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The fine structure of the antigenic determinants of herpes simplex virus type 1 and 2 glycoprotein D (gD) was
analyzed to determine whether structural differences underlie the differential immunogenicity of these
glycoproteins. A region common to herpes simplex virus type 1 and 2 gD (amino acid residues 11 to 19) and two
sites specific for herpes simplex virus type 2 gD (one determined by proline at position 7, the other determined
by asparagine at position 21) were localized within the N-terminal 23 amino acids of gD by synthesis of peptides
and comparison of their cross-reactivity with antisera raised to herpes simplex virus type 1 and 2 gD. The
secondary structure of these peptides, as predicted by computer analysis, is discussed in relation to their
immunogenicity.

Glycoprotein D (gD) of herpes simplex virus (HSV) is one
offour well-defined and distinct glycoprotein components of
the virion envelope (1; P. G. Spear, in B. Roizman, ed., The
Herpesviruses, vol. 3, in press). Studies have shown that the
protein is structurally and antigenically similar, although not
identical, in the two serotypes of HSV (HSV type 1 [HSV-1]
and HSV type 2 [HSV-2]) (1, 7, 8, 16). In previous studies
with a panel of monoclonal antibodies, eight epitopes were

mapped on gD (6); some of these are specific for one HSV
serotype (gD-1 or gD-2), and others are common to both gD-
1 and gD-2. The type-specific determinants reflect differ-
ences in structure between gD-1 and gD-2 that are ultimately
related to differences in the amino acid sequence (2, 11, 17).
Group VII monoclonal antibodies react with both gD-1 and
gD-2, exhibit type-common virus-neutralizing activity, and
recognize the reduced and alkylated form of gD, suggesting
that the type-common epitope is sequential in nature. These
antibodies also recognize a synthetic peptide corresponding
to residues 8 to 23 of the mature form of gD-1 (4).
A comparison of the sequences of gD-1 (18) and gD-2 (11,

17) (strain 333; W. Wilcox, R. J. Eisenberg, and G. H.
Cohen, unpublished data) revealed differences in two resi-
dues within the first 23 amino acids; alanine (A) at position 7
and aspartic acid (D) at position 21 in gD-1 correspond,
respectively, to proline (P) at position 7 and asparagine (N)
at position 21 in gD-2. As antisera raised to gD-2 failed to
react with the original gD-1 synthetic peptide, we investigat-
ed whether the specific amino acids at positions 7 and 21
account for the differential antigenicity and immunogenicity
of these glycoproteins. In the present study, we synthesized
a series of overlapping peptides, corresponding to portions
of the first 23 amino acids of gD-1, gD-2, or a combination of
both, and mapped the fine structure of the antigenic region.
Three epitopes in the first 23 amino acids of gD could be
delineated; two of them were gD-2 specific, and one was

type common. The possibility that amino acid differences
effect changes in the gD secondary structure, resulting in
differences in antigenic activity, is discussed.
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MATERIALS AND METHODS
Preparation of antisera and monoclonal antibodies. Anti-

gD-1 and anti-gD-2 sera were prepared in rabbits against
purified preparations of gD-1 and gD-2, respectively (5, 8).
The preparation of group VII monoclonal antibodies (repre-
sented by antibody 170) with HSV-2 strain G has been
described previously (6, 14). Antisera to the synthetic pep-
tides were prepared by immunization offemale New Zealand
rabbits intramuscularly at five 1-week intervals with pep-

tides, each covalently bound to keyhole limpet hemocyanin
(12) and emulsified in 50% complete Freund adjuvant.

Peptide synthesis. Peptides were synthesized as previously
described (4). (See Table 1 for a list of the synthesized
peptides.)

Preparation of gD. The purification of gD from HSV-1
(strain HF)-infected KB cells and HSV-2 (strain SAVAGE)-
infected BHK cells was carried out as previously described
(8).
Immunoblot analysis. Immunoblot analysis of synthetic

peptides was done as previously described (4).
Citraconylation of peptides. The reaction of peptides with

citraconic anhydride was effected essentially as described by
Habeeb and Atassi (9). Peptides (50 mg) were dissolved in 5
ml of H20, and the pH was adjusted to 8.5 with 5 N NaOH.
At 30-min intervals for 4 h, 10-pI aliquots of citraconic
anhydride were added. After the eighth addition of citra-
conic anhydride, the peptide mixture was stirred for 2 h at
room temperature, dialyzed against H20, adjusted to pH 8.5
with NH40H, and lyophilized. To remove the blocking
group, we dissolved the citraconylated peptides in 0.05 M
sodium acetate (pH 4.2) and incubated the mixture for 3 h at
40C.

