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ABSTRACT
We have determined the sequence of herpes simplex virus type

1 DNA around the previously mapped location of sequences
encoding an epitope of glycoprotein gH, and have deduced the
structure of the gH gene and the amino acid sequence of gH. The
unprocessed polypeptide is predicted to contain 838 amino acids,
and to possess an N-terminal signal sequence and a C-terminal
transmembrane sequence. Temperature-sensitive mutant tsQ26 maps
within the predicted gH coding sequence. Homologous genes were
identified in the genomes of two other herpesviruses, namely
varicella-zoster virus and Epstein-Barr virus.

INTRODUCTION

The virion of herpes simplex virus (HSV) possesses an outer
envelope consisting of a lipid bilayer in which are embedded a
number of glycoprotein species. By the early 1980s it appeared,
following a period of some confusion, that both serotypes of HSV
encoded four membrane glycoprotein species, termed gB, gC, gD
and gE (for review, see ref. 1). However, recent work, in
particular the application of monoclonal antibody techniques and
of DNA sequence analysis, has detected other glycoprotein
species or has shown that further glycoproteins may be encoded
in the HSV genome. Thus, an HSV-2 glycoprotein named gG or g92K
has been described (2,3,4), encoded by a gene in the short
unique region (Us: see Figure 1) of the HSV-2 genome. In HSV-1,
sequence analysis of the Us region has indicated the presence of
three genes thought to encode "extra" glycoproteins (5,6), one
of which is the HSV-1 equivalent of HSV-2 gG (7; also,
unpublished data). Lastly, Buckmaster et al. (8) used a
monoclonal antibody to define a new glycoprotein of HSV-1,
termed gH, whose gene mapped to a position in the long unique
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Figure 1. Organization of the gH gene region in the genome of
HSV-1. The upper part of the figure depicts the prototype HSV-1
genome, with numbering in fractional map units. The long and
short unique sequences are shown as solid lines, with major
repeat elements as open boxes. The middle part of the figure
expands a 6 kb region from 0.268 to 0.312 map units, to show the
layout of 57K, 90K (gH.) and TK genes. Positions and orientations
of transcripts are indicated, with predicted coding regions as
open boxes. The lower part of the figure shows the mapping
bracket for the gH epitope (0.282 to 0.308 map units; 8), with
numbering as in the sequence listing of Figure 2. The position
of the mapping bracket's left end is uncertain in terms of the
HSV-1 DNA sequence (see text), and the region of uncertainty is
indicated as a dashed line.

region (UL: see Figure 1) distinct from other glycoprotein
genes.

This paper is concerned with the identity and structure of

the gH gene, which lies in a part of the HSV-1 genome for which

we have determined the sequence. We have located the gH gene

and have deduced the encoded amino acid sequence of gH. In

addition, we have identified corresponding genes encoded by the

alphaherpesvirus varicella-zoster virus (VZV) and by the

gammaherpesvirus Epstein-Barr virus (EBV).

MATERIALS AND METHODS

The DNA sequences of plasmid cloned copies of HSV-1 strain

17 restriction fragments were determined by the M13/chain
terminator system as described (5,9,10). For the sequence

reported in this paper, fragments used were EcoRI j cloned in
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pACYC184 (from V.G. Preston) and BamHI p cloned in pAT153 (11).
Computer handling and interpretation of sequence data used a

PDPl1/44 under RSXllM as described (5,10).

RESULTS

(a) Identification of the HSV-1 gene encoding gH

The monoclonal antibody (LPll) used to define HSV-1 gH is

type specific (that is, it is not active against HSV-2) (8).
This enabled Buckmaster et al. (8) to locate the portion of the

HSV-1 genome encoding the epitope recognized by LPl1 to a 4 kb

region in UL, between 0.282 and 0.308 map units, by assaying

activity of LP11 against a reference set of intertypic
recombinants. As part of a large scale DNA sequence analysis of

the HSV-1 genome, we have determined the sequence of this

region, and this is shown in Figure 2, as 3740 bp of composition

65.7% G+C. For a reason which will become apparent, the

sequence is listed as the strand oriented 5' to 3', right to

left, on the genome diagram of Figure 1. The right boundary of
the gH epitope mapping bracket is marked by an SstI site in

HSV-1 (11) (residue 1 in Figure 2). The left boundary is

defined by a KpnI site in HSV-2 (12), and so cannot at present

be placed with exactitude on the HSV-1 sequence, but lies

between HSV-1 KpnI sites at residues 2969 and 3735 in Figure 2.

