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Glycoprotein C from herpes simplex viruses types 1 and 2 (gC-1 and gC-2) acts as a receptor for the C3b
fragment of the third component of complement. Our goal is to identify domains on gC involved in C3b
receptor activity. Here, we used in-frame linker-insertion mutagenesis of the cloned gene for gC-2 to identify
regions of the protein involved in C3b binding. We constructed 41 mutants of gC-2, each having a single,
double, or triple insertion of four amino acids at sites spread across the protein. A transient transfection assay

was used to characterize the expressed mutant proteins. All of the proteins were expressed on the transfected
cell surface, exhibited processing of N-linked oligosaccharides, and bound one or more monoclonal antibodies
recognizing distinct antigenic sites on native gC-2. This suggested that each of the mutant proteins was folded
into a native structure and that a loss of C3b binding by any of the mutants could be attributed to the disruption
of a specific functional domain. When the panel of insertion mutants was assayed for C3b receptor activity, we
identified three distinct regions that are important for C3b binding, since an insertion within those regions
abolished C3b receptor activity. Region I was located between amino acids 102 and 107, region II was located
between residues 222 and 279, and region III was located between residues 307 and 379. In addition, region III
has some structural features similar to a conserved motif found in complement receptor 1, the human C3b
receptor. Finally, blocking experiments indicated that gC-l and gC-2 bind to similar locations on the C3b
molecule.

Herpes simplex viruses (HSVs) encode at least seven

distinct glycoproteins, which are found on the virion enve-

lope as well as on the surface of infected cells (7, 41, 54, 59,
60). HSV glycoproteins act as major antigenic determinants
for the cellular and humoral immune responses of the host
(46, 48, 60). Three of these glycoproteins have functions that
may modulate the immune response. Glycoprotein E (gE)
and glycoprotein I (gI) function as a complex to bind the Fc
portion of immunoglobulin G (4, 31, 32, 49). Glycoprotein C
(gC) acts as a receptor for the C3b fragment of the third
component of complement (18, 21, 45). Although gE, gI, and
gC are not required for infection in cell culture (14, 26, 29,
33, 41, 42, 47, 65), gE and gC are present in clinical isolates
(2, 22, 52), suggesting that Fc and C3b receptor activities are

important for viral pathogenesis in vivo.
The C3b receptor is found on the surface of a variety of

cell types after HSV type 1 (HSV-1) but not HSV type 2
(HSV-2) infection (5, 21, 39, 57, 58). Direct binding assays

with purified gC-1 and C3b demonstrate that other viral and
cellular proteins are not required for this interaction (18, 45).
Although C3b receptor activity is not found on the surface of
HSV-2-infected cells, purified gC-2 binds C3b in direct
binding assays (18, 45), suggesting that gC-1 and gC-2 may

be functionally as well as antigenically related (64, 66, 67). In
addition, we recently showed that transfected mammalian
cells that express gC-2 on their cell membranes also bind
C3b (57). Thus, expression of other proteins during viral
infection may prevent receptor activity on HSV-2-infected
cells.

Since an understanding of C3b binding at the molecular

* Corresponding author.

level will be valuable in helping us to determine the func-
tional significance of the HSV C3b receptor, one of our

objectives is to characterize the structural basis for the
interaction ofgC and C3b. Previous attempts to identify sites
on gC which bind C3b employed anti-gC-1 monoclonal
antibodies (MAbs) to block receptor activity and gC-1 MAb-
resistant mutants with single-amino-acid changes in each of
the four antigenic sites of gC-1 (28, 44). Several of these
mutants also failed to bind C3b, but no particular antigenic
region of gC-1 was correlated with C3b binding (22). More
recently, in-frame deletion mutants of gC-2 were used to
identify C3b-binding sites on gC (57). One mutant protein,
lacking gC-2 residues 26 through 73, binds C3b on trans-
fected cell surfaces, suggesting that these residues are not
involved in C3b receptor activity. Two other deletion mu-

tants, lacking residues 219 through 244 or 318 through 346,
do not bind C3b on the transfected cell surface. Several
other characteristics of these mutants suggest that the latter
two proteins do not fold into a functional receptor structure.
Thus, although actual C3b contact residues could be missing
in the two mutants, the effect of each deletion on conforma-
tion prevents a conclusion from being made.

In this paper, as an alternative approach for mapping
C3b-binding domains, we used in-frame linker-insertion mu-

tagenesis of gC-2. This type of mutagenesis is useful, since
the insertion of a small number of amino acids will often
abolish the function of one domain while having a minimal
effect on adjacent domains of the protein (62). We con-

structed 41 linker-insertion mutants of gC-2, each having a

single, double, or triple insertion of four amino acids at sites
spread across the protein. Each mutant protein was ex-

pressed on the transfected cell surface and bound one or
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more MAbs recognizing separate discontinuous-epftopes.
This suggested that each of the mutant proteins was folded
into a "native" structure. We identified three distinct re-
gions of gC-2 that are important for C3b binding. One of
these regions, region III, has some structural features similar
to a conserved motif found in CR1, the human C3b receptor,
and other human C3-binding proteins (36, 53). Finally,
blocking studies indicated that gC-1 and gC-2 bind to similar
locations on C3b, suggesting that the two proteins may
interact with C3b in a similar fashion.

