions was carried out as
previously described (7). After electrophoresis, proteins
were transferred to nitrocellulose (2) and incubated with
antibodies and then with iodinated protein A (ICN) as
described previously (6, 7, 17). The nitrocellulose blots were
exposed to Kodak XAR-5 film with a Cronex Lightening-
Plus screen (Du Pont) at —70°C.

Enzyme digestions. For each enzyme, 12 pl of cytoplasmic
extract (representing approximately 1.8 X 10* transfected
COS-1 cells) in lysing buffer (20 mM Tris hydrochloride [pH
7.5] containing 50 mM NaCl, 0.5% Nonidet P-40, and 0.5%
sodium deoxycholate) was digested for 6 h at 37°C. The
enzymes and amounts used per 12 ul of extract were as
follows: type VIII neuraminidase from Clostridium perfrin-
gens (Sigma Chemical Co.), 150 mU; endo-a-N-acetylgalac-
tosaminidase (O-glycanase) (Genzyme), 2 mU; endo-B-N-
acetylglucosaminidase F (endo F) (Boehringer Mannheim),
80 mU; endo-B-N-acetylglucosaminidase H (endo H) (Boeh-
ringer Mannheim), 2 mU. After digestion, the extracts were
stored at —70°C until analyzed.

RESULTS

The seven mutated forms of the gD gene, designated Cys-1
through Cys-7, and the plasmids containing them are dia-
grammed in Fig. 1. The proteins produced by these muta-
tions are designated gD-1-(Cys-1) through gD-1-(Cys-7),
respectively. Wild-type gD-1 produced by pRE4 will be
referred to as gD-1-(pRE4). The stick figure of gD-1 also
depicts the positions of continuous epitopes VII (residues
11-19), II (residues 272-279), and V (residues 340-356) (6, 7,
13, 17, 36, 50). The three discontinuous epitopes chosen for
study (I, III, and VI) are located within residues 1-275 (1, 13,
14). Detailed studies indicate that these epitopes occupy
separate regions of the native molecule (7, 11, 17).

Analysis of the mutants with polyclonal anti-gD-1 serum.
COS-1 cells were transfected and cytoplasmic extracts were
separated by denaturing or nondenaturing (native) sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (7),
transferred to nitrocellulose (2), and reacted with polyclonal
anti-gD-1 serum (Fig. 2). In denaturing gels, all of the
proteins had mobilities similar to that of gD-1-(pRE4) (Fig.
2A, compare lanes 2 through 8 with lane 1). Slight differ-
ences [e.g., gD-1-(Cys-2), lane 3] can be accounted for by
differences in oligosaccharide processing, as described later
(see Fig. 4). However, in a nondenaturing gel (Fig. 2B), three
of the mutant proteins, gD-1-(Cys-1) (lane 2), gD-1-(Cys-3)
(lane 4), and gD-1-(Cys-5) (lane 6), migrated more slowly
than the wild type, gD-1-(pRE4) (lane 1). These differences
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FIG. 2. Western blot analysis of gD-1-(pRE4) and the proteins
produced by mutants Cys-1 through Cys-7 (see Fig. 1). Cytoplasmic
extracts were prepared from COS-1 cells transfected with pRE4
(lane 1), or with mutants Cys-1 through Cys-7 (lanes 2 through 8),
electrophoresed under denaturing (A) or nondenaturing (B) condi-
tions (7), transferred to nitrocellulose (2), and reacted with polyclo-
nal anti-gD-1 serum and then with iodinated protein A. The arrow in
panel B indicates the position of the aggregates of gD-1.
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FIG. 3. Antigenic analysis of gD-1-(pRE4) and the seven cys-
teine mutants of gD-1. Cytoplasmic extracts were prepared from
COS-1 cells transfected with pRE4 (A) or with mutants Cys-1
through Cys-7 (B through H) and were electrophoresed under
nondenaturing conditions (7), transferred to nitrocellulose (2), and
reacted with MAb 1D3 (group VII; lane 1), DL6 (group II; lane 2),
55S (group V; lane 3), DL11 (group I; lane 4), or 118 (group III; lane
5) and then with iodinated protein A. The nitrocellulose blots in
panels A and H were exposed to film for 24 h. Lanes 1 to 3 in panels
B through G were exposed to film for 24 h. To detect the reduced
signal, lanes 4 and 5 of panels B through G were exposed for 48 h.
(A) WT, Wild type.

may be related to structural changes associated with alter-
ations in disulfide bonding (43).

