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Oligomer formation of the gB glycoprotein of herpes simplex virus type 1 was studied by sedimentation
analysis of radioactively labeled infected cell and virion lysates. Fractions from sucrose gradients were

precipitated with a pool of gB-specific monoclonal antibodies and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Pulse-labeled gB from infected cells was synthesized as

monomers and converted to oligomers posttranslationally. The oligomers from infected cells and from virions
sedimented as dimers, and there was no evidence of higher-molecular-weight forms. To identify amino acid
sequences of gB that contribute to oligomer formation, pairs of mutant plasmids were transfected into Vero
cells and superinfected with a gB-null mutant virus to stimulate plasmid-specified gene expression. Radioac-
tively labeled lysates were precipitated with antibodies and examined by SDS-PAGE. Polypeptides from
cotransfections were precipitated with an antibody that recognized amino acid sequences present in only one

of the two polypeptides. A coprecipitated polypeptide lacking the antibody target epitope was presumed to
contain the sequences necessary for oligomer formation. Using this technique, two noncontiguous sites for
oligomer formation were detected. An upstream site was localized between residues 93 and 282, and a

downstream site was localized between residues 596 and 711. Oligomer formation resulted from molecular
interactions between two upstream sites, between two downstream sites, and between an upstream and a

downstream site. A schematic diagram of a gB oligomer is presented that is consistent with these data.

Glycoproteins located in the envelopes of viruses and in
the membranes of infected cells aid in the transport of
nucleocapsids into cells, out of cells, and from cell to cell.
They are also targets of the host immune system and
function in modulating host immunity. For herpes simplex
virus type 1 (HSV-1), seven glycoproteins, designated gB,
gC, gD, gE (see, for example, reference 53), gG (45), gH (2),
and gI (31, 32), have been identified. Open reading frame
analysis of the genome sequence reveals several additional
candidate glycoproteins (35, 36). Of these, gB, gD, and gH
are essential for viral growth in tissue culture (16, 30, 50, 51).
Deletion mutants that lack gB (8) or gD (30) form enveloped
virions, as does a temperature-sensitive mutant of gH when
grown at the nonpermissive temperature (16).

Virus entry is initiated by fusion between viral and plasma
membranes and appears to be a complex process as regards
HSV-1 glycoproteins. Glycoprotein gB of HSV-1 promotes
virus entry (33); single-amino-acid differences within the gB
polypeptide alter the rate of entry (4, 15, 25) and the extent
of virus-induced cell fusion (4, 6). Glycoprotein gD seems to
be essential for cell fusion (30), although no gD-coding
sequences have been identified that induce cell fusion (20).
Deletion mutants that lack gB (8) or gD (30) are defective in
virus entry. Neutralizing monoclonal antibodies (MAbs) to
gD (38, 40) and to gH (22) have been identified that block cell
fusion. MAbs to gB do not block cell fusion but have been
found to alter the rate of virus entry (24). Antibodies to gB,
gD, or gH have been reported that reduce plaque size, which
indicates that these glycoproteins affect the spread of virus
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(22, 24). Although experiments to date have focused on

individual glycoproteins, glycoproteins may interact with
each other and/or perhaps with other proteins in the perfor-
mance of their biological functions. Recently, Gompels and
Minson (23) have reported that the transport ofgH to the cell
surface requires additional viral factors.
HSV-1 gB consists of 904 amino acids including a 30-

amino-acid cleaved signal sequence, an external N-terminal
domain, a long hydrophobic transmembrane region (residues
727 through 795), and a 109-residue C-terminal cytoplasmic
domain (3, 5, 7, 12). To date, the only gB functions identified
are related to virus entry and cell fusion. Wild-type gB has
been shown to be required for cell fusion. Mutations that
increase the cell fusion function are located in the cytoplas-
mic domain; those that decrease cell fusion are located in the
external domain. The fusion and essential functions of gB
have not yet been separated (see, for example, reference 6).
The gB gene is conserved among all herpesviruses exam-

ined. These include the five common human herpesviruses
(3, 4, 14, 28, 36, 42, 43, 55), human herpesvirus 6 (40a),
several simian herpesviruses (18), equine herpesvirus 1 and
equine herpesvirus 4 (46, 57), bovine herpesvirus 1 (39, 59),
feline herpesvirus (52a), Marek's disease virus (48), and
pseudorabies virus (47). Ten homologs have been se-

quenced. The high degree of conservation between them
suggests a common role for gB, likely in virus entry.
Complementation inhibition data indicated that the func-

tional state of gB was an oligomer (7). Oligomers of gB have
been reported based on polyacrylamide gel electrophoresis
(PAGE) analysis of infected cell lysates. In these studies,
heat-denatured gB migrated as a dimer, although higher-
molecular-weight forms were sometimes observed (10, 11,
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49). Dimers have also been observed, based on sedimenta-
tion experiments, as the primary oligomer form of the gB
homolog of pseudorabies virus (58). The purpose of the
present research was to determine the number of monomers
in gB oligomers of HSV-1 and to map the oligomerization
site.