MATERIALS AND METHODS
Construction of in-frame linker-insertion mutants. Restric-

tion and other DNA-modifying enzymes were purchased
from Bethesda Research Laboratories, Inc. (Gaithersburg,
Md.), New England BioLabs, Inc. (Beverly, Mass.), or
Boehringer Mannheim Biochemicals (Indianapolis, Ind.) and
were used as directed by the manufacturer. Dodecameric
BamHI linkers (CGCGGATCCGCG) were purchased from
New England BioLabs. Plasmid DNAs were propagated in
Escherichia coli HB101 or DH5 supplied as competent cells
by Bethesda Research Laboratories. Standard methods were
used to prepare plasmid DNAs for linker-insertion mutagen-
esis and transfection (43).
The starting vector for linker-insertion mutagenesis was

pCD64, a derivative of the gC-2 expression vector pCD45
(57). To construct pCD64, pCD45 DNA was digested with
BamHI, the protruding 5' ends were treated with the Klenow
fragment of E. coli DNA polymerase, and the ends were
religated. This removed the recognition sequence for BamHI
from the vector while having no effect on the gC-2-coding
region.
The linker-insertion mutagenesis protocol was based on a

procedure described by R. Stenberg (personal communica-
tion). Briefly, pCD64 DNA was subjected to partial digestion
with either HaeIII or FnuDII and separated on a 5% poly-
acrylamide gel, and the full-length linear forms were purified
by electroelution. Phosphorylated BamHI linkers were li-
gated to the blunt-ended fragments to restore the original
reading frame of gC-2. The insertion of one linker results in
the in-frame insertion of four amino acids. After digestion
with BamHI, the DNA was religated and used to transform
E. coli strain HB101 or DH5. Several hundred colonies were
evaluated for location of the inserted linker by restriction
enzyme analysis. Each of the mutant plasmids was then
sequenced across the region of the insert to confirm the
exact position of the insert(s) and to be certain that there
were no other changes in the region of the insertion (9, 56).
When two or more linkers were inserted at a particular site,
plasmid DNA was digested with BamHI to remove the extra
linkers, and the ends were religated.

Forty-one mutants were identified having in-frame inser-
tions of one, two, or three linkers. Each plasmid was
designated with a letter denoting the restriction enzyme used
to generate the mutant (H, HaeIII; F, FnuDII) and a number
according to the order in which it was isolated. The amino
acid locations of these inserts are shown in Fig. 1 and Table
1. Plasmids containing a single insert that were derived from
plasmids containing two or more inserts were designated by
the original name followed by -1, i.e., H11-1.
DNA transfection. Transient transfection assays were per-

formed as previously described (11, 57) by using NIH 3T3
cells and conditions optimized for gC expression. Cytoplas-
mic extracts (18) of the transfected cells were prepared, or
the cells were harvested for immunofluorescence (57) at 42 h
posttransfection.

TABLE 1. Summary of results from linker-insertion mutants

Loca- No. of Amino
Plasmida tionb linkers" acids

insertedd su

pCD64 WT
F89 40
F90 47
F59 50
H99 72
H61 102
H29 102
F115 107
H41 152
H52 152
H35 156
Hll-l 179
Hll 179
F118-1 184
F118 184
HllO 216
F101 222
F96 222
F99 231
F83 243
H95-1 256
H95 256
H76 280
F48 302
H70 303
Hl-l 307
Hi 307
F109 322
F69 322
F38-1 340
F38 340
H20 341
H58 356
H17 380
Fli 382
F75 382
F110-1 433
F110 433
F13 456
F35 456
H32 460
H59 460

0
1
1
i
i
1
2
1
2
2
1
i
3
1
2
1
i
3
i
i
1
2
1
1
1
1
2
1
2
1
2
i
1
1
1
2
i
2
i
2
1
2

ARIR
ARIR
RGSA
ARIR
ARIR
ARIR
RGSA
ARIR
ARIR
ADPR
ADPR
ADPR
RGSA
RGSA
ADPR
ARIR
ARIR
ADPR
ARIR
ARIR
ARIR
ARIR
ARIR
ARIR
ADPR
ADPR
ADPR
ADPR
RGSA
RGSA
RGSA
ARIR
ARIR
ARIR
ARIR
RGSA
RGSA
ARIR
ARIR
ARIR
ARIR

Immunofluorescence resultse

Cell C3b MAb bindingh
srfacef bindinGg MP-1 MP-5 104S

+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ - + + +
+ - + + +
+ ± + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + _

+ + + + +
+ + + + +
+ - + + +
+ - + + +
+ - _ + -
+ - +

+ - - +

+ + + + +
+ + + + +

+ + + + +
+ + + + +
+ - - + _

+ - + + -
+ - + + _

+ - + + +
+ - ± + +
+ - + + +
+ - + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ + + + +
+ ND + + +
± ND ND NDND
± ND ND ND ND

Name of the mutant.
b Amino acid residue number immediately preceding the insert.
Number of linkers inserted.

d Amino acids inserted at each site (single-letter code).
The immunofluorescence results are expressed as +, -, +, or ND (not

done). The ± designation was given to mutants exhibiting weak positive
reactions that remained equivocal upon retesting.
f Cell surface expression measured by indirect immunofluorescence with

polyclonal anti-gC-2 serum.
OC3b binding measured by indirect immunofluorescence.

h Reaction with MAb against gC-2 in the immunofluorescence assay.

