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We report significant sequence and predicted secondary structure homology between the herpes simplex
virus 1 glycoprotein B (gB) and a protein predicted to be encoded by the BALF4 reading frame of Epstein-Barr
virus (EBV). Homology was detectable at the DNA level and was highly significant at the protein level and when
evolutionary substitution frequencies of amino acids in related proteins were taken into account. Hydropathic
analyses predicted that the two proteins possess conserved N-terminal and C-terminal hydrophobic domains.
The N-terminal hydrophobic domains share features in common with known cleavable membrane insertion
signal sequences. The amino acid sequences of the C-terminal hydrophobic domains predict three adjacent
membrane-spanning segments as had been previously predicted for gB. In an alignment of the two amino acid
sequences, 247 of 903 gB residues had a matched pair in the BALF4 sequence, and 247 of 854 BALF4 residues
were found to have a matched pair in the gB sequence. In addition, all 10 cysteine residues located outside the
predicted signal sequence of both proteins were conserved; as were four predicted N-linked glycosylation sites.
In all, 43% of the residues in the aligned sequences are predicted to possess equivalent secondary structures.
gB is a virion envelope glycoprotein required for virus entry into cells. The domain of gB determining the rate
of entry into cells has been mapped; the predicted structure of this domain in gB and the predicted EBV protein
are almost identical. Similarly, the cytoplasmic domain of gB postulated to interact with submembrane proteins
was also nearly identical in predicted structure to that of the EBV protein. These results suggest that EBV
encodes a protein similar in structure and function to the herpes simplex virus 1 gB.

The herpesviruses constitute a family of related viruses
characterized by a core containing double-stranded DNA
enclosed in a rigid icosadeltahedral capsid surrounded by
proteins (the tegument) and a membrane (the envelope).
Herpesviruses have been isolated from most vertebrates
examined for the presence of these viruses. In addition to the
morphology of the virion, the members of the herpesvirus
family share a similar reproductive cycle and ability to
remain latent in their hosts. The herpesviruses differ, how-
ever, in the size of their genome, host range, and in other
biologic properties (27).
Of the five herpesviruses that infect humans (herpes

simplex virus 1 [HSV-1], herpes simplex virus 2 [HSV-2],
Epstein-Barr virus [EBV], cytomegalovirus, and varicella-
zoster virus), only HSV-1 and HSV-2 are closely related as
measured by DNA homology (17) and viable recombinant
progeny (22). Because HSV-1 and HSV-2 grow readily and
yield high-titer progeny in a variety of cell species and
nonhuman hosts, they have been extensively characterized
genetically and biochemically. The studies on the function of
EBV gene products have lagged largely because the poor
growth of EBV in cell culture has precluded the isolation of
conditionally lethal mutants.
One approach toward the identification of EBV genes and

elucidation of their function is based on the assumption that
although EBV and HSV diverged significantly from a com-
mon ancestor, gene products performing similar functions
may retain some amino acid sequence homology and sec-
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ondary structure features. This approach has led to the
discovery that several HSV-1 genes have DNA and protein
sequence homologs in EBV. These include the ribonucleo-
tide reductase (12), the DNA polymerase (1), and proteins of
unknown function (6; unpublished data). In this paper, we
report that an open reading frame of the EBV genome
designated as BALF4 (EBV coordinates 159,322 to 156,752
[1]) may encode a protein sharing significant amino acid
sequence homology and many predicted structural features
with the glycoprotein B (gB) specified by HSV-1.

Relevant to this report are the following properties of the
HSV-1 gB (for a review, see reference 31). gB is one of the
five major glycoproteins specified by HSV, a major target of
the host immune response and the only HSV glycoprotein
whose gene has yielded well-characterized, conditionally
lethal and nonlethal mutations. Analyses of these mutants
has led to the conclusion that gB is involved in the fusion of
the virion envelope to the cellular membrane and in the
fusion of cells (Syn' phenotype). Another class of well-
characterized mutants exhibit altered reactivity to neutraliz-
ing antibody directed against gB (14, 18). A population of the
HSV-1 gB extracted from virions is a dimeric protein (29).
Structural predictions (24) for gB based on genetic, biochem-
ical, immunological, and DNA sequencing studies indicated
that gB is a 903-amino-acid protein consisting of a N-
terminal domain projecting into the extracellular environ-
ment containing six potential sites for N-linked glycosylation
and mutations affecting reactivity with neutralizing anti-
body, a hydrophobic domain consisting of three membrane-
spanning segments, and a positively charged domain carry-
ing the Syn- mutations and projecting into the cytoplasmic
side of the membrane.
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FIG. 1. Dot homology matrix plots at the DNA and protein levels between HSV-1 gB and EBV BALF4. In all three plots gB is represented