MATERIALS AND METHODS

Cells, viruses, and plasmids. Vero cells were grown in
Eagle's minimum essential medium supplemented with 10%
fetal calf serum (GIBCO Laboratories, Grand Island, N.Y.).
Virus stocks of KOS (HSV-1) and of K082, a gB-null mutant,
were prepared as described previously (8). D6, a gB-trans-
formed Vero cell line, was used as the host for K082 since gB
is essential for viral replication (8).

Plasmid pKBXX (7, 8) contains a 4.0-kb fragment of KOS
DNA, including the 2.7-kb gB-coding region and 790 bp of
5'- and 498 bp of 3'-flanking sequences, inserted into the
pUC9 vector. All mutant plasmids are derivatives ofpKBXX,
and all the constructs, except pKASs, contain insertions of
6-bp HpaI linkers into pKBXX (7). pKASs is an in-frame
SstII deletion within the gB-coding sequence of pKBXX.
Deletion mutants pKA5C and pKA6C were constructed by
cloning plasmids to remove sequences between HpaI inser-
tions. Sequences between the HpaI insertions in pK082
(after codon 43) and in pK177 (after codon 595) were
removed in the construction of pKA5C. Sequences between
the HpaI insertions in pK082 and in pK271 (after codon 569)
were removed in the construction of pKA6C. To destroy the
chain termination mutations, 12-bp ClaI linkers were in-
serted at the HpaI junctions. The structures of most of the
plasmids used in this study are shown in Fig. 7. Enzymes
and linkers were from New England BioLabs, Inc. (Beverly,
Mass.) and Bethesda Research Laboratories, Inc. (Gaithers-
burg, Md.).

Transient expression and analysis of gB polypeptides. Vero
cells in 60-mm-diameter culture dishes were transfected with
DEAE-dextran (500,000 molecular weight average) (Sigma
Chemical Co., St. Louis, Mo.) and approximately 2 jig of
plasmid DNA as described previously (7). At 24 to 48 h after
transfection, cultures were infected with K082 at a multiplic-
ity of infection of approximately 1 PFU per cell to stimulate
gB polypeptide expression. At 6 h postinfection, viral pro-
teins were labeled for 1 h with 50 ,uCi of [35S]methionine per
ml in methionine-free minimum essential medium. Cultures
were washed with phosphate-buffered saline and treated
with 1 ml of lysis buffer containing 1% Nonidet P-40 (Sigma),
20 mM Tris HCl (pH 8.0), 150 mM NaCl, 1 mM tosyl lysyl
chloro-methyl ketone, phenylmethylsulfonyl fluoride (Sig-
ma), and 5% powdered milk. After centrifugation in a

microcentrifuge (15,000 x g, 15 min, 4C), immunoprecipi-
tation was started by the addition of a pool of gB-specific
MAbs (equal volumes of B2, B3, B4, and B6) (34), B6
antibody alone, or polyclonal rabbit antiserum isolated
against the cytoplasmic domain of gB (26a). Immune com-
plexes were sedimented after binding to protein A-Sepha-
rose CL-4B beads (Sigma), washed six times with lysis
buffer without powdered milk, and subjected to sodium
dodecyl sulfate (SDS)-PAGE as described previously (27).
Gels were treated with 1 M sodium salicylate in 0.1 M Tris
and dried as described previously (26).

Sedimentation analysis of gB monomers and oligomers.
Vero cells in 60-mm-diameter culture dishes were infected
with KOS at a multiplicity of infection of 10. At 6 h
postinfection, viral proteins were labeled for 10 min with 200

