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The nucleotide sequence of the glycoprotein gB gene of equine herpesvirus 4 (EHV-4) was determined. The
gene was located within a BamHI genomic library by a combination of Southern and dot-blot hybridization
with probes derived from the herpes simplex virus type 1 (HSV-1) gB DNA sequence. The predominant portion
of the coding sequences was mapped to a 2.95-kilobase BamHI-EcoRI subfragment at the left-hand end of
BamHI-C. Potential TATA box, CAT box, and mRNA start site sequences and the translational initiation
codon were located in the BamHI M fragment of the virus, which is located immediately to the left of BamHI-C.
A polyadenylation signal, AATAAA, occurs nine nucleotides past the chain termination codon. Translation of
these sequences would give a 110-kilodalton protein possessing a 5’ hydrophobic signal sequence, a hydrophilic
surface domain containing 11 potential N-linked glycosylation sites, a hydrophobic transmembrane domain,
and a 3’ highly charged cytoplasmic domain. A potential internal proteolytic cleavage site, Arg-Arg/Ser, was
identified at residues 459 to 461. Analysis of this protein revealed amino acid sequence homologies of 47% with
HSV-1 gB, 54% with pseudorabies virus gpIl, 51% with varicella-zoster virus gpll, 29% with human
cytomegalovirus gB, and 30% with Epstein-Barr virus gB. Alignment of EHV-4 gB with HSV-1 (KOS) gB
further revealed that four potential N-linked glycosylation sites and all 10 cysteine residues on the external
surface of the molecules are perfectly conserved, suggesting that the proteins possess similar secondary and
tertiary structures. Thus, we showed that EHV-4 gB is highly conserved with the gB and gplII glycoproteins of

other herpesviruses, suggesting that this glycoprotein has a similar overall function in each virus.

Equine herpesvirus 1 (EHV-1) and EHV-4 are alpha-
herpesviruses which cause serious disease in the horse,
EHV-1 being predominantly associated with abortion and
neurological disease and EHV-4 being a major cause of
respiratory disease (28). The envelope glycoproteins are
important immunogens of herpesviruses involved in produc-
ing a protective immune response (40, 41). EHV-1 and
EHV-4 are known to contain at least eight highly abundant
envelope glycoproteins (1). However, little is known about
the structure of these glycoproteins, although the six major
glycoproteins of EHV-1 have recently been mapped (2). The
major glycoproteins gB and gC of herpes simplex virus type
1 (HSV-1) have been sequenced and characterized (8, 16,
31), and they have been shown to possess determinants
generating cytolytic and virus-neutralizing antibody (17, 41).
Glycoprotein gB is essential for the production of infectious
virus, since temperature-sensitive mutants have been
mapped and isolated in gB (8, 25, 27), and it is thought to
have a role in cell fusion and viral penetration of infected
cells (25, 38). Syncytial (27) and fast-entry (13) phenotypes
have been mapped within HSV-1 gB and have been shown to
be the result of single amino acid substitutions—a Val-to-Ala
substitution at residue 552 and an Arg-to-His substitution at
residue 857 account for the fast-entry and syncytial pheno-
types, respectively (9).

Wild-type gB exists as a dimer (38) and appears on the
surface of virions and virus-infected cells.

In localizing EHV-4 gB, we took advantage of the known
colinearity of the EHV-4 genome with the Ig; -I; arrange-
ment of the HSV-1 genome (12). The available map position
for HSV-1 gB enabled us to locate the region of the genome
containing the EHV-4 gB gene, and the 5’ and 3’ boundaries
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were determined with DNA probes derived from the HSV-1
gB gene. In this report, we present the nucleotide sequence
of the EHV-4 gB gene and report that this protein shares
amino acid homology with the gB glycoproteins of HSV-1 (8,
31), Epstein-Barr virus (29), and human cytomegalovirus
(11) and the gplI glycoproteins of pseudorabies virus (PRV)
(34) and varicella-zoster virus (VZV) (21).

MATERIALS AND METHODS

Recombinant DNA methods. The EcoRI F restriction frag-
ment of HSV-1 (19) cloned in plasmid pACYC184 (26) was
kindly provided by J. B. Clements (MRC Institute of Virol-
ogy, Glasgow), and this recombinant plasmid was designated
pACYC-EcoRI(F). The entire HSV-1 gB gene was excised
from plasmid pACYC-EcoRI(F) as a 3.3-kilobase (kb) Xhol-
Kpnl fragment, which was subsequently directionally cloned
into the Xhol and Kpnl sites of pIC20R to generate the
plasmid pICgB.