Preparation of purified glycoproteins. gC-1, gC-2, and
HSV-1 glycoprotein D (gD-1) were purified from cytoplas-
mic extracts of HSV-1 (NS)- or HSV-2 (333)-infected cells as
described previously (18, 19).

Polyclonal antibodies and MAbs to gC. The preparation of
rabbit polyclonal anti-gC-2 serum (R64) has been previously
described (18). MAbs MP-1, MP-2, and MP-5 were prepared
in our laboratory as described previously for anti-gD MAbs
(17). The remaining MAbs used in this study were kindly
provided by the following people: 104S, M. Zweig and S.
Showalter (66); 111-596, 111-211, and 111-188, P. Spear (50);

J. VIROL.
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FIG. 1. Stick model of the coding region of the wild-type gC-2 gene contained in pCD64 and the location of the linker-insertion mutations.
(A) gC-2 contains 480 amino acids with seven sites for the addition of N-linked oligosaccharides (0) and eight cysteine (C) residues.
Hydrophobic sequences near the amino and carboxy termini (0) are predicted to be the signal peptide and transmembrane anchor,
respectively (13, 61). The locations of the three in-frame deletion mutants of gC-2 (57) are also shown. (B) The positions of the predicted
HaeIII and FnuDII restriction sites contained in the gC-2 coding region are represented by vertical lines. For each mutant identified, the
position of the BamHI insert is indicated by the residue number of the amino acid immediately preceding the insertion (Table 1). No mutants
were isolated at sites that are not numbered. Only mutants containing single inserts are shown here.

17a Cl and 17oA2, W. Rawls and D. Johnson (3); H1196-3
and H1265-3, L. Pereira; Fd8, S. Chatterjee (37). These
MAbs were separated into groups that recognize different
antigenic sites on gC-2 based on characteristics similar to
those used to group MAbs to gD (10, 15-17, 30). First, MAbs
were tested for reactivity with purified gC-1 or gC-2, or
HSV-1- or HSV-2-infected cell extracts, on Western blots
(immunoblots) under denaturing or nondenaturing condi-
tions (10). Blocking studies were used to further separate the
MAbs into groups (17, 30). Briefly, MAbs MP-1 and MP-5
were iodinated with Iodobeads (Pierce Chemical Co., Rock-
ford, Ill.). Serial dilutions of purified gC-2 (90 to 1.2 ng) were
spotted onto nitrocellulose strips; the strips were washed
and incubated with excess unlabeled first antibody and then
washed and treated with iodinated second antibody (MP-1 or

MP-5, ca. 200,000 cpm). The spots were located by autora-
diography and analyzed by densitometry or by counting in a
gamma counter. The results were subjected to linear regres-
sion analysis, and the slope of the line was calculated.
Percent blocking was calculated as described in footnote a of
Table 2.

Immunofluorescence. To evaluate cell surface expression
of gC-2, transfected cells (approximately 3 x 105 to 5 x 105
cells) were washed once with phosphate-buffered saline and
then gently scraped into 2 ml of phosphate-buffered saline.
The cells were pelleted and suspended in polyclonal anti-gC-
2 serum (R64) at a 1:100 dilution. After incubation at 4°C for
1 h, 2 ml of phosphate-buffered saline was added, and the
cells were pelleted and suspended in fluorescein-conjugated
goat anti-rabbit immunoglobulin (Boehringer Mannheim) at a
1:100 dilution. After another wash, the cells were suspended
in phosphate-buffered saline and viewed with a Leitz epi-
fluorescence microscope.
To determine whether the mutant proteins were folding

properly, the transfected cells were reacted with MAb MP-1,
MP-5, or 104S (diluted 1:50), followed by a fluorescein-
conjugated goat anti-mouse immunoglobulin (Boehringer
Mannheim) (diluted 1:50) as described above. To detect C3b
binding, the transfected cells were washed and reacted with
3.5 p,g of purified human C3b (kindly provided by L. Fries
and M. Frank) (18), followed by rhodamine-conjugated
F(ab')2 goat anti-human C3 (Organon Teknika, Malvern,
Pa.) at a 1:40 dilution. In both cases, a sample of the
transfected cells was also reacted with polyclonal anti-gC-2
serum and the goat anti-rabbit immunoglobulin G-fluorescein

conjugate. If gC-2 was not easily detected on the surface of
the transfected cell by binding of the polyclonal anti-gC-2
serum, the MAb- or C3b-binding results were not recorded
and the assay was repeated with that particular mutant to
achieve a strong level of fluorescence. This controlled for
any variation in levels of expression in different transfections
and ensured that the absence of C3b binding was not due to
a lack of cell-surface expression of gC in that transfection.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

and Western blot analysis. Cytoplasmic extracts were evalu-
ated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis under denaturing or nondenaturing (native) condi-
tions (10), followed by Western blot analysis (10, 11).
C3b blocking experiments between gC-l and gC-2. C3b

blocking studies were performed by using conditions similar
to those described previously for MAb blocking studies (17,
30). Purified gC-1 was iodinated; serial dilutions of purified
human C3b (340 to 85 ng) were spotted onto nitrocellulose
strips; and the strips were washed and incubated with