,Ci of [35S]methionine in 200 ,ul of Tricine-buffered saline
(TBS). Labeled cultures were harvested immediately or after
a 1-h chase interval in growth medium to allow oligomer
formation (21). Cultures were harvested by scraping the cell
monolayer into TBS, and the cells were pelleted and lysed in
200 ,ul of a lysis solution similar to that used above (20 mM
Tris HCl [pH 6.5], 150 mM NaCl, 1 mM tosyl lysyl chloro-
methyl ketone, 1% Triton X-100). After clarification by
centrifugation (15,000 x g, 15 min, 4°C), supernatants were
layered onto 10.8-ml 8 to 20% (wt/wt) sucrose gradients
prepared in the same lysis solution. Proteins were sedi-
mented through the gradients at 40,000 rpm for 16 h at 4°C in
an SW41 rotor. Fractions were collected, immunoprecipi-
tated with a pool of gB specific MAbs, and analyzed by
SD$-PAGE.
To analyze gB from virions, Vero cells in a 150-cm2

culture flask were infected with KOS at a multiplicity of
infection of 10 and labeled from 5 to 24 h after infection with
100 ,uCi of [35S]methionine per ml in methionine-free mini-
mum essential medium (GIBCO) supplemented with 2% fetal
calf serum. Intracellular and released virus were pelleted
along with 1010 PFU of unlabeled KOS as a carrier and
sedimented through a 10 to 30% (wt/wt), Dextran T-10
(Pharmacia) gradient in TBS containing 2% (vol/vol) fetal
calf serum. Virions from the visible band were collected,
diluted in TBS, and pelleted. Virions were then lysed,
layered onto sucrose gradients, and analyzed as described
above.

RESULTS

Sedimentation analysis of radioactively labeled gB from
infected cells and virions. To determine the number of
subunits present in gB oligomers, [35S]methionine-labeled
proteins from KOS-infected cells and from virions were
sedimented through sucrose gradients. Gradient fractions
were exposed to a pool of gB-specific MAbs, and the
resulting immune complexes were analyzed by SDS-PAGE.
Since multimers sediment more rapidly than monomers,
they should be found further from the axis of sedimentation
(higher fraction numbers in Fig. 1). For the pulse-labeled
infected cells, most of the radioactivity was detected in
fraction 5, with a small amount present in fraction 9 (Fig.
1A). Sedimentation of proteins of known molecular masses
in parallel gradients indicated that proteins with molecular
masses of 110 and 200 kDa are expected to be in these
fractions. When a chase interval was added after pulse-
labeling, most of the radioactivity appeared in fraction 9
(Fig. 1B). A similar pattern was observed for gB extracted
from purified virions (Fig. 1C). Multiple bands for fractions
from pulse-labeled, and from pulse-labeled and chased,
infected cells are due to multiple states of glycosylation of
gB. These bands persist during the 50-min chase interval
since normally not all gB precursors are converted to fully
glycosylated gB. The band of slowest mobility in lanes 7 to
10 of Fig. 1B corresponds to fully glycosylated gB. Precursor
bands were not observed in virion fractions (Fig. 1C) be-
cause the labeling interval was from 6 to 24 h after infection
and because precursor forms are not generally present in
virions. On the basis of these experiments, it appears that
the majority of gB oligomers sediment as dimers. For
virions, including an analysis of released virus (data not
shown), the amount of radioactivity present in fraction 5
varied from trace amounts up to that shown in Fig. 1C.

Coprecipitation of mutant and wild-type polypeptides. A
coprecipitation assay, diagrammed at the bottom of Fig. 2,
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FIG. 1. Sedimentation analysis of [35S]methionine-labeled gB
from infected cells and virions. KOS-infected cells were pulse-
labeled at 6 h postinfection and lysed in a nonionic detergent
solution either immediately (A) or after a 1-h chase interval (B).
Lysates were layered onto sucrose gradients, and fractions were

collected after sedimentation. Fractions were treated with a pool of
gB-specific MAbs, and immune complexes were analyzed by SDS-
PAGE. Purified virions (C) were also lysed and subjected to the
same procedures. The direction of sedimentation is from left to
right. Multiple bands for fractions from labeled infected cells are

probably due to multiple states of glycosylation, and the slowest-
sedimenting bands in fractions 7 through 10 of the chased protocol
correspond to fully glycosylated gB.

was devised to identify domains of gB that contribute to
oligomer formation. A mutant plasmid, pKAlB (containing a

deletion corresponding to codons 43 through 234), and
pKBXX (specifying wild-type gB) were transfected individu-
ally and together into Vero cells. The cells were superinfected
with a gB-null virus (K082) to stimulate plasmid-specified
gene expression. After labeling with [35S]methionine, cells
were lysed and treated with an MAb (B6) whose target
epitope has been mapped to amino acid residues 80 to 92
(sequences that are missing on the deletion polypeptide) (24,
37). Immune complexes were dissociated and analyzed by
SDS-PAGE. Multiple bands were often observed for each
polypeptide owing to the presence of N-linked glycosylation
sites. Results are shown in Fig. 2. After transfection with the
individual plasmids, the wild-type polypeptide was precip-
itated by B6 and by the MAb pool (lanes 2 and 1, respec-
tively), whereas the mutant polypeptide was precipitated by
the MAb pool but not by B6 (lanes 3 and 4, respectively).
However, in the cotransfection experiment, both polypep-
tides were detected after treatment with either the antibody
pool or B6 (lanes 5 and 6, respectively). This suggests that an
interaction occurs between the pKAlB and wild-type poly-
peptides, facilitating coprecipitation of the mutant polypep-
tide.
The same two plasmids were used in cotransfection ex-