on the horizontal axis, and BALF4 is represented on the vertical axis. (A) DNA sequence comparison between the coding regions of gB and
BALF4. A dot is plotted if a minimum of 34 nucleotides within a 57-nucleotide window match. (B) Protein sequence comparison between gB
and BALF4. A dot is plotted if 8 amino acids within a 19-residue-wide window match. (C) Comparison of evolutionary relatedness between
gB and BALF4. A dot is plotted if a score of evolutionary relatedness (see Materials and Methods) summed over a 19-amino-acid window
is equal to or greater than 230.

In this report, we extend these predictions to the protein
encoded by the BALF4 reading frame of EBV and conclude
that gB and BALF4 have arisen from a common progenitor
gene and share functional domains.

MATERIALS AND METHODS

DNA sequences. The nucleotide sequences of the HSV-1 gB
gene and of the BALF4 reading frame of EBV have been
previously reported (2-4, 24). The sequence of the HSV-1
strain F gB (24) was used in all analyses reported here.
Computer analysis of the sequences. The homology was

originally found by using the LIBSEQ program of A. D.
McLachlan (unpublished data). A dot matrix analysis pro-
gram with an algorithm similar to the program DIAGON (32)
was used for graphic comparison of the two sequences.
Comparisons based on evolutionary substitutions were done
as described by Dayhoff (7), with the amino acid substitution
values of Staden (32). This comparison is based on the
assignment of values for specific substitutions of one amino
acid by another amino acid, as deduced from substitution
frequencies among related sequences. The conservation of
some amino acids receives a higher value (e.g., a value of 27
is assigned for a conserved Trp) than does conservation of
other amino acids (e.g., a conserved Ala receives a value of
12). The difference in assigned values between a Trp and an
Ala conservation reflects the relative ease with which Ala
can be substituted evolutionarily by other amino acids and,
conversely, the relative difficulty of substituting for Trp. The
extremes of values assigned by the substitution matrix for
heterologous amino acid replacements are represented by a
value of 2 for a Cys-to-Trp substitution and 17 for a Phe-to-
Tyr substitution.
The initial alignment of the two sequences was done by

using the program of Wilbur and Lipman (34), and adjust-
ment of the alignment to take into account predicted struc-
tural features was done with the aid of the "scissors and
glue" alignment program obtained from Hugo Martinez at
the University of California at San Francisco. Hydropathic
analysis was done as determined by the procedure of Kyte
and Doolittle (19), and amphipathic analysis was done as
described by Eisenberg (8, 9).

RESULTS
Comparison of nucleotide and predicted amino acid se-

quences of HSV-1 gB and ofEBV BALF4. The diagonal in the
plot of Fig. 1A indicates the homologous domains in the

coding regions of gB and BALF4. The most striking homol-
ogy was exhibited by a region of approximately 500 nucleo-
tides encoding a portion of the C-terminal half of the
molecules, but some similarity was present in other domains
of the coding regions.
A comparison of the amino acid sequences of gB and

BALF4 is shown in Fig. 1B. In this plot, the similarity of the
two sequences was much more apparent inasmuch as it
negates the effect of evolutionary randomization of codon
usage on nucleotide sequence homology. These results indi-
cated that the regions of homology at the DNA level were a
subset of the homologous regions seen in the amino acid
comparison and that the C-t'erminal half of the HSV-1 strain
F gB is the most conserved domain of the gene. If the
evolutionary relatedness of amino acids is taken into ac-
count, an even higher degree of relatedness is seen (Fig. 1C).

Hydropathic analyses of the proteins predicted by the DNA
sequences of HSV-1 gB and EBV BALF4. Confirmation of the
evolutionary relatedness of the coding sequences of HSV-1
gB and EBV BALF4 emerged from analyses of the predicted
structures of the proteins. Figure 2 presents the hydropathic
profiles of gB and BALF4 constructed as described by Kyte
and Doolittle (19). The most striking features seen in the
plots are the N-terminal hydrophobic maxima and the three
hydrophobic peaks near the C terminus of both molecules.