Recently (11), we reported that several deletion mutants of
gD expressed aggregated forms of the glycoprotein which
were observed in nondenaturing gels. The higher-molecular-
weight forms were not present under denaturing conditions.
In each of these cases, a cysteine residue was deleted. Here,
we found that for mutants Cys-1 through Cys-6, aggregates
were present in nondenaturing gels (Fig. 2B, lanes 2 through
7, and Fig. 3B through G, lanes 1 to 3). In contrast,
gD-1-(Cys-7) behaved like gD-1-(pRE4) in that no aggregates
were seen in nondenaturing gels (Fig. 2B, compare lanes 1
and 8, and Fig. 3, compare panels A and H). Thus, it appears
that aggregation is related to the absence of any one of the
first six cysteines.

Effect of cysteine-to-serine substitutions upon continuous
and discontinuous epitopes of gD. To examine the antigenic
profile of each mutant, extracts were electrophoresed on
native gels (7), prepared without a comb, and transferred to
nitrocellulose (2). Strips of nitrocellulose were incubated
with MAb. For gD-1-(pRE4) (Fig. 3A), a positive reaction
was detected with MAbs 1D3 (lane 1), DL6 (lane 2), and 55S
(lane 3), which react with continuous epitopes VII, II, and
V, respectively. Positive reactions were also detected with
MAbs to discontinuous epitopes, i.e., DL11 (group I; lane
4), 11S (group III; lane 5), and DL2 (group VI; data not
shown). These results were the same as in previous studies
(11) and serve as a basis for comparison of the reactivity of
the cysteine-to-serine mutants. Each mutant protein reacted
with MAbs 1D3, DL6, and 55S (Fig. 3, lanes 1, 2, and 3 in
each panel). In two cases, gD-1-(Cys-3) (Fig. 3D, lane 3) and
gD-1-(Cys-5) (Fig. 3F, lane 5), the reaction with 55S seemed
reduced relative to that for 1D3 (Fig. 3D and F, lanes 1) or
DL6 (Fig. 3D and F, lanes 2). These differences were not
seen when the protein was Western blotted from a denatur-
ing gel. Thus, it is possible that the 55S epitope was partially
masked in the native gel by differences in conformation of
these mutants. However, for each of the other mutants, the
reactivities of 1D3, DL6, and 55S were equivalent. To
evaluate the reactivity of each mutant form with antibodies
DL11 and 118, we compared the intensity of the signal with



1944 WILCOX ET AL.

that of the same mutant with either 1D3 or DL6. This
corrected for differences in the absolute amount of gD in
each extract. We found that gD-1-(Cys-7) (Fig. 3H) reacted
with MAbs DL11 (lané 4), 11S (lane 5), and DL2 (data not
shown). Although this mutant exhibited reduced binding of
MAbs to discontinuous epitopes as compared with pRE4
(Fig. 3A), the level of binding was much greater than that
seen with any of the other cysteine mutants. Mutations in
any of the first six cysteines had a profoundly negative effect
on expression of all discontinuous epitopes. gD-1-(Cys-3)
(Fig. 3D), gD-1-(Cys-5) (Fig. 3F), and gD-1-(Cys-6) (Fig. 3G)
failed to react with DL11 (group I; lanes 4), 11S (group III;
lanes 5) or DL.2 (group VI; data not shown). gD-1-(Cys-1)
(Fig. 3B) and gD-1-(Cys-2) (Fig. 3C) reacted weakly with
DL11 (lanes 4), 11S (lanes 5), and DL2 (data not shown). It
should be noted that the film in lanes 4 and S of Fig. 3B
through G was exposed for twice as long as that for lanes 1
to 3. In the case of gD-1-(Cys-4), the very weak reaction with
DL11 (Fig. 3E, lane 4) could only be detected with much
longer film exposure times (not shown). However, this
mutant reacted somewhat better with 11S (Fig. 3E, lane 5).
The results indicate that each mutation had some effect on
the discontinuous epitopes of gD; however, the effect was
greatest with changes in cysteines 1 through 6 and least with
cysteine 7.