periments using the same labeling protocol in the presence of
the glycosylation inhibitor tunicamycin (Fig. 3). Glycosyl-
ation was inhibited at concentrations of 1.5 and 3.0 ,ug of
tunicamycin per ml as evidenced by the appearance of
higher-mobility bands on the gels. However, tunicamycin
did not inhibit coprecipitation of the pKAlB-specified poly-
peptide (Fig. 3, lanes 6 and 7).
Oligomer site mapping. Complementation inhibition stud-

ies of Cai et al. (7) identified gB amino acid residues between

1 2 3 4 5 6
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FIG. 2. Coprecipitation of mutant and wild-type (WT) polypep-
tides. Cells were transfected with pKBXX or with pKAlB individ-
ually (lanes 1 to 4) or in a cotransfection experiment (lanes 5 and 6)
and infected with K082 to stimulate plasmid gene expression.
Infected cells were labeled for 1 h with [35S]methionine at 6 h
postinfection. Lysates were treated with MAb B6 (lanes 2, 4, and 6)
or with a pool of gB-specific MAbs (P, lanes 1, 3, and 5), and
immune complexes were analyzed by SDS-PAGE. The mobilities of
the wild-type (gB) and mutant polypeptides are indicated. A diagram
depicting coprecipitation of the pKAlB polypeptide with that of
pKBXX by MAb B6 is indicated at the bottom (left) of the figure.
Potential interaction sites are indicated by cross-hatched rectangles.
A break in the horizontal line for pKAlB indicates the region of the
deleted sequences, and the corresponding amino acid residues
deleted are indicated at the right side of the line, i.e., amino acids 43
through 234 are not present in the pKAlB polypeptide. The amino
acid residues present in pKBXX are indicated at the right side of
that plasmid. MAb B6 and its combining site (amino acid residues 80
through 92) are indicated above the pKBXX plasmid. Prot. A,
protein A; Seph. 4B, Sepharose 4B.

463 and 791 as essential for oligomer formation. To delineate
the C-terminal boundary of that oligomer interaction site, we
used a set of polypeptide chain termination plasmids isolated
by Cai et al. (7) that contained the linear B6 epitope (residues
80 to 92) in cotransfection experiments with pKA1B. As
shown above, the pKAlB polypeptide was coprecipitated
along with the wild-type polypeptide. It should also be
coprecipitated by B6 along with any polypeptide that in-
cludes an intact oligomer site. Therefore, the longest trun-
cation polypeptide that effects coprecipitation of the pKAlB
polypeptide would define the C-terminal limit of the oligomer
site. The results of these experiments are shown in Fig. 4.
Surprisingly, the pKAlB peptide was coprecipitated with
each truncation polypeptide tested, the shortest of which
terminates after amino acid residue 282 (pK230). One inter-
pretation of these data is that the oligomer site is located in
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FIG. 3. Coprecipitation of mutant and wild-type polypeptides in
the presence of tunicamycin. Vero cells were cotransfected with
pKBXX and with pKAlB as described in the legend to Fig. 2, and
lysates were treated with MAb B6. Tunicamycin at the concentra-
tions indicated at the top of the figure was added 1 h before and
during labeling. Bands of radioactivity at higher mobilities, corre-
sponding to the nonglycosylated polypeptides, appear at 1.5 and 3.0
p.g of tunicamycin per ml. At the highest concentration used, the
bands corresponding to glycosylated species are absent.

the overlap region of the pK230 and pKAlB peptides, amino
acids 235 to 282. However, given the data of Cai et al. (7),
who located a site between amino acid residues 463 and 791,
it is also possible that residues in two noncontiguous sites
interact to form oligomers, an upstream site specified by the
truncation mutants and a downstream site specified by
pKA1B.
The overlap region also includes residues 31 to 42. It is

unlikely that these residues form part of an oligomer site.
The pKA4B polypeptide, deleted in sequences correspond-
ing to codons 43 through 711 but containing residues 31 to
42, was not coprecipitated with those ofpKA1B, pKBXX, or
pK230 (Table 1, line 10, and see Fig. 6, lanes 1 to 4). In
addition, 7 of these 12 amino acids are not conserved
between HSV-1 and HSV type 2 (HSV-2) gB, although the
entire molecules are 90% identical (3). Therefore, these
residues, 31 to 42, have not been considered to be part of the
oligomer binding sequences.
To test for the existence of an upstream site, we con-