TABLE 2. Blocking analysis with MAbs MP-1 and MP-5a

Blocking % Blocking of iodinated
MAb antibody (MAb 2) Reference or

(MAb 1) MP-1 MP-5source

MP-1 97 0 57, this study
MP-2 91 8 This study
17aC1 100 0 3
17aA2 100 0 3
H1196-3 100 0 L. Pereira
H1265-3 44 0 L. Pereira
MP-5 0 78 57, this study
III-596 ND 82 50
104S 0 0 66
111-188 0 0 50
111-211 0 0 50

a In each assay, serial dilutions of purified gC-2 (90 to 1.2 ng) were spotted
onto nitrocellulose strips, incubated with unlabeled antibody (MAb 1), and
then reacted with iodinated antibody (MAb 2) (18, 30). The spots were located
by autoradiography and analyzed by counting in a gamma counter or by
densitometry. The results were subjected to linear regression analysis, and the
slope of the line was calculated. The percent blocking was calculated as [1 -
(counts per minute bound after incubation with MAb 1)/(counts per minute
bound after incubation with control MAb 1C8)] x 100. MAb 1C8 recognizes
a type-specific epitope on gC-1 (58). When MAb 104S was iodinated, it no
longer reacted with gC-2. The remaining MAbs were not available in amounts
sufficient for iodination.

VOL. 64, 1990
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1 2 3 4 5
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FIG. 2. Western blot analysis of wild-type and mutant gC-2
proteins synthesized in transfected NIH 3T3 cells. Cytoplasmic
extracts from cells transfected with pCD64 (lane 1) or representative
mutant plasmids (lanes 2 through 5) were electrophoresed under
denaturing conditions, transferred to nitrocellulose, and reacted
with polyclonal anti-gC serum, followed by iodinated protein A.
This serum is type common (18) and reacts well with denatured
gC-2. Lanes: 2, F101 (amino acid 222, one linker); 3, F96 (amino
acid 222, three linkers); 4, F99 (amino acid 231); 5, F83 (amino acid
243). The remaining linker-insertion mutants produced proteins with
mobilities similar to those shown here (data not shown).

unlabeled purified gC-1, gC-2, or gD-1 (20 ,g/ml) and then
washed and treated with the iodinated gC-1 (ca. 400,000
cpm). The spots were located by autoradiography and
counted in a gamma counter.

RESULTS

Construction of in-frame linker-insertion mutants of gC-2.
The expression vector used for construction of the linker-
insertion mutants was pCD64. This vector contains the
coding region of the gC-2 gene under the control of the Rous
sarcoma virus long terminal repeat, and a simian virus 40
polyadenylation signal is located downstream of the gC-2
gene. Transient transfection with pCD64 DNA resulted in
the synthesis of full-sized gC-2 (Fig. 2, lane 1) that was

indistinguishable from gC-2 produced after transfection with
pCD45 or after infection with HSV-2 (57).

Insertion mutants were derived by partial digestion of
pCD64 DNA with either HaeIII or FnuDII followed by
ligation to a dodecameric BamHI linker. Forty-one insertion
mutants were identified (Fig. 1, Table 1). Insertion of a single
linker resulted in the in-frame insertion of 4 amino acids;
several mutants contained two or three linkers, inserting 8 or
12 amino acids, respectively. Table 1 and Fig. 1 show the
location and amino acid insert for each mutant.

Since C3b binding is dependent on the native conforma-
tion of gC-2 (18, 22), it was important to evaluate each of the
insertion mutants for its ability to fold into a correct struc-
ture. Experiments described below address this issue.