Digestion of pICgB with Narl yielded a 650-base-pair
fragment (corresponding to amino acids 121 to 336 of HSV-1
gB), and digestion of pICgB with PssI yielded an 810-
base-pair fragment (corresponding to amino acids 530 to 799
of HSV-1 gB), which were used as 5’ and 3' HSV-1 gB DNA
hybridization probes, respectively, in dot-blot and Southern
blot analyses (see Fig. 2).

The genomic library of EHV-4 strain 1942 (12) contained
the 13.6-kb BamHI C fragment in the BamHI site of pUC9.
The 2.95-kb BamHI-EcoRI1 fragment at the left end of
BamHI-C was excised from pUC9 as a 2.95-kb EcoRI
fragment and cloned into the EcoRI site of Bluescript M13+
vector. This recombinant plasmid was designated pBSgB.

Bacterial strains. Escherichia coli JM83 and JM101 were
used for recombinant DNA experiments and were grown in
L broth medium (L broth contains 10 g of tryptone, 5 g of
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FIG. 1. Diagram showing strategy for sequence determination of the EHV-4 gB gene. Sequence data were generated with synthetic
deoxyoligonucleotide primers. Dots represent the 5’ end and arrowheads show the 3’ end of each portion of the sequence. The EHV-4 gB

OREF is denoted by a thick bar.

yeast extract, and 10 g of NaCl per liter). Bluescript M13+
recombinant DNA was propagated in JM101 cells, and all
other recombinant plasmids were propagated in JM83 cells.
Cells containing recombinant plasmids were selected on L
broth agar plates (1.5% agar in L broth) containing ampicillin
at 100 pg/ml or tetracycline at 12.5 pg/ml.

Plasmid DNA isolation. Plasmid DNA was isolated from
bacteria by the boiling method (5) for small-scale prepara-
tions. For large-scale isolations, plasmid DNA was extracted
from bacteria by the alkaline lysis method (26) and further
purified by banding on cesium chloride gradients containing
50% (wt/vol) CsCl and 200 pg of ethidium bromide per ml.
Ethidium bromide was removed by multiple extractions with
isopropanol, and the DNA was dialyzed against 0.1x TE (1
mM Tris hydrochloride, 0.1 mM EDTA [pH 8.0]), followed
by ethanol precipitation.

Dot-blot analysis. The C, F, and M viral restriction frag-
ments cloned in the BamHI site of pUC9 were excised with
BamHI, purified through low-melting-point agarose gels, and
spotted onto Gene-Screen hybridization membranes in 100-,
200-, and 400-ng amounts. In a later experiment, the four
subfragments of BamHI-C obtained by digestion with Smal
were spotted onto membranes as above. Samples (200 ng) of
vector DNAs pUC8 and pBR322 were used as negative
hybridization controls and 200 ng of the appropriate probe
DNA was used as a positive hybridization control in all
experiments.

Membranes were prehybridized in 10 ml of hybridization
buffer (40% formamide, Sx SSC [1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate], 5X Denhardt solution [0.1%
(wt/vol) Ficoll, 0.1% (wt/vol) polyvinylpyrrolidone, 0.1%
(wt/vol) bovine serum albumin], 10% dextran sulfate, 50 mM
sodium PP; [pH 6.5], 100 png of denatured salmon sperm
DNA per ml) at 42°C for 16 to 20 h.

HSV-1 gB 5’ and 3’ probe DNA was prepared by nick
translation (33) to a specific activity of 108 cpm/pg of DNA
and was added at a concentration of 10° cpm/ml of hybrid-
ization buffer (10 ng/ml) to the prehybridized membranes.
Hybridization was carried out at 42°C for 16 to 20 h.
Membranes were prewashed in 2x SSC for 15 min at room
temperature and then washed in 2X SSC-0.1% sodium
dodecyl sulfate (SDS), 1x SSC-0.1% SDS, or 0.1x SSC-
0.1% SDS for three 20-min washes at 65°C. Finally, mem-
branes were rinsed in 0.1x SSC, air dried, and exposed to
Fuji-RX X-ray film at —70°C for 24 h.