Synthetic peptide secondary structures. The secondary
structures of 1-23[1], 1-23[H], and 1-23[2] were predicted by
use of the rules established by Chou and Fasman (2, 3).

RESULTS

Peptide sequence selection. Chemical and immunological
information obtained from proteolytic cleavage fragments of
gD, together with a computer prediction of the secondary
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structure and hydrophilicity of gD (2, 3, 10), localized a
major antigenic domain of gD (4). To further map antigenic
epitopes within this domain which are recognized by type-
common and type-specific antibodies, we synthesized a
series of overlapping peptides ranging in length from 7 to 23
amino acids and corresponding to amino acid residues 1 to 23
of gD-1 or gD-2 (Table 1). HSV-1-specific peptides were
synthesized with A at position 7 and D at position 21; HSV-2-
specific peptides contained P and N at positions 7 and 21,
respectively. 1-23[H] and 3-23[H] were synthesized to rep-
resent hybrids having the HSV-2-specific residue (P) at
position 7 and the HSV-1-specific residue (D) at position 21.

Binding properties of synthetic peptides. The synthetic
peptides were tested for their binding activity with gD-
specific polyclonal and monoclonal antibodies. An immuno-
blot assay (4) with different antigens and antisera was used
(Fig. 1 and Table 2). Rabbit anti-gD-1 hyperimmune sera
(Fig. 1, rows 1 and 2) reacted with both gD-1- and gD-2-
specific peptides ranging in length from 23 amino acids to 11
amino acids (lanes d-g and k-n). N-terminal 1-16[1] and 1-
16[2] were not recognized (lanes h and i), nor were the two
shortest C-terminal peptides, 17-23[1] and 17-23[2] (lanes c
and j), except for a weak response with one antiserum (row
2, lane c). Thus, anti-gD-1 serum did not distinguish between
D and N in position 21 and did not detect any determinant in
1-16[1] or 1-16[2].
Rabbit anti-gD-2 hyperimmune sera (Fig. 1, rows 3 and 4)

did not react with HSV-1-specific peptides (lanes c-e, h, and
n) but did react with HSV-2-specific peptides (lanes i and k-
m) and 3-23[H] (lane f) and 1-23[H] (lane g), which contain
the gD-2-specific P at position 7. Moreover, anti-gD-2 sera
recognized 1-16[2] (lane i) but not 1-16[1] (lane h), in
contrast with anti-gD-1 sera, which recognized neither. Anti-
gD-2 sera also reacted with 8-23[2] (lane 1) and 13-23[2] (lane
k) (presumably detecting the N at position 21) but not with
8-23[1] (lane e) or 12-23[1] (lane d). Anti-gD-2 sera did not
react with the smallest molecule, 17-23[2] (lane j). Monoclo-
nal antibody 170 reacted in a type-common fashion with gD-
1-, gD-2-, and both gD-1- and gD-2-specific peptides of
residues 8 to 23, 3 to 23, and 1 to 23 (row 5, lanes e-g and 1-
n). A slight reaction was also seen with 13-23[2] (lane k).
As shown in Fig. 1 and indicated in Table 2, monoclonal

antibody 170 reacts better with peptides than with native
glycoprotein. This is probably because of the relatively low
molar concentration of the 170 epitope of the intact mole-
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FIG. 1. Dot blot analysis of synthetic peptides with antibodies to
gD. Antibodies: rows 1 and 2, anti-gD-1 (rabbits 1 and 2, respective-
ly); rows 3 and 4, anti-gD-2 (rabbits 3 and 4, respectively); and row
5, monoclonal antibody 170. Antigens: lane a, gD-1 (28 ng); lane b,
gD-2 (32 ng); lane c, 17-23[1] (500 ng); lane d, 12-23[1] (500 ng); lane
e, 8-23[1] (500 ng); lane f, 3-23[H] (500 ng); lane g, 1-23[H] (500 ng);
lane h, 1-16[1] (500 ng); lane i, 1-16[2] (500 ng); lane j, 17-23[2] (500
ng); lane k, 13-23[2] (500 ng); lane 1, 8-23[2] (500 ng); lane m, 1-23[2]
(500 ng); and lane n, 1-23[1] (500 ng).

cule, as used in the assay, as compared with the higher molar
concentration of the peptide.