Analysis of the insertion mutants by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Western blotting. Cy-
toplasmic extracts of cells transfected with each of the
linker-insertion mutants were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to
nitrocellulose, and reacted with a polyclonal anti-gC serum.
Representative results for some of the mutants are shown in
Fig. 2. Transfection with the wild-type gC-2 expression
vector pCD64 resulted in the synthesis of two polypeptides
with apparent molecular weights of 68,000 and 78,000 (Fig.
2, lane 1), representing different processed forms of gC-2 (57,

64). In previous experiments (57), we showed that the 78-
kilodalton form is completely resistant to digestion with
endoglycosidase H; the 68-kilodalton form is partially sensi-
tive to this enzyme. Each of the linker-insertion mutants
produced proteins with molecular weights similar to that of
wild-type gC-2 (Fig. 2, lanes 2 through 5). Thus, insertion of
4, 8, or 12 amino acids did not have a noticeable effect on the
electrophoretic migration of the expressed protein. Based on
the presence of the 78-kilodalton form in Western blots, the
mutants all exhibited some degree of processing to the
product form of gC-2 containing complex N-linked oligosac-
charides (57). Digestion of some of the mutant proteins with
endoglycosidase H confirmed this conclusion (data not
shown). There was, however, considerable variation in the
amount of the 78-kilodalton form present. Several mutants
also exhibited additional smaller bands (lanes 4 and 5). These
smaller forms were also occasionally seen in extracts of
wild-type gC-2 and might represent underglycosylated forms
of gC-2 or proteolytic fragments of gC-2. When cytoplasmic
extracts of the mutants were evaluated by Western blotting
under nondenaturing native conditions, no high-molecular-
weight aggregates were present (data not shown). Such
aggregates and alterations in processing are commonly seen
in extracts of proteins that have lost their native conforma-
tion (11, 57, 63). These results suggested that none of the
mutant proteins was grossly malfolded.

Cell-surface expression of the gC-2 linker-insertion mu-
tants. Each mutant was tested for gC-2 expression on the
transfected cell surface by using polyclonal anti-gC-2 serum
in a fluorescence assay (57). All of the insertion mutants
were expressed on the surface of the transfected cells (Table
1). Since grossly malfolded proteins are often not trans-
ported to the cell surface (12, 25, 38), these results also
suggested that the mutant proteins were folding properly.
However, two deletion mutants of gC-2 are transported to
the cell surface despite their apparent absence of native
conformation (57). Therefore, we decided to use MAbs to
confirm that the amino acid insertions did not have a
dramatic effect on the folding of the mutant proteins (see
next section).

Interestingly, four mutants (F13, F35, H32, and H59) with
insertions of charged residues in the predicted transmem-
brane region (residues 443 through 469) were also found on
the cell surface. Alterations to the transmembrane region of
gC-1 results in a glycoprotein that is expressed on the cell
surface and then slowly released into the medium (27). It is
possible that these proteins with insertions in the transmem-
brane region are shed from the cell membrane more readily
than wild-type gC-2; however, this question was not ad-
dressed.
Grouping of gC-2 MAbs. In addition to the above studies

on the processing, aggregation, and transport of the mutant
proteins, another approach for evaluating conformation is to
determine the antigenic reactivity of each with MAbs that
recognize distinct antigenic sites on the native molecule. We
prepared MAbs against gC-2, gathered additional antibodies
from other laboratories, and arranged them into groups that
recognize distinct antigenic sites on gC-2 (10, 15-17, 30).

Reactivity with native or denatured gC-1 or gC-2 (results
not shown) and previously published information about the
MAbs (3, 37, 50, 66) were used to separate the panel of
MAbs into groups that recognize type-common or type-
specific and continuous or discontinuous epitopes on gC-2.
Blocking experiments (17, 30) were then used to further
divide the groups based on the ability of the test MAb to

J. VIROL.
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Grouping of
MAb to gC-2

Reacts with gC-1 and gC-2

Yes, type-common No, type-specfic

I
Reacts with denatured 8C Reacts with denatured gC-2

Yes No Yes No
Continuous Discontinuous Discontinuous

l l Nc ~ ~~~~~nel
Gm;IBlockedby MP-1

Fd8 104S

Yes No

tmum1 Blocked by MP-5

MP-1
MP-2
17aA2
M7rCl

H1265-3 Yes No
H1196-3

GmupIV GrouYl
MP-5 111-188
111-596 111-211

FIG. 3. Flow chart used to separate the anti-gC-2 MAbs into
groups. Reactivity with native or denatured gC-2 on Western blots
and previously published characteristics of some of the antibodies
(3, 37, 50, 66) were used to determine whether the MAbs recognized
type-common or type-specific or continuous or discontinuous
epitopes. Blocking data are presented in Table 2. Each group
presumably binds to a distinct antigenic site on gC-2. Group V,
however, may include MAbs to more than one site.

block the binding of either iodinated MP-1 or MP-5 (Table 2).
The overall grouping results are shown in Fig. 3.
The 12 MAbs were separated into five groups, each

recognizing distinct antigenic sites on gC-2 (Fig. 3). Group I,

which contained Fd8, recognized a type-common, continuous
epitope, whereas group II (104S) recognized a type-com-
mon, discontinuous epitope. The remaining MAbs recog-
nized type-specific, discontinuous epitopes and were further
separated into three groups based on blocking experiments
(Table 2, Fig. 3). As expected, MAb 104S (group II) did not
block the binding of MP-1 or MP-5. Group III MAbs blocked
the binding of iodinated MP-1 to gC-2 and had no effect on
the binding of MP-5; group IV MAbs blocked the binding of
iodinated MP-5 to gC-2 while having no effect on the binding
of MP-1. A final group of antibodies, group V, did not block
either MP-1 or MP-5. These MAbs may recognize the same
or different antigenic sites and will require further character-
ization.