It was previously predicted that the N-terminal hydropho-
bic region of gB could serve as a cleavable signal sequence,
because the amino acid sequence within this region was in
agreement with known features of such sequences (24). A
similar analysis of the BALF4 hydrophobic region indicates
that it also has the features of a cleavable signal sequence
(25, 33). Specifically, the hydrophobic core sequence is
preceded by a region containing positively charged residues
(25) and is followed by a sequence that fits the cannonical
cleavage recognition site (25, 33) which is near a predicted
beta turn (33). In addition, the hydrophobic core sequence of
both molecules contains a Leu at core position 2 and a
Val-Val pair at core positions 7 and 8, features that have
been found to be conserved in eucaryotic and procaryotic
signal sequences (25). The cleavage of the gB signal se-
quence was predicted to occur after the Ala29 (24), whereas
the BALF4 signal sequence is predicted to be cleaved after
Ala22.
The hydrophobic domain near the C terminus of HSV-1

gB was previously predicted to constitute a three-segment
membrane-spanning domain of the glycoprotein (24). Al-
though sequence conservation between HSV-1 gB and EBV
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FIG. 2. Hydropathic analysis of HSV-1 gB and EBV BALF4.
The hydropathic profiles of both proteins were determined by using
the algorithm of Kyte and Doolittle (19) with a moving window of 7
residues. The subsequent profile was smoothed for plotting by
taking its average in a moving 3-residue-wide window. The x axis of
the plots is drawn at the average hydropathicity value deduced by
Kyte and Doolittle so that points above the line are of above-average
hydrophobicity and those below the line are of above-average
hydrophilicity. The portions of each molecule predicted to function
as the signal sequence and membrane-spanning anchor sequence are
highlighted by heavier lines at the N-terminal end (left) and C-
terminal end, respectively.

BALF4 in this region is less extensive than elsewhere, the
presence of three hydrophobic maxima near the carboxyl
terminus of BALF4 (Fig. 2), of width sufficient for the amino
acids in the segments to span the lipid bilayer, indicated that
BALF4 may possess a structure similar to that predicted for
gB. Hydrophobic moment analyses (Fig. 3) and helical wheel
analyses (30; data not shown) of the three hydrophobic
segments indicate that the predicted membrane-spanning
helices of both proteins have the features expected of
membrane-bound helices, which interact with other mem-
brane-bound protein structures in that the segments are
simultaneously amphipathic and hydrophobic, i.e., one face
of each helix contains smaller residues and polar residues
which could allow interactions with other protein segments,
while the opposite side of the helix is composed of nonpolar
and relatively larger residues which would interact with the
nonpolar lipid portion of the membrane. Analyses of crys-
tallographic data bases indicate that inter- and intrahelical
hydrogen bonding and salt bridges within hydrophobic re-
gions occur frequently and significantly stabilize the struc-
tures (13, 26). Theoretical thermodynamic considerations
also argue that charged residues may be stably incorporated
into membranes (10, 15). These considerations lead us to
predict that the membrane-spanning region of both gB and
the protein encoded by BALF4 are composed of three
helical membrane-spanning segments which cluster together
such that the exterior surface of the three-helix cluster is
nonpolar and is able to interact stably with the lipid environ-
ment of the membrane, whereas the interior, helix contact
portion of the structure is stabilized by hydrogen bonding
and salt bridges. It is possible that other proteins interact
with this intramembrane structure.

Alignment of HSV-1 gB and EBV BALF4 predicted amino
acid sequences. The hydropathic analysis and structural
predictions for the hydrophobic regions provided the basis
for the amino acid alignment shown in Fig. 4. At the N

termini, the signal sequences were aligned first by the last
positively charged residue before the hydrophobic core,
which brought the conserved features within the core into
alignment, and then a two-residue gap was introduced into
BALF4 to align the predicted signal peptidase cleavage sites.
The domains immediately downstream from the signal cleav-
age site show two instances of divergence which could
reflect either a deletion in BALF4 or an insertion in gB. The
homologous alignment begins again at gB position 108 and
BALF4 position 44. In the remainder of the alignment, there
is one other region in which a large gap containing a small
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FIG. 3. Helical hydrophobic moment analyses of HSV-1 gB and
EBV BALF4. (A) Helical hydrophobic moment plot for HSV-1 gB.
(B) Helical hydrophobic plot for EBV BALF4. The plots were
constructed as described in the procedure of Eisenberg (8, 9) by
using his normalized consensus scale of hydrophobicity (8) and
calculating the hydrophobicity per residue (x axis) and the hydro-
phobic moment per residue (y axis) for 11 residue segments. The
points indicated with squares are from the 11-residue segments
totally within the predicted membrane-spanning segment 1 (Fig. 4);
the triangles and squares represent 11-residue segments totally
within spans 2 and 3, respectively. The portion of the plots labeled
a is that portion of the plot indicative of surface-seeking ax-helices,
the portions labeled b, c, and d indicate globular protein character,
multimeric transmembrane character, and monomeric trans-
membrane character, respectively (8). The points indicated by dots
are those determined for every 11-residue segment in the proteins.
This makes the implicit and otherwise unwarranted assumption that
every residue in the two proteins is in an a-helical conformation but
serves as a reference for the nonrandom clustering of the points
representing the predicted membrane-spanning segments.
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FIG. 4. Alignment of the amino acid sequences of HSV-1 strain