Citraconylation. The reactivity of anti-gD-2 sera with 3-
23[H] (Fig. 1, lane f) was lower than with 1-23[H] (Fig. 1,
lane g), suggesting that the first two N-terminal amino acids
are important. Citraconylation of the lysine residues (at
positions 1, 10, and 20) in 1-16[2] and 1-23[H] abolished
antigenic activity (Fig. 2A, row 2, lane h, and Fig. 2B, lane
b). Removal of this blocking group restored activity (Fig.
2A, lane i, and Fig. 2B, lane c). Thus, one or both of the two
lysines at positions 1 and 10 in these peptides are involved in
antigenic activity.

In contrast, citraconylation of 1-23[H] had no effect on the
reactivity of anti-gD-1 serum (Fig. 2A, row 1) or of monoclo-
nal antibody 170 (data not shown) with this peptide. There-
fore, lysine residues at positions 1, 10, and 20 are not
involved in the process of recognition by these antibodies.
With respect to their reactivity with glycoproteins, only

antisera raised against 8-23[1] exhibited both low binding
activity (Fig. 3, row 5, lanes a and b) and low virus-
neutralizing activity (4). The binding and neutralizing activi-
ties of anti-8-23[l] serum were comparable to those of
monoclonal antibody 170 (Fig. 1, row 5, lanes a and b) (4).

TABLE 1. Sequences of synthetic peptides mapped within the first 23 amino acids of HSV gD

PePtidea HSV type AminO aCid SeqUenCebspecificity

1-23[1] 1 K Y A L A D A S L K M A D P N R F R G K D L P
1-23[2] 2 K Y A L A D P S L K M A D P N R F R G K N L P
1-23[H] 1 and 2 K Y A L A D P S L K M A D P N R F R G K D L P
1-16[1] 1 K Y A L A D A S L K M A D P N R
1-16[2] 2 K Y A L A D P S L K M A D P N R
3-23[H] 1 and 2 A L A DP ADPNRFRGKD L P
8-23[1] 1 S L K M A D P N R F R G K D L P
8-23[2] 2 S L K M A D P N R F R G K N L P

12-23[1] 1 M A D P N R F R G K D L P
13-23[2] 2 A D P N R F R G K N L P
17-23[1] 1 R F R G K D L P
17-23[2] 2 R F R G K L L P

a Ranges (e.g., 1-23) indicate amino acid residues, numbers in brackets indicate the HSV type that the peptide was specific for, and H (for hybrid) in brackets in-
dicates that the peptide contained the HSV-2-specific residue (P) at position 7 and the HSV-1-specific residue (D) at position 21.

b A, Alanine; D, asparagine; F, phenylalanine; G, glycine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; R, arginine; S, serine; and T,
tyrosine. Boxes indicate differences in positions 7 and 21.
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TABLE 2. Reactivity of anti-gD and antipeptide sera with the corresponding antigens

Anti- Reactivity" with indicated antigen
serum gD-1 gD-2 17-23[1] 17-23[21 12-23[1] 13-23[2] 8-23[1] 8-23[2] 3-23[HJ 1-16[11 1-16[21 1-23[HJ 1-23[1] 1-2312J

gD-1 +++ +++ + - +++ +++ +++ +++ +++ - - +++ +++ +++
gD-2 +++ +++ - - - + - + + - ++ ++
170 + + - - - + + + + ++ +++ -+ +++ +++
1-16[1] - - NT NT NT NT +++ +++ NT +++ +±+-+ NT NT NT
1-16[2] - - NT NT NT NT +++ +++ NT +++ +++ NT NT NT
8-23[1] + + NT NT NT NT +++ +++ NT ++ ++ NT NT NT
8-23[2] - - NT NT NT NT - +++ NT ++ ++ NT NT NT

a ++ +, Very good; ++, good; +, weak; -, none; and NT, not tested.