Reactivity of the gC-2 linker-insertion mutants with MAbs.
Three MAbs, MP-1, MP-5, and 104S, were selected to test
for reactivity with each of the linker-insertion mutants.
These MAbs were selected since they recognize distinct
antigenic sites on native gC-2 and do not react with dena-
tured gC-2.

Transfected cells expressing either wild-type or mutant
forms of gC-2 were assayed with MP-1, MP-5, and 104S for
cell-surface immunofluorescence (Table 1). Most of the

insertion mutants bound all three MAbs. Three mutants
(F118, F109, and F69) bound two MAbs, and four mutants
(F83, H95-1, H95, and H1) bound one MAb. The binding of
at least one of the MAbs was taken as evidence that the
particular mutant protein retained some native structure. In
cases where a particular mutant bound one MAb but not
another, we interpret this to mean that the insertion inter-
rupted a particular portion of gC-2 needed for binding of the
second MAb and that any effect on folding was probably
limited to that specific region. This interpretation is also
valid for the four mutants (F83, H95-1, H95, and H1) that
only bound MP-5 and did not bind MP-1 or 104S. Although
the loss of binding of more than one distinct antibody may
indicate that more than a local disturbance occurred, the fact
that at least one MAb did bind suggests there was not a
global loss of conformation as seen previously with the gC-2
deletion mutants (57). It is also possible that even though
blocking experiments placed MP-1 and 104S into two sepa-
rate groups, the epitopes may be located near each other so
that insertions at those sites specifically disturb residues
necessary for formation of those epitopes. A similar situa-
tion has been observed with MAbs to gD (30). One of the
mutants, F48, yielded inconsistent results with all antibodies
tested, including polyclonal anti-gC serum. We do not know
why results with this mutant were so variable; however,
another mutant, H70, with an insertion only one amino acid
downstream of F48 reacted with all of the antibodies.
We conclude that the native conformation of each of the

mutant proteins (with the possible exception of F48) was not
markedly affected by the presence of the linker.

Binding of C3b to the insertion mutants. The panel of
linker-insertion mutants was tested for C3b receptor activity
by indirect immunofluorescence (57). Having determined
that each mutant is correctly folded, we could attribute the
absence of C3b binding to disruption of a specific domain
involved in that binding, rather than to a general disruption
of protein conformation. Transfected cells were reacted with
purified human C3b followed by a goat anti-human C3
rhodamine conjugate. Insertions upstream of residue 74
(F89, F90, F59, and H99) had no effect on C3b binding. This
supports our previous finding that deletion of residues 26
through 73 of gC-2 had no effect on C3b receptor activity
(57). With the remaining mutants, insertions in three dif-
ferent domains or regions of gC-2 prevented detectable
binding of C3b to the transfected cells.

Region I is located within residues 102 through 107 (mu-
tants H61, H29, and F115; Table 1 and Fig. 4A). Although
insertions at residue 102 clearly abolished C3b receptor
activity, results with mutant F115 (residue 107) were more
ambiguous, possibly due to low expression of the mutant
protein on the cell surface. However, due to its proximity to
residue 102, and the fact that there is a large gap before the
next insertion at residue 152, we have included residue 107 in
Region I. A more complete evaluation of this region will be
necessary to precisely define its boundaries.
Region II is located between residues 222 and 279 (mu-

tants F96, F99, F83, H95-1, and H95; Table 1 and Fig. 4B).
Interestingly, an insertion of 4 amino acids at residue 222 had
no detectable effect on C3 binding, but the insertion of 12
amino acids at the same site abolished C3b receptor activity,
as did single or double insertions at several positions down-
stream of residue 222. Insertions at residue 216 had no effect
on C3b binding. This suggests that residue 222 may be
located on the edge of region II, so that a small insertion has
no effect, but larger insertions are disruptive to the domain.
Since an insertion at residue 256 abolished C3b binding but
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FIG. 4. Amino acid sequence of regions I (A), 11 (B), and III (C) of gC-2. The locations and amino acid compositions of the insertions
within each region are shown either above or below the wild-type sequence. The symbols +, -, or +/- refer to C3b-binding activity of the
indicated mutant (Table 1). The bracketed areas in panels B and C refer to the amino acids removed from gC-2 in a previous study (57).

an insertion at 280 had no effect, the carboxy-terminal end of
region II was defined as residue 279.
Region III encompasses residues 307 to 379 (mutants Hi,

F109, F69, F38-1, F38, H20, and H58; Table 1 and Fig. 4C)
by using the same criteria used to delineate Region II. Again,
amino acid 307 appeared to identify the edge of this region,
since the presence of one linker at this site had no effect on
C3b binding but insertion of two linkers abolished C3b
binding. Once again, F48 gave inconsistent results in the C3b
binding assay. However, this mutant also gave inconsistent
results for expression on the cell surface and reaction with
the MAbs. An insertion one amino acid downstream (H70)
gave a wild-type reaction with both MAbs and with C3b.
C3b blocking experiments. We were interested in deter-

mining whether gC-1 and gC-2 bind to similar locations on
C3b. Previous work using in vitro assays suggested that
purified gC-1 and gC-2 have different effects on the comple-
ment cascade (18, 23). It is possible that these differing
effects are mediated by binding of gC-1 and gC-2 to different
domains on C3b. We used a blocking experiment to deter-
mine whether the binding of gC-2 would block the binding of
iodinated gC-1 to purified C3b (Fig. 5). When gC-1 or gC-2
was used as the blocking agent, the binding of the iodinated
gC-1 probe was reduced by 70 to 80%. The results suggest
that gC-1 and gC-2 bind to a similar location on C3b, since
binding of either could block the binding of gC-1 to C3b.