structed deletion mutants that should lack this site. These
mutants, pKA5C (deleted in codons 43 to 595) and pKA6C
(deleted in codons 43 to 569), were cotransfected in Vero
cells along with pK366, which generates a polypeptide chain
that is terminated after codon 441. Following cotransfection
with either of the deletion plasmids and pK366, cell lysates
were treated with MAb B6 to test for coprecipitation of the
deletion polypeptides (Fig. 5). Polypeptides specified by
pKA5C and pKA6C lack the B6 epitope and were not
precipitated by B6 in the absence of the pK366 polypeptide
(Fig. 5, lanes 5 and 6). However, they were coprecipitated
by B6 in the presence of the pK366 polypeptide (Fig. 5, lanes
2 and 4). Therefore, an upstream oligomer site exists, and
the coprecipitates in Fig. 5 are due to an interaction between
the upstream site specified by pK366 and a downstream site
specified by pKA5C and pKA6C. Based on these experi-
ments, the N terminus of the downstream site begins at or
following amino acid 596 (the first residue after the deletion
by pKA5C). Cell lysis and immune complex formation in the
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FIG. 4. Coprecipitation of pKAlB and chain termination poly-
peptides. Vero cells were transfected or cotransfected with the
plasmids indicated at the top of the figure. Virus infection, labeling,
and analysis were as described in the legend to Fig. 2. Lysates were
treated with either a pool of gB-specific MAbs (lanes 1 and 2) or with
B6 (lanes 3 to 11). The mobility of the pKAlB polypeptide is
indicated by an arrowhead at the left side of the lanes. The length of
the chain termination polypeptides (in amino acids) is indicated at
the right side of the figure. The coprecipitation of the pKAlB
polypeptide with that of pK230 by MAb B6 is indicated at the
bottom of figure. pK230 specifies polypeptide chain termination
after codon 282. The putative oligomer interaction is depicted as
being between an upstream site (U) specified by pK230 and a
downstream site (D) specified by pKA1B, rather than between
overlapping residues 31 to 42 and/or 234 to 282 (see text).

absence of powdered milk and a low signal-to-noise ratio
probably account for the numerous background bands that
are present in this autoradiograph.

Results of further experiments also support the identifica-
tion and characterization of an upstream site (Fig. 6). pKASs
is a plasmid that is deleted in sequences specifying residues
93 through 576. The pKASs polypeptide was precipitated by
an antibody specific for the cytoplasmic domain of gB (Fig.
6, lane 8). In a cotransfection with pKASs and pK230, the
cytoplasmic domain antiserum also coprecipitated the
pK230 truncation polypeptide (Fig. 6, lane 9). The mobility
of the pK230 polypeptide is shown in lane 3. The coprecip-
itation result could be due to interactions of the upstream
portion (1 to 92) or the downstream portion (577 to 904) of
the pKASs polypeptide with that of pK230. To distinguish
between these two possibilities, we cotransfected pKASs
and pKA5C into Vero cells and treated expressed polypep-
tides with MAb B6 (whose target sequence is specified by

gB I _I w

J. VIROL.

A

...
Alb -- 'V 1W ....... ...... *.. "'W



OLIGOMER FORMATION OF gB GLYCOPROTEIN OF HSV-1 4279

TABLE 1. Coprecipitation tests for polypeptides specified by the indicated plasmidsa

Polypeptide BXX (1-904) A318 (A616-711) AlB (A43-234) AAv (A65-421) ASs (A93-576) 230 (1-282)

1. BXX (1-904)
2. A318 (A616-711) +
3. AlB (A43-234) +b +
4. AAv (A65-421) ND ND +
5. ASs (A93-576) + ND + +
6. 230 (1-282) ND ND + b + +b
7. 122 (1-461) ND ND +b + ND + (B3)
8. 366 (1-441) ND ND +b + ND ND
9. A3 (A462-711) + ND + ND ND ND
10. A4B (A43-711) - ND - ND ND _b

a The gB codons deleted, or the last codon translated, is indicated for deletion and truncation polypeptides, respectively. The antibody used, if not B6, is
indicated. +, coprecipitate formed; ND, not done; -, coprecipitate not formed.

b From data shown in Fig. 2 to 6.

pKASs) (Fig. 6, lane 10). If the pKASs-pK230 polypeptide
interaction was due to amino acids N terminal to residue 93,
then the pKA5C polypeptide cannot be coprecipitated with
that of pKASs, since the pKA5C deletion begins at codon 43.