Southern blot analysis. The BamHI-C viral restriction
fragment contained in pUC9 was digested with BamHI and
then double digested with BamHI and each of the restriction
enzymes Bgll, EcoRl, Pstl, Pvull, and Smal to release viral
DNA sequences from vector sequences. Digested DNA was
run on 0.8% agarose gels in 1xX TEA buffer (50x TEA is2 M
Tris base, 0.1 M EDTA, 1 M sodium chloride, 1 M sodium
acetate, pH 8.1), denatured, neutralized, and transferred to
Gene-Screen hybridization membranes (39). Membranes

were hybridized to HSV-1 gB 5’ and 3' DNA probes as
outlined above.

DNA sequencing. The 2.95-kb BamHI-EcoRI EHV-4 DNA
fragment contained in plasmid pBSgB was sequenced by the
dideoxy chain termination method (37) with [a-3*S]dATP as
a label (4). Extensive use was made of synthetic deoxyoli-
gonucleotide primers to rapidly generate sequencing data, in
addition to Bluescript M13+ specific sequencing primers,
and the sequencing strategy is shown in Fig. 1.

Since the BamHI-M viral restriction fragment contains the
start of the gB gene, the right-hand end of this fragment was
sequenced in pUC9 with the M13 reverse primer and syn-
thetic deoxyoligonucleotide primers.
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FIG. 2. Southern blot analysis of EHV-4 DNA. (a) Southern blot
analysis of BamHI-C DNA with the 650-base-pair (bp) Narl HSV-1
gB (5') DNA as a hybridization probe. (b) As in panel a, but with the
810-base-pair PstI HSV-1 gB (3') DNA as a hybridization probe. All
procedures were done as described in the text. Hybridization was
only observed when membranes were washed at low stringency (2Xx
SSC-0.1% SDS at 65°C).
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Single-stranded template for sequencing was produced by
alkaline denaturation of 1 pmol of plasmid DNA in 0.2 M
NaOH-0.2 mM EDTA in a volume of 20 .l for 5 min at room
temperature, followed by neutralization with 2 ul of 2 M
ammonium acetate (pH 5.3) and ethanol precipitation.

The resulting single-stranded DNA template was sus-
pended in 8 ul of 0.1 X TE (pH 8.0) and mixed with 2 pmol of
sequencing primer, 3 pl (30 wCi) of [a->**S]dATP, and 1.5 pl
of 10x Klenow annealing buffer (100 mM Tris hydrochloride
[pH 8.0], 50 mM MgCl,) in a total volume of 15 pl. The
mixture was annealed for 15 min at 37°C and then used in
standard sequencing reactions at 37°C. Samples were run on
6% polyacrylamide wedge-shaped gels containing 7 M urea
at 60°C. Gels were bonded to glass plates by treatment of the
plates with 2% dimethylchlorosilane in 1,1,1-trichloro-
ethane, fixed in 10% acetic acid—10% methanol, and dried in
an 80°C oven before being exposed to X-ray film at —70°C
for 18 to 24 h.

RESULTS

Identification of DNA fragment containing the EHV-4 gB
gene. Since the EHV-4 genome is colinear with the I
arrangement of the HSV-1 genome (12) and the exact loca-
tion and sequence of the HSV-1 gB gene was known (8, 31),
we were able to predict the region of the EHV-4 genome
which would probably contain the gB gene.
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Hybridization of DN A fragments from this region to both
5’ and 3" HSV-1 gB DNA probes in dot-blot analyses
localized the gB gene to a 6.5-kb subfragment of BamHI-C
(data not shown).

Southern blot analysis of BamHI-C more precisely located
the gene to the left terminal 2.95-kb BamHI-EcoRI subfrag-
ment of BamHI-C (Fig. 2a and b). The 5' probe hybridized to
2.95-kb BamHI-EcoRI, 0.56-kb BamHI-Pvull, 6.5-kb
BamHI-Smal, 3-kb BamHI-Pst], and 0.42-kb BamHI-Bgll
fragments; weak hybridization was seen to 4.2-kb BglI and
0.14-kb Pvull fragments. The 3’ probe hybridized to 2.95-kb
BamHI-EcoRI, 2.7-kb Pvull, 6.5-kb BamHI-Smal, 3-kb
BamHI-Pstl1, and 4.2-kb BgllI fragments. Some hybridization
of probes to vector DNA (pUC9) was observed which was
probably due to cross hybridization of G+C-rich regions of
pUC9 to G+C-rich regions of HSV-1 DNA.

These observations strongly suggested that the gene is
located predominantly within a 2.95-kb BamHI-EcoRI frag-
ment at the left terminus of BamHI-C with a left-to-right
transcription orientation (Fig. 3d and e).