DISCUSSION
Identification of C3b-binding domains on gC. gC from HSV

has been shown to act as a receptor for the C3b fragment of

100

4)
._
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Blocking Agent

E3 gD-1

* gC-i

gC-2

85 170 340

C3b spotted (ng)

FIG. 5. Binding of iodinated gC-1 to C3b in the presence of
unlabeled gC-1, gC-2, or gD-1. Purified human C3b (85, 170, or 340
ng) was spotted onto nitrocellulose, and the strips were washed and
incubated with 20 jig of unlabeled purified gC-1 or gC-2. The strips
were washed, incubated with iodinated gC-1, and subjected to
autoradiography. The spots were located, cut from the nitrocellu-
lose, and counted in a gamma counter. The maximal level of binding
(100%) was determined from a control in which the strip was

incubated with 20 ,ug of unlabeled gD-1 as the blocking agent. These
results represent the averages of two experiments. At higher con-

centrations of C3b (greater than 340 ng), binding of labeled gC-1
could not be blocked by 20 pg of unlabeled gC-1 or gC-2 (data not
shown).
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N25/ZN 2 -

FIG. 6. Model of gC-1 (top) and gC-2 (bottom). For gC-1, N-terminal sequencing has shown that the mature protein begins with either
residue 25 (our unpublished results) or 26 (34); the N terminus of gC-2 is blocked (our unpublished results), possibly due to the presence of
an N-linked oligosaccharide at residue 26 immediately after the predicted signal sequence (13, 61). Cysteine residues are marked with a C (Cl
through C8). The parallel lines drawn from Cl of gC-1 to Cl of gC-2, etc., emphasize the structural similarities of the two proteins. N-linked
oligosaccharides are shown as hexagonal balloons. Methionine residues in gC-2 are shown with bold arrows. The regions involved in gC-2
binding to C3b are region I (residues 102 through 107), region II (residues 222 through 279), and region III (residues 307 through 379). The
bars are derived from C3b-negative mutants; the dotted lines extend the region to the next positive mutant. The lightning bolt below residue
74 of gC-2 indicates that upstream sequences are not involved in C3b binding (57). Amino acid changes in mar mutants of gC-1, which do not
bind C3b, are shown by single-letter code (22; J. Glorioso, personal communication). The conserved motif of the CR1 superfamily is aligned
so that cysteine 1 of the motif corresponds to cysteine 4 of gC, etc.

the third component of complement (18, 21, 45). One of the
goals of our laboratory is to determine the structural basis
for this interaction. We chose to use linker-insertion muta-
genesis to map C3b-binding sites on gC. This approach,
which relies on the creation of a large panel of mutants
spread across a gene, has been successfully used to identify
functional domains of a number of other HSV proteins (8,
20, 51). In addition, the insertion of a small number of amino
acids has been shown to abolish the activity of one domain,
while having a minimal effect on adjacent domains (62). This
was of special interest, since the interaction between gC and
C3b is dependent on the proper tertiary structure of gC (18,
22). We created a panel of 41 mutants that identified three
distinct regions of gC-2 important for C3b binding. Region I
is located between amino acids 102 and 107, region II is
between amino acids 222 and 279, and region III is between
amino acids 307 and 379 (Fig. 6).

All of the mutants were expressed on the transfected cell
surface, produced proteins with similar electrophoretic mo-
bility to wild-type gC-2, and bound one or more MAbs that
recognize distinct discontinuous epitopes on gC-2. These
results suggest that each of the mutant proteins folds into a
native structure, and that loss of C3b binding is attributable
to local disruption of a specific functional domain. Of the
three possible amino acid sequences contained in the linker,

all three were represented in mutants that no longer bound
C3b. Thus, although it is possible that a particular amino
acid sequence might be more disruptive at one site than at
another, there was no relationship between the sequence of
the insert and the ability of the mutant to bind C3b. In
addition, the fact that insertions that abolish C3b binding are
contiguous within the three regions of gC-2 rather than
randomly distributed throughout the protein is further evi-
dence that specific C3b-binding domains have been identi-
fied. Since there are several gaps not covered by the inser-
tion mutant panel, it is possible that additional regions of
gC-2 may also be involved in C3b binding. Further mutagen-
esis will be necessary to fill in these gaps and to precisely
define the boundaries of regions I, II, and III.
The fact that three separate regions on gC-2 were identi-

fied as being important for C3b binding and the sensitivity of
C3b binding to denaturation of gC-2 suggest that the se-
quences that interact directly with C3b are dependent on
tertiary structure for proper alignment. However, it is not
clear whether the three regions of gC-2 come together to
form one C3b-binding site or whether gC binds C3b at three
or more distinct sites.