Effect of cysteine-to-serine substitutions on extent of proc-
essing of gD-1 in transiently transfected COS-1 cells. Recently
(11), we showed that cells transfected with the wild-type
gD-1 gene accumulated gD molecules which contained N-
linked oligosaccharides primarily of the complex type and
also contained O-linked oligosaccharides. This indicated that
much of the accumulated protein had been processed to the
product form at 48 h posttransfection. The glycoproteins
produced by a series of deletion mutants exhibited alter-
ations in the extent of processing, with the most pronounced
effects occurring when the deletion involved removal of a
cysteine residue; in those cases, the N-linked oligosaccha-
rides on the mutant proteins were primarily or entirely of the
high-mannose or precursor form. A similar experiment was
carried out on the cysteine mutants. Extracts were treated
with sugar-modifying enzymes, electrophoresed under dena-
turing conditions, transferred to nitrocellulose, and probed
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FIG. 4. Effect of sugar-modifying enzymes on gD-1 expressed in
COS-1 cells transfected with pRE4 (A; WT, wild-type gD-1) or with
plasmids containing each of the mutants Cys-1 through Cys-7 (B
through H). Cytoplasmic extracts were treatéed with enzyme, elec-
trophoresed under denaturing conditions, transferred to nitrocellu-
lose (2), and reacted with anti-gD-1 serum. The enzymes used in
each panel were: lane 1, mock-digested, no enzyme; lane 2, neur-
aminidase; lane 3, O-glycanase; lane 4, endo H; lane 5, endo F.
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with polyclonal anti-gD-1 antibody (Fig. 4). An increase in
the electrophoretic mobility of a treated sample indicates
that the protein contained moieties sensitive to digestion by
that enzyme. Thus, neuraminidase and O-glycanase (46)
treatment increased the mobility of gD-1-(pRE4) (Fig. 4A,
lanes 2 and 3), indicating the presence of sialic acid and
O-linked oligosaccharides, respectively. The mobility shift
with O-glycanase was small, but reproducible. Endo H,
which digests N-linked high-mannose oligosaccharides (47)
(Fig. 4A, lane 4), caused a slight increase in mobility; endo F
treatment (lanes 5), which removes both high-mannose and
complex oligosaccharides (20), significantly increased the
mobility of the glycoprotein. These results indicate that the
N-linked oligosaccharides of gD-1-(pRE4) were primarily of
the complex or product form and that O-linked oligosaccha-
rides and sialic acid were also present (11, 45).