1 33 4 5 6 7
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If the pKASs-pK230 interaction was due to sequences C
terminal to residue 576 of the pKASs polypeptide, then the
pKA5C polypeptide would be coprecipitated. Lane 10 of Fig.
6 shows that the pKA5C polypeptide was coprecipitated by
B6 along with the pKASs polypeptide. Therefore, the
pK230-pKASs coprecipitation did not involve sequences
before residue 93 of pKASs. The coprecipitation the pK230
polypeptide by cytoplasmic domain antibodies in the pres-
ence of pKASs polypeptide is, therefore, an example of an
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FIG. 5. Coprecipitation of pKA5C, pKA6C, and a chain termi-
nation polypeptide. Vero cells were transfected or cotransfected
with plasmid pKA5C, pKA6C, and pK366. pKA5C is deleted from
codons 43 to 595; pKA6C is deleted from codons 43 to 569; pK366 is
a truncation plasmid that terminates after amino acid residue 441.
Cells were infected, labeled, and assayed as described in the legend
to Fig. 2. Lysates were treated either with a pool of gB-specific
MAbs (P) or with B6 as indicated at the top of the figure. The
mobility of the pK366 polypeptide is shown at the sides of the figure
(366), and the mobilities of the pKA&6C and pKA5C polypeptides are
indicated by circles to the left of lanes 1 and 3, respectively. Data for
Fig. 5 and 6 were obtained with a minigel apparatus which allowed
less resolution than for data shown in Fig. 1 to 4. A diagram
depicting the coprecipitation of the pKA5C polypeptide with that of
pK366 by MAb B6 is shown at the bottom of the figure. The
interaction is depicted as being between an upstream site (U)
specified by pK366 and a downstream site (D) specified by pKA5C.
Amino acid residues deleted in the pKA&5C polypeptide are indicated
at the right side of the line representing the pKA&5C plasmid.

;K230 - ill :-282

pKAtS, - _ 93576D 17W pKA5C - _UI---------- A43-595
D

FIG. 6. Oligomer site mapping. Vero cells were transfected or
cotransfected with the plasmids indicated at the bottom of the figure
and were infected, labeled, and assayed as described in the legend to
Fig. 2. Lysates were treated with cytoplasmic-domain-specific gB
antiserum (C) or with B6 as indicated at the top of the figure. The
structures of the plasmids are shown in Fig. 7. The region of
radioactivity approximately one-third of the distance from the top to
the bottom of the gel present in lanes 1, 4, 6, 8, and 9 is composed
of glycoproteins gE and gI, whose structures include Fc immuno-
globulin binding domains. These bands are evident when polyclonal
antisera are used. The resolution on this gel allowed the separation
of glycosylated (0) and nonglycosylated (0) species for pKA5C and
pKASs polypeptides. The coprecipitation of the pK230 polypeptide
with that of pKASs by gB cytoplasmic-domain-specific antibodies
and of the pKA5C polypeptide with that of pKASs by MAb B6, is
diagrammed at the bottom of the figure.
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interaction between an upstream and a downstream site. The
pKASs-pKA5C interaction is between two downstream
sites.

Coprecipitation of the pKAAv polypeptide (deleted in
codons 65 through 421) by MAb B6 in the presence of the
pK230, pK122, or pK366 polypeptide (Table 1, column 4,
lines 6 to 8) is another example of upstream-downstream
interactions. Coprecipitation of the pKAIB polypeptide by
B6 in the presence of the same truncation mutant polypep-
tides could be due either to upstream-downstream or to
upstream-upstream interactions. Similar interactions could
occur for the coprecipitation of the pKAlB polypeptide in
contransfections with that of pKA318 (deleted in codons 616
to 711) and with that of pKA3 (deleted in codons 462 to 711)
(Table 1, column 2, line 3, and column 3, line 9). The
complementation inhibition data of Cai et al. (7) are consis-
tent with the interactions between two downstream sites, as
is the coprecipitation of the pKAAv polypeptide by B6 in the
presence of pKASs (Table 1, column 4, line 5). The copre-
cipitation of the pK230 polypeptide by MAb B3 (localized to
residues 381 to 441) in the presence of the pK122 polypeptide
is the single example of an interaction between two upstream
sites (Table 1, column 6, line 7).