Since the 5' HSV-1 gB probe does not contain the first 357
nucleotides of the coding region of the HSV-1 gB gene, it
was predicted that a corresponding portion of the EHV-4 gB
gene and its transcriptional control domains reside within the
BamHI M fragment, which is immediately to the left of
BamHI-C.
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FIG. 3. Map of the EHV-4 genome showing restriction enzyme sites and DNA fragments used in studying the glycoprotein gB gene. (a)
Structure of EHV-4 genome. This consists of a unique long region (L) and a unique short region (S) bounded by inverted repeats (IR, TR,).
(b) Arrangement of BamHI and EcoRI restriction enzyme sites along the genome. (¢) Location of EcoRI and Smal restriction enzyme sites
in the 13.6-kb BamHI C fragment of the genome. (d) Detailed restriction enzyme mapping of the 2.95-kb BamHI-EcoRI subfragment of
BamHI-C, which contains the predominant portion of the gB gene. The first Pvull, Bgll, and Smal restriction enzyme sites to the right of the
2.95-kb BamHI-EcoRI subfragment are indicated by arrows. (¢) Arrows show the regions of the 2.95-kb BamHI-EcoRI subfragment of
BamHI-C to which the 5’ and 3’ HSV-1 gB DNA probes hybridized. bp, Base pairs.
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FIG. 4. Alignment of EHV-4 gB and HSV-1 gB (KOS) DNA sequences. The top line is the DNA sequence of EHV-4 gB, and the bottom
line is the HSV-1 gB DNA sequence. Identical residues are indicated with a vertical bar, and dashes mark spaces introduced to maximize
homology between the two sequences. The salient features of the sequences (CAT box, TATA box, mRNA cap site, termination codon [ter],
and polyadenylation signal [polyAl]) are indicated for each sequence.

Consequently, the 2.95-kb BamHI-EcoRI subfragment of

BamHI-C and the right-hand end of BamHI-M were se- 2,925 nucleotides was found in the sequence with

quenced and analyzed for an open reading frame (ORF)
which contains the gB gene.

Analysis of DNA and amino acid sequences. (i) Nucleotide this ORF would be a protein of 975 amino acids,

sequence of the EHV-4 gB gene showing homology to HSV-1

gB. The DNA insert of pBSgB and the right-hand end of the 913 amino acids predicted for PRV gpll.

BamHI-M were sequenced as described above. An ORF of

an ATG

initiation codon at position 270 and a chain termination
codon at position 3195. The predicted translation product of

which is

larger than the 903 amino acids predicted for HSV-1 gB and
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5. Alignment of the predicted carboxy-terminal amino acids of the ICP18.5 protein of EHV-4 and HSV-1 (KOS). The top line is the
EHV-4 sequence, and the bottom line is the HSV-1 sequence, shown in the single-letter amino acid code. Residue 1 in the EHV-4 sequence
aligns with residue 638 in the HSV-1 sequence. Identical residues are indicated with a vertical bar, and dashes have been introduced to
maximize homology between the two sequences.
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FIG. 6. Alignment of the predicted amino acid sequences of the gB proteins of EHV-4 and HSV-1 (KOS). The top line is the EHV-4
sequence, and the bottom line is the HSV-1 sequence, shown in the single-letter amino acid code. Identical residues are indicated with a
vertical bar, and dashes show spaces introduced to maximize homology between the two sequences. The predicted signal peptidase cleavage
site is indicated for both proteins, as are the hydrophilic surface, hydrophobic transmembrane, and cytoplasmic domains of the proteins.
Potential N-linked glycosylation sites are underlined. The additional 56 amino acids that appear to form the start of an uncharacteristically
long 84-amino-acid signal sequence for EHV-4 gB, as discussed in the text, are indicated in parentheses above the alignment (residues —56

to —1).

The aligned DNA sequences of EHV-4 gB and HSV-1 gB
are shown in Fig. 4. The two genes are well conserved and

show DNA homology of 52%.

The main features of the transcriptional and translational

control signals of the EHV-4 gB gene are as follows. (a) A
TATA box, AATATAT, is found at nucleotides 119 to 125.
This aligns well with the HSV-1 gB TATA box (ATATATT)
at nucleotides 234 to 240 in the HSV-1 gB sequence. The first
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transcribed base of eucaryotic mRNA is usually an A residue
surrounded by pyrimidine residues (7).