gD-1-(Cys-7) (Fig. 4H, lanes 1 through 5) showed the same
mobility shifts as gD-1-(pRE4) in response to the different
sugar-modifying enzymes, indicating that this mutation had
no obvious effect on oligosaccharide processing. Two other
mutant proteins, gD-1-(Cys-1) (Fig. 4B) and gD-1-(Cys-4)
(Fig. 4E), contained oligosaccharides which were partially
processed beyond the precursor stage, as evidenced by the
sensitivity of one of these proteins to neuraminidase (com-
pare lanes 1 and 2 in Fig. 4E) and their partial resistance to
endo H (Fig. 4B and E, lanes 4). We estimate that approxi-
mately 5 to 10% of the total gD-1 present at 48 h posttrans-
fection was endo H resistant in these two cases. Four mutant
proteins, gD-1-(Cys-2) (Fig. 4C), gD-1-(Cys-3) (Fig. 4D),
gD-1-(Cys-5) (Fig. 4F), and gD-1-(Cys-6) (Fig. 4G), con-
tained only high-mannose oligosaccharides. In each case,
the protein was not sensitive to neuraminidase (Fig. 4B
through G, lanes 2) or O-glycanase (lanes 3), but was equally
sensitive to endo H (lanes 4) and endo F (lanes 5). These
results suggest that alteration of any of the first six cysteine
residues in gD-1 caused a marked change in the extent of
oligosaccharide processing. Alternatively, the absence of
further processed forms of the glycoproteins could be due to
enhanced degradation.

DISCUSSION

Our findings show that substitution of a serine for any one
of the first six cysteine codons in the gD-1 gene resulted in
major changes in the properties of the expressed protein. In
contrast, alteration of cysteine 7 had less apparent effect on
these properties. First, gD-1-(Cys-1) through gD-1-(Cys-6)
exhibited a dramatic decrease in reactivity with MAbs
specific for discontinuous epitopes; the magnitude of this
effect varied from a major reduction in antibody binding to a
complete loss. Second, each of these proteins formed higher-
molecular-weight aggregates which were observed when
proteins were electrophoresed in nondenaturing gels, but
were not present when gels were run under denaturing
conditions. For other proteins, formation of such aggregates
has been shown to be due to improper intermolecular
disulfide bonding (43). Another peculiar property of three of
these mutants was their aberrant mobility in nondenaturing
gels. It has been demonstrated that serine protease zymo-
gens show marked differences in mobility shifts in gels
containing 0.1% sodium dodecyl sulfate, depending on the
extent of formation or disruption of disulfide bonds. ‘‘In the
presence of intact disulfide bonds, these proteins are more
compact and migrate further into the gel than their reduced
and carboxyamidomethylated counterparts’’ (43). We spec-
ulate that the absence of cysteines 1, 3, and 5 leads to
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incomplete intramolecular disulfide bonding among the re-
maining cysteines. Third, gD-1-(Cys-1) through gD-1-(Cys-6)
were underglycosylated as compared with gD-1-(pRE4) or
with gD-1-(Cys-7). In recent studies (11), we found a similar
set of properties in three gD-1 deletion mutants which lacked
either cysteine 1 or cysteine 6. We suggested that the general
loss of conformation was due either to deletion of specific
amino acids in several epitopes or to absence of a critical
cysteine residue. Here, we showed directly that the absence
of cysteine 6 alone led to the loss of three discontinuous
epitopes. We conclude that a disulfide bond involving cys-
teine 6 is critical for the proper tertiary structure of gD-1.
Furthermore, each of the first six cysteinés contributes to
protein conformations necessary for recognition of MAbs
against discontinuous epitopes and for proper processing of
gD in the cell.

These observations led to several conclusions and some
speculation. The finding that gD-1-(Cys-7) was similar to
gD-1-(pRE4) suggests that cysteine 7 may not be disulfide
bonded to any of the upstream cysteine residues. Two other
observations support this idea. First, two truncated forms of
gD-1 (residues 1-287 and 1-275) which lack cysteine 7 were
fully reactive with MAbs to discontinuous epitopes (7).
Second, gD-2, which lacks cysteine 7, reacts with MAb
groups I and III. Although cysteine 7 appears not to be
involved in intramolecular disulfide bonding, it may be
important in the formation of the gD-1 dimer observed at the
plasma membrane of HSV-1-infected cells (25). A similar
form of gD-1 is routinely detected after immunosorbent
purification of gD-1 isolated from infected (19) or transfected
cells (D. Long, G. H. Cohen, and R. J. Eisenberg, unpub-
lished results). gD-2 has never been observed to form a
dimer under the above conditions.