Originally, we focused on gC-2 rather than gC-1 for
mutagenesis, since there is a higher level of expression of
gC-2 in our transfection system (57). Our current model (Fig.
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6), however, predicts that C3b-binding domains on gC-1 may
be similar to those identified for gC-2. There are several
structural features of gC-1 and gC-2 which support this
model. First, the two proteins show a high degree of amino
acid homology (13, 24, 29, 61), especially in the carboxy-
terminal four-fifths of the protein containing regions I, II,
and III. This homology could reflect a conservation of
functional sites for C3b-binding activity. Second, several
gC-1 mar mutants which do not bind C3b (22; J. Glorioso,
personal communication) are located within or near regions
of gC-2 important for C3b binding, suggesting a role for
similar C3b-binding regions in gC-1. Third, residues before
amino acid 74 of gC-2 are not involved in C3b binding (57).
Since this region is poorly conserved between gC-1 and
gC-2, we think it unlikely that this region is involved in C3b
binding to gC-1. However, since purified gC-1 and gC-2 have
differing effects on the complement cascade (18, 23), possi-
bly reflecting differences in their interaction with C3b, it will
be important to identify C3b-binding domains on gC-1 di-
rectly.
There are a number of gC homologs found in other

herpesviruses (1, 6, 35, 55); these gC homologs contain areas
homologous to the C3b-binding regions I, II, and III. Al-
though only one of these viruses, equine herpesvirus, has
been demonstrated to bind human C3b on the surface of
infected cells (5), it is possible that the others are similar to
gC-2 and will bind C3b when the protein is purified and
tested in direct binding assays. If the gC homologs are
functionally related to HSV gC, one can speculate that these
conserved regions may reflect the functional importance of
these areas for C3b binding.

It is interesting that region III is located in an area of gC
that has some structural features similar to those found in
CR1 and CR2, the human C3b and C3dg receptors, respec-
tively. These receptors are members of a superfamily of
proteins, many of which directly interact with C3 fragments.
Members of this protein family contain a repeating unit of
about 60 amino acids with a similar motif of conserved
residues (36, 53). This motif has a framework consisting of
four cysteine residues, conserved tryptophan and glycine
residues, and a site for N-linked glycosylation. A similar
motif is found in gC-1 and gC-2 between cysteines 4 and 7 of
the amino acid sequence (Fig. 4C and 6). Although it is not
clear what role this conserved motif plays in the interaction
of CR1 with C3b, it will be interesting to target this region of
gC for site-directed mutagenesis to determine whether any of
these conserved features is important for C3b binding to gC.
gC-1 and gC-2 bind to similar locations on C3b. It has been

postulated that the HSV C3b receptor is important in mod-
ulating the immune response of the host to HSV infection,
possibly by modulating the effects of the complement cas-
cade and protecting the virus or virus-infected cell from
complement-mediated damage (45; S. Harris, unpublished
observations). In in vitro assays, however, purified gC-1 and
gC-2 differ in their effects on the alternative pathway C3
convertase and in their ability to reduce the efficiency of
complement-mediated lysis (18, 23). We used a blocking
experiment to determine whether this difference in activity
might be explained by the binding of gC-1 and gC-2 to
different functional domains on C3b. Our results indicated
that gC-1 and gC-2 blocked the binding of iodinated gC-1 to
C3b equally well, suggesting that both proteins bind to a
similar site on C3b. The binding sites on C3b for a number of
complement components and complement control proteins
have been identified by using anti-C3 MAbs and peptides
from different regions of C3b (40). It would be of great

interest to use similar approaches to map the binding sites on
C3b for gC-1 and gC-2.
Grouping of gC-2 MAbs. A panel of MAbs from a number

of laboratories was arranged into five groups recognizing
distinct antigenic sites on gC-2. Group I recognizes a type-
common, continuous epitope; group II recognizes a type-
common, discontinuous epitope; and groups III through V
recognize at least three different type-specific, discontinuous
epitopes. It is likely that additional groups may be identified
with additional MAbs or that the existing groups will be
further subdivided if additional properties of the MAbs are
included in the grouping scheme.
An understanding of the antigenic sites recognized by each

MAb and how the different sites relate to one another will be
valuable in studies probing the structure of gC-2. For exam-
ple, many of the gC-2 mutants used in C3b-binding assays
can also be used to map the epitopes recognized by MAbs.
This information can then be combined with C3b-binding
information to develop a model for the structure of the
glycoprotein. Results with two of the MAbs used in the
present study identify domains of gC-2 which are important
for formation of each epitope. Some of these areas partially
overlap C3b-binding regions II and III. It will be interesting
to map the epitopes for other MAbs in this fashion.
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