The sequence CAGT was observed at nucleotides 149 to
152. Since the A residue at position 150 is 25 nucleotides
downstream from the TATA box, it is likely that this is the
first transcribed base of EHV-4 gB mRNA. This would be in
keeping with the typical 24- to 32-nucleotide spacing be-
tween the TATA box and mRNA cap site (7). Furthermore,
this presumptive mRNA cap site aligns well with the HSV-1
gB mRNA cap site.

(b) The sequence ATTG at nucleotides 38 to 41 reads
CAAT on the other strand and is likely to function as a CAT
box, since it is about 100 nucleotides upstream from the
mRNA cap site (6). This CAT box is identical to, and aligns
perfectly with, the HSV-1 gB CAT box.

(c) The modified scanning hypothesis of translation pre-
dicts that the first AUG in a mRNA serves as the initiation
codon, assuming that the local environment will allow this to
occur (23). The first AUG in the mRNA occurs at nucleo-
tides 270 to 272 and is in frame with two nearby AUGs in the
sequence. Use of this first ATG as the initiation codon would
give rise to an unusually long signal sequence of 84 amino
acids, and similarly long signal sequences of 53 and 67 amino
acids have also been reported for the gB homologs of PRV
and bovine herpesvirus 1, respectively (34, 44).

The second available ATG is at nucleotides 412 to 414 but
is immediately followed by an in-frame chain termination
codon at nucleotides 415 to 417. The next available ATG is
at nucleotides 438 to 440, and the DNA sequences around

both this ATG and the ATG at nucleotides 270 to 272 suggest
that either ATG could function as an efficient initiation site
(22). Thus, two initiation codons can be predicted for EHV-4
gB, although we consider the first ATG as the most likely
initiation codon for this gene.

(d) The stop codon, TAA, occurs at nucleotides 3195 to
3197. The first polyadenylation signal, AATAAA (3), occurs
9 nucleotides past the termination codon and occurs about 20
nucleotides before the poly(A) addition site (15). A second
polyadenylation signal occurs at nucleotides 3470 to 3475,
suggesting that other mRNA(s) which may be present in this
region would terminate at this point.

(e) An ORF encoding the protein ICP18.5 in HSV-1 has
been shown to terminate 10 nucleotides before the HSV-1 gB
ATG initiation codon. ICP18.5 has been reported to have a
role in the transport of viral glycoproteins (30).

On examining the EHV-4 sequence, we located the termi-
nation codon (TAG) of an upstream ORF at nucleotides 406
to 408, occurring 136 nucleotides after the predicted EHV-4
gB ATG initiation codon. Analysis of this ORF back to
nucleotide 1 revealed that this region encodes a protein
showing 48% homology to HSV-1 ICP18.5 (Fig. 5). A similar
protein has also been reported for PRV (34) and bovine
herpesvirus 1 (44), in which the ICP18.5 protein-coding
sequence actually overlaps the gB homolog-coding sequence
by 44 and 47 codons, respectively, which compares with the
45-codon overlap predicted here for EHV-4.

Thus, in all four viruses, there is a great constraint on this
region of the genome since it probably serves as the tran-
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FIG. 7. Hydropathic analysis of the transmembrane region of the gB proteins of EHV-4 (residues 734 to 812) (a) and HSV-1 (KOS)
(residues 720 to 799) (b), as determined by the method of Kyte and Doolittle (24). The area above the x axis denotes hydrophilicity and that
below the x axis denotes hydrophobicity. The predicted three membrane-spanning segments of this domain, which are indicated by
hydrophobic peaks, are numbered for both proteins. These segments are perfectly aligned between the two proteins and are highly conserved

regions of the molecules (see Fig. 6 and text).

scriptional control domain of the gB gene and also encodes
the carboxy-terminal amino acids of the protein ICP18.5.
Further constraints are imposed on this region in EHV-4,
PRV, and bovine herpesvirus 1 as it must also encode the
amino-terminal amino acids of the unusually long signal
sequence of the gB homolog of these viruses.

(ii) Primary structure of the EHV-4 gB protein which shows
homology to HSV-1 gB. The alignment of the EHV-4 and
HSV-1 gB proteins is shown in Fig. 6. The EHV-4 protein is
predicted to have a molecular mass of 110 kilodaltons (kDa),
which is larger than the 100.3 kDa reported for HSV-1 gB (8,
31). In this alignment, 47% of the amino acids are perfectly
matched between the two proteins.