Together with published mRNA mapping data and sequence studies
(13,14,15), the sequence enabled the deduction of gene

arrangement and of amino acid sequences of encoded proteins. As

shown in outline in Figure 1, and explicitly in Figure 2, the

region contains all or part of three genes. At its right

extremity lies the downstream portion of the leftward
transcribed thymidine kinase (TK) gene (13,14). To the left of
the target region there is a rightward transcribed gene (15)
encoding a protein of predicted Mr 57,638 (here called 57K), of
unknown function (our unpublished data). The mapping bracket

may just include a small part of the 57K coding sequence.

Finally, between the TK and 57K genes there is a leftward

transcribed gene (16), encoding a protein of predicted Mr 90,360
(now called 90K), and this gene is completely, or almost

completely, within the mapping bracket.
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The well-studied TK gene can at once be dismissed as a

candidate for encoding gH. The 57K gene can also be reasonably

excluded, since the encoded protein does not possess any visible

signal sequence or transmembrane segment. In addition, only the

sequence encoding the 19 C-terminal amino acids can lie within
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the mapping bracket, even on the most favourable interpretation.

In contrast, the 90K protein encoded by the centrally placed

gene possesses a hydrophobic N-terminal region which could

comprise a signal sequence (6), and a second hydrophobic region,

adjacent to the C-terminus, which could be a transmembrane

anchor sequence (see below). The protein sequence also contains
7 potential N-glycosylation sites. The unprocessed polypeptide
has a predicted Mr appropriate for a precursor of glycosylated

gH, which has an estimated Mr Of 110,000 to 120,000 (8,17).
Finally, it is already known that the 90K gene is transcribed,

late in lytic infection (16).
It is clear from these arguments that the 90K gene is an

excellent candidate for encoding gH and also that no real

alternative is discernible within the mapped locus. We

therefore conclude that we have located the gH gene. While this

stops short of a formal identification, nonetheless, from the
viewpoint of DNA sequence interpretation the conclusion appears

well justified. In the following sections we describe the

sequence of the gH gene and characteristics of the protein, and

identify corresponding genes in the genomes of two other

herpesviruses.
(b) The gH gene and polypeptide

The mRNA species which we now believe to encode gH was

previously characterized by Sharp et al. (16) as an abundant,

late transcript of approximately 3 kb, whose 5'-terminus was

located 23 residues 3' to the 3'-terminus of TK mRNA (that is,
at residue 779 in Figure 2). As those authors pointed out, this
implies that the promoter for the 3 kb transcript must overlap

the 3'-terminus of the TK gene. We now consider that the mRNA's

Figure 2. DNA sequence of the gH gene region in the genome of
HSV-1. The sequence is shown for the leftward 5'-3' strand only
for the gH gene region, as indicated in Figure 1. This sequence
was obtained using plasmid-cloned fragments BamHI p (residues 1
to 2305) and EcoRI q (residues 1785 to 3740). The 5'-terminus of
gH mRNA is indicated as "0---->", and the 3'-terminus of TK mRNA
(13,14,15), together with predicted 3'-termini for gH and 57K
mRNAs, as "-:". Polyadenylation associated sequences AATAAA
are underlined. Predicted amino acid sequences are shown for gH
and for the C-terminal portions of TK and the 57K protein. In
the gH amino acid sequence, hydrophobic regions representing
probable signal and transmembrane sequences are overlined, as are
possible N-glycosylation sites.
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3'-terminus should be adjacent to one or both of the

appropriately positioned polyadenylation associated sequences

AATAAA at residues 3490 and 3531. This would give the `3 kb"

RNA a length, excluding poly(A), of 2740 to 2780 residues.

Downstream of these termination sites there is an intergenic

region of 90 to 130 residues, followed by the 3'-terminus of the

57K gene (see Figure 2).

Within the "3 kb" mRNA region, the first potential

translation initiation codon is at residue 978, and this opens a

reading frame of 838 codons, terminating with TAA at 3492, which

is thought to encode gH. The predicted amino acid sequence

exhibits an uncharged region of 20 residues at its N-terminus.