F gB and EBV BALF4. Gaps inserted in the sequences to account
for the difference in sequence length and to increase the number of
aligned residues (-) and residues which are equivalent in the aligned
sequences (:) are shown. Other residues indicated include aligned
potential N-linked glycosylation sites (:;:;:;), aligned Cys residues
(A), the predicted site of cleavage of the signal peptides (A) and the
predicted membrane-spanning segments (-). BALF4 is the upper
sequence.

homologous patch must be introduced into one sequence
(gB) to allow alignment of the remainder of the sequence. In
the alignment shown in Fig. 4, 247 of the 903 gB residues
have a matched pair in the BALF4 sequence.
The most striking feature of Fig. 4 is the alignment of all

Cys except the one which occurs in each signal sequence.
This observation suggests that the constraints imposed by
Cys-Cys disulfide bonds are important determinants of the
tertiary structure of the proteins and that their structures are
similar, notwithstanding the considerable divergence in their
sequences. The predicted similarity in the tertiary structure
is reinforced by the observation that four of six potential
N-linked glycosylation sites of gB and four of nine potential
BALF4 glycosylation sites are aligned (Fig. 4). The align-
ment suggests that their location on the surface of the

molecule may be important for either correct processing or
the function of the molecules.
The obvious relatedness of the two sequences is rein-

forced by the presence of a few stretches of identical amino
acid sequence; the longest is a predicted stretch of 9 amino
acids, beginning at amino acid 595 of gB and 455 of BALF4.
This region occurs in the middle of the portion of the
molecules with the highest degree of sequence identity.
A quantitative assessment of an alignment similar to that

shown in Fig. 4, made with the program of Lipman and
Pearson (20), which takes into account the evolutionary
substitution matrix used in Fig. 1, scored the relationship
between the two sequences as very highly significant, with a
Z value (20) of >100; a Z value of >10 is taken as significant.

Comparison of the predicted secondary structures of HSV-1
gB and EBV BALF4. Previously, the secondary structure of
gB was deduced from hydropathic, helical wheel, and em-
pirically based, secondary structure predictive analyses (24).
The same procedures were then applied to the BALF4 amino
acid sequence, and the results of the analyses were drawn so
as to represent the aligned portions of the sequences in
approximately equivalent positions of the diagrams (Fig. 5).
Although currently available secondary structure predictive
schemes often fail to anticipate the structure derived from
X-ray crystallographic analyses (16, 23) and such predictions
should therefore not be taken as the definitive structure,
comparisons of the secondary structure predictions for re-
lated proteins can be useful for identifying regions of similar
structural character in much the same way that the evolu-
tionary substitution data for amino acids (7) has been used to
determine possible relatedness of amino acid sequences. The
techniques used here predict that a significant fraction (43%)
of the aligned domains of the molecules shown in Fig. 4 have
equivalent secondary structure. The diagrammatic represen-
tations show that there are several domains of nearly iden-
tical predicted secondary structure. In particular, the portion
of the molecules represented as residing on the underside of
the membrane has almost identical predicted secondary
structure in both molecules, notwithstanding extensive
amino acid sequence divergence (Fig. 4).

DISCUSSION
We report here considerable sequence and predicted

structural similarity between the HSV-1 gB and the pre-
dicted product of the BALF4 reading frame of EBV. As
could be predicted from the difference in the base composi-
tion of the two genomes, the sequence similarity was least
extensive at the nucleotide level (Fig. 1A), strong at amino
acid level (Fig. 1B), and even stronger when the comparison
took into account evolutionary amino acid substitutions
calculated as described by Dayhoff (7) (Fig. 1C).

Structural considerations. The specific structural features
shared by the predicted products of gB and BALF4 may be
summarized as follows.