Immunogenicity. To determine whether the synthetic pep-
tides mimic the immunogenic properties of the entire pro-
tein, we coupled peptides of residues 1 to 16 and 8 to 23, both
having gD-1- or gD-2-specific sequences, to keyhole limpet
hemocyanin by using a C-terminal cysteine (12) and evaluat-
ed their immunogenicity after injecting them into rabbits.
These peptides were also chosen because they bear the
HSV-1- or HSV-2-specific sites, as shown by their reactivi-
ties with gD-1 or gD-2 hyperimmune serum, respectively.
The reactivities of the antipeptide sera were tested in an
immunoblot assay (Fig. 3). Antisera raised to 1-16[1] (row 3)
and 1-16[2] (row 4) reacted with both of the corresponding
peptides (lanes d and e) and did not distinguish the amino
acid change at position 7 in the peptide. These sera are
unlike the antisera to either purified gD-1 or purified gD-2
(rows 1 and 2), indicating that the synthetic peptides proba-
bly assumed a conformation different from that of the native
protein. In contrast, antisera raised to the HSV-2-specific
peptide 8-23[2] (row 6) only recognized peptides having the
HSV-2-specific N at position 21 (lane g); antisera raised
against 8-23[1] (row 5) recognized peptides having either N
at position 21 (lane g) or D at position 21 (lane f). Thus, anti-
8-23[2] and anti-8-23[1] sera mimicked the reactivity of anti-
gD-2 and anti-gD-1 sera with the same peptides (cf. rows 1
and 2 with rows 5 and 6). In addition, the antipeptide sera
exhibited some cross-reactivity with other overlapping pep-

A
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tides. For example, anti-1-16[1] reacted with 8-23[21 (row 3,
lane g) but reacted only slightly with 8-23[1] (row 3, lane f).
Anti-1-16[2] reacted slightly with 8-23[2] (row 4, lane g) but
did not react with 8-23[1] (row 4, lane f).

Synthetic peptide secondary structures. To further analyze
the differences in the antigenicity and binding properties of
the synthetic peptides resulting from different amino acids at
positions 7 and 21, we examined the effects of these amino
acid changes on the predicted secondary structures of the
corresponding peptides. The secondary structures of 1-
23[1], 1-23[H], and 1-23[2], predicted as described above,
are shown in Fig. 4. This analysis shows that 1-23[1] consists
of an a helical structure at the N terminus followed by one P
turn (Fig. 4A). When the A in position 7 is substituted for by
a P, the a helical structure at the N terminus is abolished and
an additional d turn is predicted (1-23[H]) (Fig. 4B). 1-23[2],
with N at position 21, was predicted to have an additional 1B
turn at the C-terminal end, yielding a structure consisting of
three P turns (Fig. 4C).

DISCUSSION
The results of these studies indicate the presence of two

regions of gD within amino acids 1 to 23 capable of binding
type-specific antibodies, although there are no discrete
boundaries between these two regions. One of these (region
1) is contained within the first 16 amino acids of gD-2 and
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FIG. 2. Dot blot analysis of citraconylated synthetic peptides.
(A) Row 1, anti-gD-1; row 2, anti-gD-2; lane a, gD-1; lane b, gD-2;
lane c, 17-23[1]; lane d, 13-23[1]; lane e, 8-23[l]; lane f, 3-23[H];
lane g, 1-23[H]; lane h, 1-23[H] treated with citraconic anhydride;
and lane i, 1-23[H] treated with citraconic anhydride and then
decitraconylated. (B) Anti-gD-2 serum reacted against: lane a, 1-
16[2]; lane b, 1-16[2] treated with citraconic anhydride; and lane c,
1-16[2] treated with citraconic anhydride and then decitraconylated.
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FIG. 3. Dot blot analysis of antisera from rabbits immunized
with synthetic peptides bound to keyhold limpet hemocyanin.
Antibodies: row 1, anti-gD-1; row 2, anti-gD-2; row 3, anti-1-16[1];
row 4, anti-1-16[2]; row 5, anti-8-23[l]; and row 6, anti-8-23[2].
Antigens: lane a, KB cell extract; lane b, gD-1 (28 ng); lane c, gD-2
(32 ng); lane d, 1-16[1] (500 ng); lane e, 1-16[2] (500 ng); lane f, 8-
23[1] (500 ng); and lane g, 8-23[2] (500 ng).
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FIG. 4. Predicted secondary structures of 1-23[1] (A), 1-23[H]
(B), and 1-23[2] (C). The secondary structures of the peptides was

predicted by a computer program with the rules devised by Chou
and Fasman (2). Probabilities for occurrence with a helix (Pa), a

pleated sheet (Pb), and P turns (Pt) were evaluated with stringent
conditions: (Pt > 1.0 x 1O-4 or Pt > 7.5 x 10-5, Pt > Pa and Pt >
Pb). Arrows indicate positions 7 and 21. See Table 1, footnote a, for
definitions of letters.