We have previously shown by criteria of length and

hydrophobicity that this region probably comprises a signal

sequence for translation on membrane bound ribosomes (6).

Adjacent to the C-terminus there is another stretch of uncharged

amino acids (residues 975 to 824), followed by several basic

residues, which we presume to comprise a transmembrane anchor

region (18). These two hydrophobic sequences are illustrated by

the "hydropathy" plot of Figure 3. Within the proposed external

domain (up to residue 794) there are seven occurrences of

potential N-glycosylation sites (N-S and N-T; ref. 20). The 838

codon open reading frame would encode a polypeptide of Mr

90,360. From proposals for prediction of the site of cleavage

by signal peptidase (21,22), it is most likely that cleavage

would occur after residue 18, leaving an 820 residue polypeptide
of Mr 88,489.

In 1983, mapping of the temperature-sensitive mutation in

HSV-1 strain KOS tsQ26 to a small region adjacent to the TK gene

was reported (23). On the sequence listing of Figure 2, the

tsQ26 mapping bracket is bounded by the PvuII site at 1290 and

the EcoRI site at 1785, a region wholly within gH coding

sequence. Thus, it is now clear that tsQ26 is a mutation in the

gH gene, demonstrating that gH is an essential protein, at least

in tissue culture infection.
We have compared the predicted gH amino acid sequence with

sequences of other HSV-1 glycoproteins, including gB (24), gC

(25), gD (5), gE (5) and three other species, encoded in the
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Figure 3. Hydropathy plots for predicted amino acid sequences of
herpesvirus glycoproteins. Scans of the local hydrophobic and
hydrophilic characters are shown for the predicted amino acid
sequences of gH and the corresponding VZV and EBV proteins (see
text). For each, the x-axis represents a set of 11-residue
windows on the sequence, with successive windows incremented by 3
residues, and the N-terminus at the left. The y-axis represents
the hydropathy sum (19) for each window (scale: -40 to +40).
High values represent hydrophobic regions, and low values
hydrophilic regions. Proposed signal sequence and transmembrane
sequence hydrophobic regions are underlined.

short unique region (5,6,7). However, no significant
similarities were found.

(c) Identification of VZV and EBV counterparts of the gH gene
HSV and VZV both belong to the Alphaherpesvirinae
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I MGNGLWFVGVI ILGVAWGQVHDWTEQTDP - IDG1GK0RFIYIIRD?lTGTRLULPNTPDPQKPPRGFLAPPDBLNLTTASWPLLRWYZeRFCFVLVTTAEFPRDPGffiYI PKTYLLGRPPN