(i) The N-terminal domains of both proteins share struc-
tural features common to cleavable signal sequences for
membrane translocation (25, 33). Thus, in both proteins a
hydrophobic core sequence is preceded by a region contain-
ing positively charged residues and is followed by a se-
quence which fits the canonical cleavage recognition site and
is near a predicted beta turn. In addition, the hydrophobic
core sequence of both molecules contains a Leu at core
position 2 and a Val-Val pair at core positions 7 and 8,
features which have been found to be conserved in eucary-
otic and procaryotic signal sequences (25). On the basis of
their structure, the signal sequences of gB and BALF4 are

J. VIROL.
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FIG. 5. Predicted secondary structures of gB and BALF4. The secondary structures of the proteins were predicted by using a combination

of hydropathic (19), helical wheel (30), and empirically based secondary structure analyses (5, 11). Predicted alpha helices are represented
by )A, , predicted beta sheets are represented by M , beta turns are represented by 2- to 4-residue changes in chain direction, and random
coil regions are represented by-. Regions of identical predicted secondary structure are highlighted by shading. Sites with potential for
N-linked glycosylation are indicated by -CHO, and those glycosylation sites which are conserved in the aligned sequences are highlighted
with shading. The predicted membrane-spanning region is shown passing through a membrane, with the cytoplasmic or virion interior side
being at the bottom of the picture. The N-terminal residue in the drawings is the first residue predicted to follow the signal peptidase cleavage
site. The signal sequences are not shown in this diagram.
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predicted to be cleaved after the Ala at amino acids 29 and
22, respectively.

(ii) The largest fraction of both molecules is predicted to
project into the extracellular environment. The degree of
structural conservation of this domain of the molecule is
likely to be higher than that demonstrated by primary
sequence or secondary structure comparison. This conclu-
sion is based on the observation that every cysteine and four
N-glycosylation sites in the mature proteins are readily
aligned and together are likely to impose dominant con-
straints on the secondary and tertiary structures of these
molecules.

(iii) A domain located near the carboxy terminus of both
molecules is predicted to form three interacting membrane-
spanning segments. The model structure for both proteins
consists of three helical membrane-spanning segments which
cluster together such that the exterior surface of the three-
helix cluster is nonpolar and is able to interact stably with
the lipid environment of the membrane, whereas the interior,
helix contact portion of the structure is stabilized by hydro-
gen bonding and salt bridges. It remains a possibility that
other proteins interact with this intramembrane structure.

(iv) The C-terminal domains of the two proteins are
predicted to project into the cytoplasm; these domains
exhibit the most striking example of predicted structure
conservation, notwithstanding relatively little sequence ho-
mology.

Functional considerations. HSV-1 and EBV differ in host
cell range. The limited human host cell range of EBV reflects
at least in part the availability of receptors for adsorption and
entry of EBV. Since gB very likely interacts with the
constituents of host cell membranes during adsorption and
entry into susceptible cells (21, 29), it could be argued that
the BALF4 gene product has similar functions and that some
of the differences in sequence and structure reflect not only
genetic drift but also differences in the structure of host cell
membranes. It could also be, however, that conserved
sequences reflect domains essential for the secondary struc-
ture of the molecule. While little can be inferred from
divergent structures, the conserved structures serve as pow-
erful indicators of domains which might be responsible for
the function of the molecules.

It has been postulated that gB is part of a multiprotein
complex which determines the structure of infected cell
membranes and the social behavior of infected cells (28).
The C-terminal portion of the gB molecule is the domain
which would be expected to interact with virion tegument
proteins and possibly with other membrane proteins to affect
the social behavior of infected cells inasmuch as the Syn-
mutations in gB have been mapped in that location (4, 24),
and one syn lesion was explained by a substitution of amino
acid 857 (4). This amino acid is located in the long predicted
alpha helix (gB836864 and BALF488-816). A portion of this
region comprising gB residues 841 to 858, when drawn as a
helical wheel or analyzed by using hydrophobic moments
(data not shown), appears to have an amphipathic character
in that there is a hydrophobic and a hydrophilic face. It is
tempting to speculate that this portion of the structure is
involved in specific interactions with another protein.
Another well-conserved portion of the two molecules is

found between gB residues 524 and 573 and BALF4 residues
480 and 529. This portion of the molecule may be involved in
cell entry, because gB amino acid 552 is found to be altered
in fast entry strains relative to slower entering strains (4).
This function may place this portion of the molecule under
selective pressure to maintain a membrane fusion function

and, out of necessity, to conserve the structure of this
portion of the molecule.

This paper reports comparisons of the proteins predicted
by sequences of two herpesviruses only. It is likely that as
more genes homologous to gB and BALF4 are identified and
more common domains become known, it might be possible
to define more precisely the conserved functional domains of
this family of essential herpesvirus glycoproteins.
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