appears to involve one or both of the lysines at positions 1
and 10 and P at position 7. The same peptide with A at
position 7 is not recognized by anti-gD-1 or anti-gD-2 sera,
possibly because this sequence is buried within the intact
glycoprotein. The second region (region 2), which denotes
HSV-2 specificity, is located closer to the carboxy end of the
23-amino acid sequence, as anti-gD-2 sera reacted with
peptides containing residues 8 to 23 or 12 to 23, but only
when residue 21 was N. Antibodies to the amino terminus of
gD-1 are produced predominantly against region 2. Howev-
er, it is difficult to assess whether there is gD-1 specificity in
region 2, as anti-gD-1 sera reacted with both gD-1 and gD-2
peptides of residues 8 to 23, 12 to 23, and 13 to 23. In

contrast to region 1 of gD-1, which does not seem to induce
significant antibody formation, region 1 of gD-2 is highly
immunogenic and induces type-specific antibodies at the
expense of the gD-2 region, which induces only weakly
reactive HSV-2-specific antibodies. The enhanced immuno-
genicity of region 1 of gD-2 is probably due to the v turn
caused by the P substitution at position 7.
Monoclonal antibody 170, a group VII antibody, binds to

8-23[1] and 8-23[2], suggesting that the epitope recognized
by group VII antibodies is unaffected by the difference in the
amino acid at position 21. As the antibody also reacted with
citraconylated 1-23[H], it is quite likely that the group VII
epitope does not involve the two lysines located at positions
10 and 20. This epitope is probably located between residues
11 and 19, where the residues are identical in gD-1 and gD-2
and are predicted to assume similar secondary structures.
Thus, the group VII epitope appears to be truly type
common and represents a third antigenic region in the first 23
N-terminal amino acids of gD.

In the intact protein, a difference at position 7 had a
profound effect on the immune response, as measured by the
difference in the reactivity of anti-gD sera with 1-16[1] and
1-16[2]; however, antisera prepared against these peptides
failed to discriminate between 1-16[1] and 1-16[2], suggest-
ing that these peptides probably assumed less distinct struc-
tures in solution than those assumed by these peptides in the
intact protein. In contrast, antisera prepared against the
peptides of residues 8 to 23 mimicked the pattern of reactiv-
ity of the corresponding anti-gD sera to the intact glycopro-
teins, i.e., anti-8-23[2] serum reacted with 8-23[2] but not
with 8-23[1], whereas anti-8-23[1] serum reacted with both
8-23[1] and 8-23[2]. The unique reactivity of anti-8-23[2]
serum might result from 8-23[2] adopting the native confor-
mation found in the intact gD molecule. Alternatively, the
structure might be stabilized by coupling to keyhold limpet
hemocyanin. As the computer analysis (Fig. 4C) predicts
that the change from D to N results in an additional P turn
near the C terminus, it may be this structure that is specifi-
cally recognized by anti-8-23[2] serum. Anti-8-23[1] serum
probably recognizes a less ordered structure. As peptides in
solution may not adopt a single stable structure (13), 8-23[2]
and 8-23[1] might exist in similar conformations in solution,
and this could explain why anti-8-23[1] serum recognized
both 8-23[1] and 8-23[2].
With respect to the intact glycoprotein, regions 1 and 2

appear to be highly immunogenic. On the other hand,
antisera prepared against synthetic peptides containing one
of the two antigenic regions exhibited no binding activity
(anti-1-16[1], anti-1-16[2], and anti-8-23[2]) or weak binding
activity (anti-8-23[1]) with the native glycoprotein, indicat-
ing that regions 1 and 2 as presented by the synthetic
peptides differ from those found in the intact gD molecule.
The poor reactivity of antipeptide sera might rest in the
greater conformational freedom of peptides in solution,
thereby reducing the antibody response to a predominant
structure which may exist in the native glycoprotein. The
immunogenicity of the synthetic peptide containing both
regions was increased (data not shown), suggesting that the
larger peptide introduced, like the native molecule, greater
conformational constraints. The longer peptides also con-
ferred good protection against challenge infection with HSV,
and antisera produced against these peptides exhibited high
titers of neutralizing antibody (unpublished data).
The close correspondence between secondary structure

and immunological properties as observed in these studies
suggest that modifications in both the length and sequence of
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the antigenic peptide, affecting secondary structure, might
prove useful in enhancing immunogenicity. The importance
of this correlation has been recently demonstrated with
synthetic cytochrome c peptides, which have T-cell stimula-
tory activity (15).
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