DISCUSSION

Numerous viral glycoproteins exist as homo-oligomers.
This serves to increase the variety of three-dimensional
structures without an increase in genetic information. Hem-
agglutinin of influenza virus (see, for example, reference 13),
vesicular stomatitis virus G glycoprotein (29), and the env
glycoprotein of Rous sarcoma virus (19) form trimers. The F
glycoprotein and the hemagglutinin-neuraminidase glycopro-
tein of paramyxoviruses (see, for example, references 41 and
52) form tetramers. Although Rey et al. (44) reported that
HIV-2 and simian immunodeficiency virus env glycoprotein
precursors formed SDS-resistant oligomers, at least tran-
siently, they did not detect oligomers of the env glycoprotein
of HIV-1. More recently, oligomeric forms of the env
glycoprotein of HIV-1 (17, 56) and HIV-2 (9) were reported.
Apparently, the decreased stability of HIV-1 oligomers
reported by Earl et al. (17) explains the inability to detect
these forms in the earlier study, although the structure of the
oligomer (trimer or tetramer) is uncertain.
Oligomer formation of the gB glycoprotein of HSV-1 was

examined by sedimentation through sucrose gradients.
Pulse-labeled gB sedimented at a rate that was consistent
with that expected for monomers. During a chase interval,
most of the radioactivity shifted to a higher-molecular-
weight form sedimenting as dimers, confirming that dimer
formation occurs posttranslationally. gB derived from viri-
ons sedimented mainly as dimers. The amount of monomer
in virions shown in Fig. 1C is the maximum amount ob-
served. In some experiments, only trace amounts of virion
gB were found as monomers. The presence of monomer may
be due to dissociation of dimers during the assay procedure
and/or contamination of virus preparations with plasma
membranes. For infected cells and for virions, we never
observed an increase in radioactivity at higher fraction
numbers, for example, at fractions 13 and 17, which would
have indicated the presence of trimers or tetramers. It
remains possible that they are formed but are not stable in
the assay conditions used. Our data are consistent with the
sedimentation data reported recently for the gB homolog of
pseudorabies virus (58).
The sites for oligomer formation were mapped by using gB
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FIG. 7. Structure of representative mutant plasmids derived
from pKBXX. pKBXX is a plasmid containing a 4.0-kb HSV-1
fragment that includes the 2.7-kb gB-coding sequence shown. The
scale for the amino acid sequence is shown at the bottom of the
figure. The locations of the signal sequence (solid box), N-linked
glycosylation sites (0), and transmembrane domain (cross-hatched
box) are shown for pKBXX and, if present, for the mutant plasmids.
pK230, pKA1B, and pKA4B are from the collection of Cai et al. (7).
pKASs is an in-frame SstII restriction site deletion. The construc-
tion of pKASs, pKA5C, and pKA6C is described in Materials and
Methods. Rectangular boxes indicate the sequences present in the
plasmids. The C-terminal residues specified by the truncation mu-
tant and residues that have been removed from deletion plasmids are
listed adjacent to each plasmid.

mutant plasmids. After cotransfection of Vero cells, poly-
peptides expressed by the plasmids were precipitated with
an antibody that recognized an amino acid sequence present
in only one of the two polypeptides. A coprecipitated
polypeptide that lacks the target epitope presumably con-
tains the sequences required for oligomer formation. Using
this technique, two oligomer binding sites were identified, an
upstream site located between residues 93 and 282 and a
downstream site located between residues 596 and 711. The
extent of the gB oligomer interaction sites is depicted at the
bottom of Fig. 7. The boundaries of the upstream site are
defined by sequences present in pKASs (deleted in codons 93
through 576) and pK230 (chain termination after codon 282).
Residues through 92 present in pKASs apparently are not
sufficient to form a coprecipitate, while the residues speci-
fied by pK230 are sufficient. This locates the upstream site
between residues 93 and 282. If the coprecipitation of the
pKAlB polypeptide in the presence of pK230 is due to
interactions between two upstream sites, then the upstream
site is localized to amino acid residues 235 to 282 (the
overlap region of the two polypeptides). pKA5C (deleted in
codons 43 through 595), pKA6C (deleted in codons 43
through 569), and pKASs (deleted in codons 93 through 576)
possess an intact downstream site, while pKA4B (deleted in
codons 43 through 711) does not (Fig. 6, lane 4; Table 1, line
10). This locates the downstream site between residues 596
and 711.
The upstream site includes a single N-linked oligosaccha-

ride addition signal, Asn-Tyr-Thr, at residues 141 to 143 and
four cysteines at residues 116, 133, 207, and 271. The
downstream site also contains a single N-linked glycosylation
signal, Asn-Ile-Thr, at residues 674 to 676 and cysteines at
residues 596 and 633. The four remaining oligosaccharide
addition sites and cysteine residues are located outside the
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putative oligomer formation sites. Since tunicamycin does
not inhibit oligomer formation, it is unlikely that N-linked
glycosylation is essential for oligomer formation. In addi-
tion, in pKA5C-pKASs cotransfection experiments (Fig. 6,
lane 10), the nonglycosylated pKA5C polypeptide was co-
precipitated along with the glycosylated form (pKA5C spec-
ifies sequences for a single glycosylation site at 674 to 676).
Since almost all gB mutant polypeptides are retained in the
endoplasmic reticulum (7), the two bands of different mobil-
ities probably represent molecules containing zero or one
high-mannose core oligosaccharide chains.