The codon usage and amino acid composition of the
EHV-4 gB protein are shown in Table 1. The G+C content
of nucleotides 1, 2, and 3 of the codons is 51, 41, and 50%,
respectively. Unlike HSV-1 gB, there is no strong prefer-
ence for a G or C in the third base of the codons in EHV-4
gB (8), which is a reflection of the lower G+C content of the
coding region of EHV-4 gB (47%), as opposed to 66% for the
HSV-1 gB-coding region. The EHV-4 gB protein contains
features characteristic of all envelope glycoproteins,
namely, a 5’ hydrophobic signal sequence, an external
hydrophilic surface domain, a hydrophobic membrane-span-
ning domain, and a basic, highly charged cytoplasmic anchor
domain, as predicted by the hydropathic analysis of Kyte
and Doolittle (24) and the secondary structure analyses of
Chou and Fasman (10).

(a) Signal sequence domain. Features characteristic of
membrane insertion (signal) sequences are a hydrophobic
core preceded by positively charged residues (32), immedi-
ately followed by a signal peptidase cleavage site near a
predicted beta turn (42). A hydrophobic sequence of amino
acids was found from Ile-13 to Val-26 in the EHV-4 gB
protein which we believe would be of sufficient length to
serve as a signal sequence hydrophobic core which spans the
membrane but not to serve as an anchor sequence (32).
Furthermore, the protein contains a Leu residue at core
position 2, a feature which is conserved in many eucaryotic

and procaryotic signal sequences (32), although the charac-
teristic Val-Val pair at core positions 7 and 8 is replaced by
Ile-Val. The hydrophobic core sequence is immediately
preceded by 12 amino acids, of which 2 are positively
charged, and by a further 56 amino acids which are predom-
inantly hydrophilic (residues —56 to —1, Fig. 6). A similar
hydrophilic region has also been reported for the gB ho-
molog of PRV (34) and bovine herpesvirus 1 (44), which has
led Robbins et al. (34) to speculate that these unusually long
leader sequences are a result of constraints imposed on this
region of the viral genome to encode both an upstream
protein and a functional signal sequence.

Cleavage of the EHV-4 gB signal sequence is predicted to

TABLE 1. Codon usage and predicted amino acid composition
of EHV-4 gB (110 kDa)

2nd
1st (%) A C G T 3rd Residue No.
(32%) (25%) (17%) (26%)
Ala 71
A@30) 36Lys 17 Thr 14 Arg 211le A Arg 65
36 Asn 23 Thr 18 Ser 9 lle C Asn 49
16 Lys 14Thr 9Arg 18Met G Asp 47
13 Asn 22Thr 6Ser 221le T Cys 18
Gln 29
C@0) 16GIn 19Pro 13Arg 19Leu A Glu 69
12His 11 Pro 16 Arg 14Leu C Gly 46
13Gln 10Pro 7Arg 12Leu G His 17
S His SPro 6Arg 16Leu T Ile 52
Leu 81
G@31) 31Glu 19Ala 16Gly 13Val A Lys 52
30Asp 20 Ala 12Gly 10Vval C Met 18
38Glu 11 Ala 12Gly 17VvVal G Phe 33
17Asp 21Ala 6Gly 33Val T Pro 45
Ser 79
T (19) 1Stop 11Ser OStop 10Leu A Thr 76
33Tyr 17 Ser 5Cys 6 Phe C Trp 12
OStop 6Ser 12Trp 10Leu G Tyr 43
10 Tyr 21Ser 13Cys 27Phe T Val 73
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occur after Ala-28, and this cleavage site is immediately
preceded by a beta turn. That this is a probable cleavage site
is also supported by the observations that a helix-breaking
residue (Gly or Pro) or a large polar residue (Glu) usually
occurs four to eight residues before the cleavage site (43); in
the EHV-4 gB protein, a helix-breaking Gly residue occurs
at position 22, six residues prior to the cleavage site, and a
polar residue (Glu) is found at position 27. Most signal
sequences contain either an Ala or Gly at their carboxy
terminus (43). The EHV-4 gB signal sequence carries an Ala
at its carboxy terminus, and the cleavage site is perfectly
aligned with that of HSV-1 gB, suggesting that the cleavage
site predicted for EHV-4 gB is likely to be accurate (Fig. 6).

(b) Hydrophobic transmembrane domain. The hydropathic
profile of the EHV-4 gB protein suggests the presence of a
transmembrane domain (amino acids 741 to 809) containing
three antiparallel segments connected to each other by a
very short turn region which traverse the membrane (Fig. 7),
as has previously been predicted for HSV-1 gB (31). These
membrane-traversing segments are thought to assume a
helical conformation (14).