1 8 FALVLAWVILPLWTTANKSYVTPTPATRSIGHIMSALLREYSDRZNSLKL ZAFYPTGF DEZLIKSLHBmNDRIHVFLVIVKVNPTTHE GDVG LVIFPKYLLSPYHFK

121 ASLPAPTTVEPTAgPPPSVAPLKGLLH8PAASVLLRSRAWVTFS"PDPRALTFPRODNVATASHPSG PRDTPPPRPPV0ARRHPTTELDITHLHNASTTWLATRGLLRSPGRYV

108 AEHRAPFPAGRFGFLSHPVTPDVSFFDSSFAPYLTTOHLVA0TTFPPNPLVlHLZRAZTAATAZRPFGV8LPARPTVPKNTILEHKAHFATlDALARHTFFSACAIITNSTLRI

236

223

356

340

YFSPSASTWPVGIWTTGELVLGCDAA,LVRARYOREFNGLVI81WDPPV V"VVpAGTLDRVGDPADZMPPGAPPPGGPRYRVFVLGSLTRADNGSALDALRRVGGYPEeGTNYAQF

HVPLFGSVWPIRYWATGSVLLTSDSGRVEVNIGVGFMSSLISL8SGPPIELIVVPHTfVKLAv TSDTTWFQLNPPGPDPGPSYRVYLLG RGLDMFSKHATVDICAYPKESLDYRYH

LSRAYAEFFSGDAGAEO GPRPPLFWRLTGLLATSGFAFVNAAHAIGAVCL8DL LAHSRALAGLAARGAGCAADSVFFNVSVLDPTARL LEARLQHL VAEILEREOSLALHA

LSMAHTEALRMTTKADOHDINEESYYHIAARIATSIFALSEMGRTTKYFLLDIIVDVQYQLKFLMYILKRIGAO AHPNTI8GTSDLIFADPSQLHDELSLLFGQVKPANVDYFISYDZA

472 LGYQLAFVLDSPSAYDAVAPSAAHLIDALYAEFLGGRVLTTPVVHRALFYABAVLEOPFLAGVPSAVQRZERARRSLLIASALCTSDVAAATNADL RTALARADHOKTLFWLPDHFSPC

459 RDQLKTAYALSRGQDHVNALSLARRvIMsIYKGLLVKQNLNATROQPFAMSIL LNFREGLE8SSRVLDGRTTLLLMTSMCT AAHATQAALNI EGLAYLPS8KHMFTIPNVYSPC

590 AASLRFDLDESVFILDALAQATRSETPVEVL AOOTHGLABTLTRWAHYNALIRAFVPEA8HRCOMAEWPRILVPITHNASYVVTHSPLPRGIGYKLTGVDVRRPL

576 MGSLRTDLTEEIHVMNLLSAIPTRPGLNEVLHTQLDESEIFDAAJKTMIXFTTTW AKDLHILHTHVPEVFTCQDAAARNGEYVLILPAVOGHSYVITRNKPQRGLVYSLADVDVYNPI

698 FLTYL TATCEGSTRDIESKRLVRTQNQRDLGLVGAVFMRYTPAGEVNSVLLVDTDNT0QQIAAGPTEGAPSVFSSD VPSTALLLFPNGTVIHLLAFDTQPVAAIAPGFLAAS

694 SVVYLSRDTCVSEHGVIETVALPHPDNLKECLYCGSVFLRYLTTGAIMDIIIIDSKDTERQLAAMGNSTIP PFNPDMHGDDSKAVLLFPNGTVVTLLGFERROAI8RSGQYLWASLGGA

810 ALGVVMITAALAGILKVLRTSVPFPWRRE

813 FLAVVGFGIIGWMLCGNSRLREYNKIPLT

Figure 4. Comparison of HSV-1 gH and VZV gene 37 proteins.
The predicted amino acid sequences for gH and VZV gene 37 protein
(28) were aligned by the program of Taylor (29), using default
parameters. The gH sequence is the upper, and pairs of identical
residues are indicated by asterisks. Gaps introduced by the
program are shown as blanks. Proposed signal sequences and
transmembrane sequences are overlined or underlined.

sub-family, although they differ substantially in their DNA

sequences and in details of genome organization (26,27). The

complete sequence of the VZV genome has recently been determined

(28), and this has allowed us to identify a counterpart to the
HSV-1 gH gene, namely VZV gene 37. These genes occupy

corresponding positions in each genome, and comparison of the
two predicted amino acid sequences shows clear homology. In the

alignment shown in Figure 4, the sequences exhibit 25% matching.
The VZV gene 37 polypeptide would contain 841 amino acids in its
unprocessed form. Like HSV-1 gH, there are hydrophobic regions
at the N-terminus and near the C-terminus, thought to be the
signal sequence and transmembrane sequence, respectively
(Figures 3 and 4). There are ten potential N-glycosylation
sites.

In 1984, Baer et al. (30) published the complete genome

sequence of EBV, which is classified as a member of the

Gammaherpesvirinae sub-family (26). This is only distantly
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VZV 508 FAS8ILL8FRSGLNSSRVLDGRTTLLLTSMCTAAHATOAl8NIOEGLA YL8P8KH