Cai et al. (7) did not use truncation mutants in their studies
of complementation inhibition and did not observe the
upstream site. Our data are consistent with theirs with the
following exception: plasmids pK318, which is deleted in the
DNA specifying codons 616 to 711, and pKA3, which is
deleted in DNA specifying codons 462 to 711, did not inhibit
complementation in mixed transfections with pKBXX even
though they have intact upstream sites. In the present
studies, the pKAlB polypeptide coprecipitated with either
the pK318 or the pKA3 polypeptide, using MAb B6 (Table
1). The coprecipitation assay is more sensitive than the
complementation inhibition assay since the former scores for
the appearance of radioactivity (the appearance of a band in
SDS-PAGE), while the latter measures the reduction in
plaque number. Presumably, this is the source of the dis-
agreement. Recently Qadrie et al. (43a) and Ali (1) have
reported that plasmids that specify truncated polypeptides of
691 or 772 amino acids form homodimers when analyzed by
sedimentation analyses following transfection. Dimers were
not observed for plasmids that caused chain termination
after residue 586 (1) or 610 (43a).
The coprecipitation assay employed a variety of mutant

plasmids and utilized an indirect assay of oligomer forma-
tion. Therefore, we wondered whether the data regarding
oligomer binding site mapping were due to a nonspecific
factor that resulted in coprecipitation. It might be argued, for
example, that the use of mutant polypeptides exposes hy-
drophobic or hides hydrophilic sequences, which causes the
mutant polypeptide to precipitate in the presence of other
relatively hydrophobic glycoproteins. In studies reported
here, gC was precipitated with gC-specific antibodies and
analyzed by SDS-PAGE. gB mutant polypeptides were
never observed as contaminants in these precipitations (data
not shown), which indicates that no such spurious interac-
tions occurred. Alternatively, one might argue that an anti-
body such as B6 causes mutant polypeptides to be bound to
endoplasmic reticulum proteins, causing nonspecific copre-
cipitation. This seems unlikely since consistent results were
obtained with three different antibodies (MAbs B6 and B3
and polyclonal antiserum specific for the cytoplasmic do-
main of gB). Also note that pK122 and pK177, which cause
polypeptide chain termination after codons 461 and 595,
respectively, are processed normally (7). These polypeptides
must appear native to the endoplasmic reticulum transport
system, a finding that also argues against nonspecific copre-
cipitation of polypeptides.

Coprecipitates were demonstrated between two polypep-
tides containing upstream sites, between polypeptides that
contain downstream sites, and between two polypeptides,
one of which contains an upstream site and the other a
downstream site. The compatibility of upstream and down-
stream sites suggests that molecular interactions at the two
sites are further subdivided to provide complementary weak
interactions between chemical groups within the two sites.

FIG. 8. Schematic diagram of a gB dimer. Monomers of gB are
indicated as single continuous lines from the N terminus (N) to the
C terminus (C). The upstream (U) and downstream (D) intermolec-
ular interaction sites are shown in close proximity to each other. A
cross-sectional view to demonstrate the possible spatial relationship
of the sites is shown at the bottom of the figure. The loop structure
of each monomer could give rise to T-shaped dimers consistent with
structures, thought to be gB molecules, on the surface of virions
(54).

There is no significant amino acid homology within the two
sites.
A model of gB dimer formation characterized by up-

stream-downstream, upstream-upstream, and downstream-
downstream interactions is shown in Fig. 8. It is possible
that dimers result from only one class of interactions, for
example, between upstream and downstream sites (as noted
in the two-dimensional aspect of the model). However, the
close proximity of all four chains shown in the cross-
sectional view would allow all classes of interactions within
a single dimer. It is impossible to specify which classes of
interactions occur, on the basis of existing data. Dimers
characteristic of both types of interactions may be formed,
and one type may be energetically more favorable. It is
tempting to speculate that the transition to the more stable
form occurs at the time of virus entry and triggers fusion of
the viral envelope with the cellular plasma membrane.
Mutant gB polypeptides are transdominant when ex-

pressed in the presence of wild-type polypeptides (7). There-
fore, gB is a potential antiviral target. If the oligomer
interaction region is sufficiently short, and if small gB
polypeptides can prevent formation of wild-type oligomers,
then these polypeptides could have antiviral activity.
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