Cysteines 1 through 6 appear to be necessary for full
activity of the discontinuous epitopes and for proper oligo-
saccharide processing of gD. On the basis of the results
presented here, we propose that they form three disulfide
bridges, and that cysteine 7 is normally unpaired. A some-
what analogous situation was observed for interleukin 2 (48),
which contains three cysteine residues. Substitution of ser-
ine for cysteine residues at positions 58 and 105 substantially
reduced biological activity. Alteration of the third cysteine
had no effect. The authors (48) argued that cysteines 58 and
105 might be disulfide bonded to each other and that the third
cysteine was unpaired. Although our data suggest that
cysteine 7 is unpaired, we cannot draw conclusions concern-
ing disulfide bond patterns within cysteines 1 through 6. One
might expect that if a particular disulfide bond were essential
for expression of a particular epitope, loss of either cysteine
in that pair would lead to the total loss of reactivity for that
epitope. However, we found that gD-1 proteins expressed by
three mutants (Cys-3, Cys-5, and Cys-6) were in that cate-
gory, whereas the glycoprotein expressed by three other
mutants (Cys-1, Cys-2, and Cys-4) retained some affinity for
MAbs DL11, 11S, and DL2. These results make it impossi-
ble to pair cysteines on the basis of antigenic activity and
emphasize the need for chemical studies to determine the
disulfide bonding pattern of gD.

Our results indicate that alteration of cysteines 1 through
6 alters the extent of processing of oligosaccharides on gD-1
from the high-mannose to the complex form. The importance
of conformation for correct processing and transport has
been implicatéd in studies of other viral glycoproteins (24,
41). For six of the seven cysteine mutants of gD-1, there did
appear to be a correlation between correct conformation, as
measured by reactivity with MAbs DL11 (group I), 11S
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(group III), and DL2 (group VI), and extent of processing, as
measured by sensitivity to neuraminidase and O-glycanase
and insensitivity to endo H. More specifically, gD-1-(Cys-7)
closely resembled wild-type gD [gD-1-(pRE4)] in conforma-
tion and processing. Three mutant proteins, gD-1-(Cys-3),
gD-1-(Cys-5), and gD-1-(Cys-6), did not contain discontinu-
ous epitopes and did not contain complex oligosaccharides.
Two mutants, gD-1-(Cys-1) and gD-1-(Cys-4), reacted
weakly with MAbs DL.11, 11S, or DL2, and approximately 5
to 10% of the expressed glycoprotein was present as the
product form at 48 h posttransfection. In contrast, gD-1-
(Cys-2) contained no complex oligosaccharides, yet retained
discontinuous epitopes. It is possible that processing is more
sensitive to conformational differences in this mutant than is
antibody binding. Alternatively, this mutant could beé more
sensitive to degradation than other mutants.

Further studies are needed to determine the effect of
cysteine-to-serine changes on synthesis, processing, and
transport of gD in transfected cells. It is possible that
conformational changes inhibit the transport of these gD
mutants into the medial Golgi (24, 41) and thereby prevent
further processing. Alternatively, transport may occur, but
incorrect folding of gD may prevent interaction of oligosac-
charides with processing enzymes in the medial Golgi.
Third, it is possible that incorrect folding directs gD to
another cell compartment in which oligosaccharide process-
ing does not occur. Fourth, the protein might be degraded
before or as soon as it is further processed. Pulse-chase
studies and fluorescence microscopic analyses will enable us
to address some of these questions.

ACKNOWLEDGMENTS

This investigation was supported by Public Health Service grants
DE-02623 from the National Institute of Dental Research and
Al-18289 from the National Institute of Allergy and Infectious
Diseases and by a grant to G.H.C. and R.J.E. from the American
Cyanamid Co. D.L. is a predoctoral trainee supported by Public
Health Service grant NS-07180 from the National Institute of
Neurological Diseases and Stroke. D.L.S. is a predoctoral trainee
supported by Public Health Service grant GM-07225 from the
National Institute of General Medical Sciences.