The Chou and Fasman (10) analysis of these segments
suggests that the first segment (Asn-741 to Lys-754) has the
potential to adopt both alpha-helical and beta-sheet confor-
mations, as can the second segment (Leu-766 to Asn-786),
while the third segment (Phe-789 to Tyr-809) has an alpha-
helical structure. This transmembrane region is highly con-
served between EHV-4 gB and HSV-1 gB, with 39 of the 69
amino acids composing this domain being conserved. The
first segment of this domain is slightly shorter in the EHV-4
protein (14 amino acids) than in the HSV-1 protein (21 amino
acids), while the second and third segments are predicted to
be 21 amino acids long in both proteins. A short turn
followed by a random coil is predicted to occur between
segments 1 and 2 of the EHV-4 protein, although this
random coiling does not appear to occur in the correspond-
ing region of the HSV-1 protein.

However, the triple traverse of the membrane by gB in
this way has yet to be confirmed experimentally and is
predicted solely from analysis of sequence data obtained for
both HSV-1 and EHV-4 gB proteins.

(c) Hydrophilic surface domain. The hydrophilic surface
domain of EHV-4 gB is predicted to extend from Val-29 to
Asp-740. This domain is thought to reside on the outer
surface of the viral envelope and to contain the antigenic
determinants against which virus-neutralizing antibody is
directed (20, 31). This surface domain contains 11 potential
N-linked glycosylation sites, Asn-X-Ser, in which X is not
proline (35).

Four of the six potential N-linked glycosylation sites in
HSV-1 gB are perfectly conserved with EHV-4 gB, and all
10 cysteine residues outside the signal sequence are also
conserved, suggesting that the proteins possess similar sec-
ondary and tertiary structures. As predicted for HSV-1 gB,
most of the glycosylation sites are located at the junction of
alpha-helical and beta-sheet domains, suggesting that these
sites are exposed to the outer surface of the molecule (31).

Eighteen major alpha-helical domains, nine major beta-
sheet domains, and five major turns containing at least seven
amino acids are predicted for the amino acid sequence of
EHV-4 gB.

(d) Cytoplasmic domain. The remaining 110 amino acids of
EHV-4 gB constitute the cytoplasmic domain, which is
predicted to be hydrophilic and to adopt an alpha-helical
conformation. This carboxy-terminal segment is thought to
function as a cytoplasmic anchor domain.

EQUINE HERPESVIRUS 4 GLYCOPROTEIN gB GENE 1131

This domain shares a primary amino acid homology of
49% with the cytoplasmic domain of HSV-1 gB, with 54 of
the 110 amino acids constituting this domain being con-
served.

Of the 110 amino acids in the cytoplasmic domain of
EHV-4 gB, 24 are positively charged and 17 are negatively
charged, giving an overall positive charge (the HSV-1 gB
cytoplasmic domain is also positively charged and contains
109 amino acids).

DISCUSSION

We identified the glycoprotein gB gene within a genomic
library of EHV-4 using both 5’ and 3' HSV-1 gB DNA
probes in dot-blot and Southern blot analyses. The gene was
localized to a 2.95-kb BamHI-EcoRI subfragment of the
BamHI C viral restriction fragment and the right-hand end of
the adjacent BamHI M fragment. We sequenced this region
and identified an ORF of 2,925 nucleotides, the primary
translation product of which would be a 975-amino-acid
protein with a molecular mass of 110 kDa, slightly larger
than the 903-amino-acid (100.3-kDa) protein predicted for
HSV-1 gB. The genes for these proteins show a DNA
homology of 52%, and the transcriptional control signals of
the two genes are highly conserved. This transcriptional
control domain also encodes the carboxy-terminal amino
acids of the protein ICP18.5, with EHV-4 ICP18.5 showing
48% homology at the amino acid level to HSV-1 ICP18.5 in
this region.

EHV-4 gB and HSV-1 gB proteins are 47% homologous
and possess highly conserved hydrophilic surface, hydro-
phobic transmembrane, and cytoplasmic anchor domains,
while the signal sequence domains show the least homology.
Two signal sequences may be predicted from the data. A
sequence of 28 amino acids would be similar to the 30-
amino-acid sequence of HSV-1 (KOS) gB and would be in
keeping with the length and structure of other glycoprotein
signal sequences. However, an alternative signal sequence
of 84 amino acids is likely given the precedent of an
85-amino-acid signal sequence predicted by M. Whalley for
EHV-1 gB (personal communication) and signal sequences
of 53 and 67 amino acids which have been predicted for the
PRV and bovine herpesvirus 1 gB homologs, respectively
(34, 44). Whichever sequence is adopted, the mature form of
EHV-4 gB is predicted to be 891 amino acids (100.8 kDa) in
size.