EsV 423 IGSHVVL RELRLN V?TQGPNLALYOLLSTALC SALEIGEVLR GLA

HSV 521 YAS AVL RQPFLAGVPSAVQRERARRSLLIASALCTSDVAAATNADLRTALARADHOK

VZV 565 MFTIP8VYSPCMGSLRTDLTEEIHVMNLLSAIPTRPGL NEV LITOL DES

esV 468 LGTESGLFSPCYLSLRFDLT RDKLLSHAPQEATLDQAAVSNAVDGFLGRL.S LER

HSV 578 TLF8LPDHFSPCAASLRFDLD ESVFILDALAOATRSETPVIVLAQOTHGL8TLTR

Figure 5. Comparison of EBV BXLF2 amino sequence with the two
alphaherpesvirus sequences. Alignments are shown for portions
of the BXLF2, VZV gene 37 protein and gH sequences. Identical
pairs of residues between BXLF2 and either of the others are
marked by asterisks. Gaps introduced to obtain alignment *are
shown as blanks. This figure was constructed from computed
alignments (29) of BXLF2 with each of the other sequences
separately. It does not represent an overall optimal alignment
of all three sequences.

related to the Alphaherpesvirinae, but several EBV genes have

now been shown to have counterparts in HSV (31,32,33,34). From
the complete VZV genome sequence (28), a number of homologous

VZV and EBV genes have been identified, and an overall

relationship between the gene arrangements of the two genomes

has emerged (A.J. Davison and P. Taylor, in preparation). This
showed that VZV gene 37 had a probable counterpart in the EBV

reading frame BXLF2 (30), in terms of genome positions. BXLF2
would encode a protein of 706 amino acids. We have evaluated
relations between the BXLF2 amino acid sequence, and the

sequences of HSV-1 gH and VZV gene 37 protein. The N-terminal
half, approximately, of the BXLF2 sequence showed little or no
homology with the others by the procedures used, but regions in
the C-terminal portions were recognizably related, although

generally weakly. Alignment required introduction of many small
gaps. The most convincing homology is at residues 475 to 487 in
the BXLF2 sequence, and this is shown in Figure 5, together with

flanking sequences. This is also one of the regions most

conserved between the sequences of gH and VZV gene 37 protein

1 MOLLCVPCLVLLWEVGAASLSEIVLHLDIEGHASHYTIPWrELMAKVPGL 50

657 HYLLLTTNGTVMEIAGLYEERAHVVLAIILYPIAFALGIFLVHKIVMFFL 706

Figure 6. Terminal regions of EBV BXLF2 protein.
The N-terminal 50 residues and C-terminal 50 residues are listed
for the BXLF2 protein (30), with overlining to indicate proposed
signal sequence and transmembrane sequence.
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(Figure 4). As shown in Figures 3 and 6, BXLF2 also possesses

candidate signal and transmembrane sequences. There are five

potential N-glycosylation sites. In summary, it is clear that

this EBV gene is related to the two alphaherpesvirus genes,

although widely diverged, and encodes a membrane-inserted

protein, presumably a virion glycoprotein. A promoter for the

gene has been identified, which is active late in the

replicative cycle (30).

DISCUSSION

We conclude from these studies that we have identified the

HSV-1 gene for gH, and that the protein has a standard

arrangement of N-terminal signal sequence, a number of possible
N-glycosylation sites and a C-terminal membrane anchor region.
The function of HSV-1 gH is presently unknown, but its

importance was indicated by the findings that monoclonal

antibody LPl1 could neutralize virus infectivity and also,

uniquely, inhibit plaque formation when added after the start of

infection (8). Our conclusion that the previously mapped tsQ26
mutation (23) lies in the gH gene shows that gH is essential,
and the finding that the gH gene has counterparts in VZV and in

EBV, which is not the case for several of the other HSV

glycoproteins, could also argue a basic functional role for gH

and its homologues.
Biochemical and immunological studies have distinguished

four VZV glycoproteins, and the genes for three of these have

been identified (35,36,37). These, however, do not include gene

37. The complete DNA sequence contains five probable

glycoprotein genes (28). It seems likely that gene 37 encodes

the glycoprotein designated gpIII by Davison et al. (37), but we

have no direct evidence on this.
In the case of EBV, present knowledge regarding virion

glycoproteins is quite limited. Three species, termed gp350,

gp220 and gp85, have been recognized (38,39). From the complete

genome sequence, Baer et al. (30) proposed the existence of five

glycoprotein genes. For only two of these, encoding the related

gp350 and gp220 species, have the corresponding glycoproteins

been identified (40,41). Another gene encodes a protein
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homologous to HSV-1 gB (34). BXLF2 was not suggested as a

possible glycoprotein gene by Baer et al., so it now appears

that EBV may encode six glycoproteins.
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