We thank J. Alwine and S. Carswell for the vector and cells; H.
Friedman and M. Zweig for antibodies; H. Diggelmann, E. Buetti,
and N. Fasel for expert guidance with M13 cloning; M. Muggeridge,
V. Isola, and C. Seidel-Dugan for helpful criticisms and suggestions;
and M. Cohen and T. Tucker for excellent technical assistance.

LITERATURE CITED

1. Ackers, G. K., and F. R. Smith. 1985. Effects of site-specific
amino acid modification on protein interactions and biological
function. Annu. Rev. Biochem. 54:597-629.

2. Burnette, W. N. 1981. ‘‘Western blotting.”” Electrophoretic
transfer of proteins from SDS-polyacrylamide gels to unmodi-
fied nitrocellulose and radiographic detection with antibody and
radioiodinated protein A. Anal. Biochem. 112:195-203.

3. Carswell, S., J. Resnick, and J. C. Alwine. 1986. Construction
and characterization of CV-1P cell lines which constitutively
express the simian virus 40 agnoprotein: alteration of plaquing
phenotype of viral agnogene mutants. J. Virol. 60:415-422.

4. Chan, W. 1983. Protective immunization of mice with specific
HSV-1 glycoproteins. Immunology 49:343-352.

5. Chen, E. U., and P. H. Seeburg. 1985. Supercoil sequencing: a
fast and simple method for sequencing plasmid DNA. DNA
4:165-170. )

6. 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 the production of
neutralizing antibody. J. Virol. 49:102-108.



1946

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

WILCOX ET AL.

Cohen, G. H., V. J. Isola, J. Kuhns, P. W. Berman, and R. J.
Eisenberg. 1986. Localization of discontinuous epitopes of her-
pes simplex virus glycoprotein D: use of a non-denaturing
(‘““native’’-gel) system of polyacrylamide gel electrophoresis
coupled with Western blotting. J. Virol. 60:157-166.

. Cqhen, G. H., M. Katze, C. Hydrean-Stern, and R. J. Eisenberg.

1978. Type-common CP-1 antigen of herpes simplex virus is
associated with a 59,000 molecular weight envelope glycopro-
tein. J. Virol. 47:172-181.

. Cohen, G. H., D. Long, and R. J. Eisenberg. 1980. Synthesis and

processing of glycoproteins gD and gC of herpes simplex virus
type 1. J. Virol. 36:429-439.

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

Cohen, G. H., W. C. Wilcox, D. L. Sodora, D. Long, J. Z. Levin,
and R. J. Eisenberg. 1988. Expression of herpes simplex virus
type 1 glycoprotein D deletion mutants in mammalian cells. J.
Virol. 62:1932-1940.

Eisenberg, R. J., C. P. Cerini, C. J. Heilman, A. D. Joseph, B.
Dietzschold, E. Golub, D. Long, M. Ponce de Leon, and G. H.
Cohen. 1985. Synthetic glycoprotein D-related peptides protect
mice against herpes simplex virus challenge. J. Virol. 56:1014—
1017.

Eisenberg, R. J., and G. H. Cohen. 1985. Identification and
analysis of biologically active sites of herpes simplex virus
glycoprotein D, p. 74-84. In R. L. Crowell and K. Lonberg-
Holm (ed.), Virus attachment and entry into cells. American
Society for Microbiology, Washington, D.C.

Eisenberg, R. J., C. Hydrean-Stern, and G. H. Cohen. 1979.
Structural analysis of precursor and product forms of type-
common envelope glycoprotein D (CP-1 antigen) of herpes
simplex virus type 1. J. Virol. 31:608-620.

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.

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
types 1 and 2 by use of monoclonal antibody. J. Virol. 41:478—
488.