The hydrophobic domain of both proteins is predicted to
be 69 amino acids long and to contain three antiparallel
segments passing through the membrane (31). From these
predictions, segments 2 and 3 appear to be identical in size
(21 amino acids), whereas segment 1 is thought to be
somewhat shorter in EHV-4 gB (14 amino acids compared
with 21 amino acids for HSV-1 gB). Furthermore, the two
proteins possess similar-sized hydrophilic surface domains
which contain epitopes for virus-neutralizing antibody (20,
31), and all 10 cysteine residues and four of six potential
N-linked glycosylation sites in this domain are perfectly
conserved. These observations suggest that the two proteins
adopt similar secondary and tertiary structures.

EHV-4 gB contains five more potential N-linked glycosyl-
ation sites than HSV-1 gB, and it is interesting to note the
presence of three such sites immediately adjacent to each
other (residues 493 to 501), with the central site being
conserved with one such site in HSV-1 gB. It is possible that
oligosaccharides are not added at all of these three sites, and
no direct evidence exists that fully processed EHV-4 gB
contains 11 oligosaccharide chains.
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The cytoplasmic anchor domain of EHV-4 gB is composed
of 110 amino acids (compared with 109 amino acids for
HSV-1 gB) and serves to anchor the protein to the mem-
brane.

It has been proposed that gB is part of a multiprotein
complex which determines the social behavior of infected
cells and the structure of infected cell membranes (36). The
cytoplasmic domain is thought to interact with virion tegu-
ment proteins and with other membrane proteins to affect
the social behavior of infected cells (29), since syn mutations
have been mapped to this domain in HSV-1 gB (9, 31) (a
single amino acid substitution at position 857 [Arg to His]
gives rise to a syncytial phenotype [9]). It has been predicted
that a stretch of amino acids before this Arg residue may
adopt both a hydrophobic and hydrophilic character and that
this region interacts with other proteins (29).

The gB counterpart in VZV, gpll, is known to exist as a
disulfide-linked dimer (18). The mature species of VZV gpll
has further been suggested to exist as a disulfide-linked
heterodimer generated by an in vivo proteolytic cleavage
between Arg-431 and Ser-432 of gpllI (21). We observed that
the residues Asn-426-Thr-427-Arg-428-Ser-429-Arg-430—
Arg-431-Ser-432 immediately before and including this
cleavage site are aligned with the residues Asn-454-Thr-
455-Asn-456—-Arg-457-Thr-458-Arg-459—Arg-460-Ser-461 of
EHV-4 gB. Six of these residues are perfectly matched,
including the cleavage site. It would therefore be interesting
to speculate whether EHV-4 gB would also exist as a
disulfide-linked dimer as a result of proteolytic cleavage
between Arg-460 and Ser-461. This would bisect the mole-
cule, as is the case with VZV gpll proteolytic cleavage.

We compared the predicted amino acid sequence of EHV-
4 gB with the VZV gpll, PRV gpll, Epstein-Barr virus gB,
and human cytomegalovirus gB amino acid sequences and
report homologies of 51, 54, 30, and 29%, respectively. The
gB glycoproteins of the alphaherpesviruses show a similar
degree of homology to each other (47 to 54%) and signifi-
cantly less homology to the gB protein of the betaherpesvi-
rus human cytomegalovirus (29%) and the gammaherpesvi-
rus Epstein-Barr virus (30%). Furthermore, Epstein-Barr
virus gB and human cytomegalovirus gB are only 30%
homologous, suggesting that each family of herpesviruses
has separate ancestral origins.

We also report that the EHV-4 gB glycoprotein shows
88% homology to the gB glycoprotein of EHV-1 (M. Whal-
ley, personal communication).

It would now be of interest to produce EHV-4 gB protein
in a suitable E. coli expression vector system and to assess
the efficacy of the purified protein as a subunit vaccine.

The prediction of the structure of potentially immunogenic
viral glycoproteins by DNA sequence analysis and the
subsequent expression, purification, and testing of such
proteins as potential vaccines against the virus will, it is
hoped, lead us to a better understanding of viral infection.
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