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.
Eisenberg, R. J., M. Ponce de Leon, and G. H. Cohen. 1980.
Comparative structural analysis of glycoprotein gD of herpes
simplex virus types 1 and 2. J. Virol. 35:428-435.

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.

Elder, J. H., and S. Alexander. 1982. Endo-B-N-acetylglucosa-
minidase F: endoglycosidase from Flavobacterium meningosep-
ticum that cleaves both high-mannose and complex glycopro-
teins. Proc. Natl. Acad. Sci. USA 79:4540-4544.

Friedman, H. M., G. H. Cohen, R. J. Eisenberg, C. A. Seidel,
and D. B. Cines. 1984. Glycoprotein C of HSV-1 functions as a
C3b receptor on infected endothelial cells. Nature (London)
309:633-635. '

Fuller, A. O., and P. G. Spear. 1985. Specificities of monoclonal
and polyclonal antibodies that inhibit adsorption of herpes
simplex virus to cells and lack of inhibition by potent neutral-
izing antibodies. J. Virol. 55:475-482.

Fuller, A. O., and P. G. Spear. 1987. Anti-glycoprotein D
antibodies that permit adsorption but block infection by herpes
simplex virus 1 prevent virion-cell fusion at the cell surface.
Proc. Natl. Acad. Sci. USA 84:5454-5458.

Garoff, H. 1985. Using recombinant DNA techniques to study
protein targeting in the eucaryotic cell. Annu. Rev. Cell Biol.
1:403-445.

Gibson, M. G., and P. G. Spear. 1983. Insertion mutants of

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

J. VIROL.

herpes simplex virus have a duplication of the gD gene and
express two different forms of gD. J. Virol. 48:396-404.

Giese, N. A., K. C. Robbins, and S. A. Aaronson. 1987. The role
of individual cysteine residues in the structure and function of
the v-sis gene product. Science 236:1315-1318.

Gorman, C. M., L. F. Moffatt, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol acetyl-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.
Highlander, S. L., S. L. Sutherland, P. J. Gage, D. C. Johnson,
M. Levine, and J. C. Glorioso. 1987. Neutralizing antibodies
specific for herpes simplex virus glycoprotein D inhibit virus
penetration. J. Virol. 61:3356-3364.

Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis
without phenotypic selection. Proc. Natl. Acad. Sci. USA 82:
488-492.

Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and
efficient site-specific mutagenesis without phenotypic selection.
Methods Enzymol. 154:367-382.

Lasky, L. A., and D. Dowbenko. 1984. DNA sequence analysis
of the type-common glycoprotein D genes of herpes simplex
virus types 1 and 2. DNA 3:23-29.

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 glyco-
protein D. Biotechnology 2:527-532.

Lee, G. T.-Y., M. F. Para, and P. G. Spear. 1982. Location of
the structural genes for glycoprotein gD and for other polypep-
tides in the S component of herpes simplex virus type 1 DNA.
J. Virol. 43:41-49.

Long, D., T. J. Madara, M. Ponce de Leon, G. H. Cohen, P. C.
Montgomery, and R. J. Eisenberg. 1984. Glycoprotein D pro-
tects mice against lethal challenge with herpes simplex virus
types 1 and 2. Infect. Immun. 43:761-764.

Mark, D. F., S. D. Lu, A. A. Creasey, R. Yamamoto, and L. S.
Lin. 1984. Site-specific mutagenesis of the human fibroblast
interferon gene. Proc. Natl. Acad. Sci. USA 81:5662-5666.
Matthews, J. T., G. H. Cohen, and R. J. Eisenberg. 1983.
Synthesis and processing of glycoprotein D of herpes simplex
virus types 1 and 2 in an in vitro system. J. Virol. 48:521-533.
Minson, A. C., T. C. Hodgman, P. Digard, D. C. Hancock, S. E.
Bell, and E. A. Buckmaster. 1986. An analysis of the biological
properties of monoclonal antibodies against glycoprotein D of
herpes simplex virus and identification of amino acid substitu-
tions that confer resistance to neutralization. J. Gen. Virol.
67:1001-1013.

Noble, A. G., G. T.-Y. Lee, R. Sprague, M. L. Parish, and P. G.
Spear. 1983. Anti-gD monoclonal antibodies inhibit cell fusion
induced by herpes simplex virus type 1. Virology 129:218-224.
Paoletti, E., B. R. Lipinskas, C. Samsonoff, S. Mercer, and D.
Panicali. 1984. Construction of live vaccines using genetically
engineered poxviruses: biological activity of vaccinia virus
recombinants expressing the hepatitis B virus surface antigen
and the herpes simplex virus glycoprotein D. Proc. Natl. Acad.
Sci. USA 81:193-197. '
Petrovskis, E. A., J. G. Timmins, M. A. Armentrout, C. C.
Marchioli, R. J. Yancey, Jr., and L. E. Post. 1986. DNA
sequence of the gene for pseudorabies virus gp50, a glycopro-
tein without N-linked glycosylation. J. Virol. §9:216-223.
Pfeffer, S. R., and J. E. Rothman. 1987. Biosynthetic protein
transport and sorting by the endoplasmic reticulum and Golgi.
Annu. Rev. Biochem. 56:829-852.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Scheele, G., and R. Jacoby. 1982. Conformational changes
associated with proteolytic processing of presecretory proteins
allow glutathione-catalyzed formation of native disulfide bonds.
J. Biol. Chem. 257:12277-12282.

. Showalter, S. D., M. Zweig, and B. Hampar. 1981. Monoclonal

antibodies to herpes simplex virus type 1 proteins, including the
immediate-early protein ICP 4. Infect. Immun. 34:684—692.

Spear, P. G. 1985. Antigenic structure of herpes simplex vi-
ruses, p. 425-446. In M. H. V. van Regenmortel and A. R.



VoL. 62, 1988

46.

47.

48.

49.

50.

Neurath (ed.), Immunochemistry of viruses: the basis of sero-
diagnosis and vaccines. Elsevier Science Publishers B.V.,
Amsterdam.

Takasaki, S., and A. Kobata. 1976. Purification and characteri-
zation of an endo-beta-galactosidase produced by Diplococcus
pneumoniae. J. Biol. Chem. 251:3603-3609.

Tarentino, A. L., and F. Maley. 1974. Purification and properties
of an endo-beta-N-acetylglucosaminidase from Streptomyces
griseus. J. Biol. Chem. 249:811-817.

Wang, A., S.-D. Lu, and D. F. Mark. 1984. Site-specific muta-
genesis of the human interleukin-2 gene: structure-function
analysis of the cysteine residues. Science 224:1431-1433.
Watson, R. J. 1983. DNA sequence of the herpes simplex virus
type 2 glycoprotein D gene. Gene 26:307-312.

Watson, R. J., J. H. Weis, J. S. Salstrom, and L. W. Enquist.

EXPRESSION OF HSV-1 gD CYSTEINE-TO-SERINE MUTANTS

51.

52.

53.

1947

1982. Herpes simplex virus type 1 glycoprotein D gene: nucle-
otide sequence and expression in Escherichia coli. Science
218:381-383.

Watson, R. J., J. H. Weis, J. S. Salstrom, and L. W. Enquist.
1982. Bacterial synthesis of herpes simplex virus type 1 and type
2 glycoprotein D antigens. J. Invest. Dermatol. 83(Suppl.):102S-
111S.

Yewdell, J. W., and W. Gerhard. 1981. Antigenic characteriza-
tion of viruses by monoclonal antibodies. Annu. Rev. Micro-
biol. 35:185-206.

Zoller, M. J., and M. Smith. 1982. Oligonucleotide-directed
mutagenesis using M13-derived vectors: an efficient and general
procedure for the production of point mutations in any fragment
of DNA. Nucleic Acids Res. 10:6487-6500.



