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Human herpesvirus 7 (HHV-7) is a recently isolated betaherpesvirus that is prevalent in the human
population, with primary infection usually occurring in early childhood. HHV-7 is related to human herpes-
virus 6 (HHV-6) in terms of both biological and, from limited prior DNA sequence analysis, genetic criteria.
However, extensive analysis of the HHV-7 genome has not been reported, and the precise phylogenetic
relationship of HHV-7 to the other human betaherpesviruses HHV-6 and human cytomegalovirus has not been
determined. Here I report on the determination and analysis of the complete DNA sequence of HHV-7 strain
JI. The data establish that the close biological relationship of HHV-6 and HHV-7 is reflected at the genetic
level, where there is a very high degree of conservation of genetic content and encoded amino acid sequences.
The data also delineate loci of divergence between the HHV-6 and HHV-7 genomes, which occur at the genome
termini in the region of the terminal direct-repeat elements and within limited regions of the unique compo-
nent. Of potential significance with respect to biological and evolutionary divergence of HHV-6 and HHV-7 are
notable structural differences in putative transcriptional regulatory genes specified by the direct-repeat and
immediate-early region A loci of these viruses and the absence of an equivalent of the HHV-6 adeno-associated
virus type 2 rep gene homolog in HHV-7.

Human herpesvirus 7 (HHV-7) was first isolated from the
blood of a healthy donor and has since been detected in and
isolated from the blood and saliva of other individuals (12, 38,
154). Like human herpesvirus 6 (HHV-6), HHV-7 displays a
predominantly CD41 T lymphotrophism for productive infec-
tion, both in vivo and in vitro (11, 38, 74). While HHV-6 infects
the majority of individuals prior to 1 year of age, with concur-
rent immunogenic reaction against HHV-6 antigens and pos-
sible fever and rash (exanthem subitum), primary infection
with HHV-7 seems to occur slightly later (but typically prior to
2 years of age) and may have similar disease associations (6, 21,
47, 59, 108, 132, 155, 156). In vitro, both HHV-6 and HHV-7
infection of primary T cells or T-cell lines causes a cytopathic
effect characterized by marked enlargement of infected cells
(cytomegaly) and formation of syncytia, features that are typ-
ical of betaherpesvirus (cytomegalovirus) infection (11, 12, 38,
49, 73). Sequence analyses of the genomes of HHV-6 and
HHV-7 have confirmed that these viruses belong to the beta-
herpesvirus subgroup (11, 33, 43, 65, 87, 92, 95, 122).
The division of herpesviruses into three major subgroups

based originally on a diverse collection of in vivo and in vitro
biological properties is reflected unambiguously at the genetic
level, at least for herpesviruses of higher vertebrates (birds and
mammals) (43, 49, 79–81, 112, 113). Within all characterized
herpesvirus genomes, there are conserved genes, representing
each kinetic class, that make up 25 to 70% of the genes within
a particular virus. Many of these genes are clustered and can be
recognized as “gene blocks” within different herpesvirus ge-
nomes. These gene blocks, containing similarly arranged ho-
mologous genes, are orientated and ordered identically in ap-
propriately aligned genomes of the same subgroup (2, 14, 15,
43, 62, 79, 82, 133–135). The conserved herpesvirus genes are
generally better conserved among members of the same sub-

group than they are between subgroups. Furthermore, mem-
bers of the same subgroup possess genes common and specific
to the subgroup, and these genes, which form 15 to 25% of the
total genome content, are positionally conserved. Noncoding,
subgroup-specific features of the viral genomes may also be
present, e.g., local CpG suppression of betaherpesvirus major
immediate-early (MIE) gene loci (50, 92) or arrangements of
specific repetitive elements. Previous partial sequencing of
HHV-7 has provided evidence that HHV-7 is a member of the
betaherpesvirus subgroup on the basis of such genetic criteria
(11, 87, 122).
This report presents the main findings from the analysis of

the complete nucleotide sequence of HHV-7 strain JI. The
data show that there is very high conservation of genetic con-
tent and encoded protein products between HHV-7 and
HHV-6, but they also identify localized regions of genetic
divergence. These regions include the terminal direct-repeat
(DR) sequences, which specify multiple US22 open reading
frames (ORFs) of different coding capacities and structures
between HHV-6 and HHV-7, and a locus toward the right end
of the unique component, which in HHV-6 specifies the adeno-
associated virus type 2 (AAV-2) rep gene homolog (139); there
is no rep homolog in HHV-7. The product of HHV-6 rep
mediates both DNA replicative and transcriptional regulatory
activities (141), while specific members of the US22 gene fam-
ily encode IE and/or transactivating proteins (43).

MATERIALS AND METHODS

Recombinant plasmids. Sequencing of HHV-7 was carried out with a series of
overlapping and adjoining lambda phage and plasmid subgenomic clones as
sources of DNA fragments for which sequences were derived and assembled to
give the contiguous viral sequence. Isolation, characterization, and mapping of
the HHV-7 subgenomic clones used in this study have been described elsewhere
(115) and are illustrated in Fig. 1.
PCR. PCR techniques were used to obtain short DNA fragments spanning

junctions between nonoverlapping subgenomic clones, using either relevant re-
combinant lambda phage or HHV-7-infected-cell DNA templates. Oligonucle-
otides corresponding to determined HHV-7 sequence at fragment termini were
synthesized with noncomplementary 59 extensions containing restriction endo-
nuclease cleavage sites, subsequently used for cloning of the PCR fragments into
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appropriately cleaved M13 vectors. PCRs were carried out with approximately 10
ng of lambda phage or infected-cell DNA template by 30 cycles of denaturation
(958C for 1 min), annealing (508C for 1 min), and extension (728C for 1 to 3 min).
PCR products were cloned into M13 vectors, and single-stranded DNA was
prepared and sequenced by established techniques (see below) to confirm the
joins between adjacent restriction endonuclease fragments (Fig. 1). Junctional
sequences were also obtained directly from junction-spanning lambda phage
templates by use of appropriate oligonucleotide primers and application of linear
amplification sequencing (28).
M13 shotgun and directed sequencing. Nucleotide sequences of cloned sub-

genomic fragments of HHV-7 were determined by the dideoxynucleotide chain
termination method (119) to sequence M13-cloned sonicated subfragments to
generate data which were assembled to provide contiguous sequence stretches,
as described previously (9, 118). Sequences of specific regions of ambiguous
“single-stranded” sequence and nonoverlapping junctions were confirmed by
directed sequencing on double-stranded templates, using a modification of the
M13 sequencing method (95) or using PCR techniques (see above). The use of
junction-spanning cDNA clones to confirm joins between adjacent genomic
restriction fragments has been described elsewhere (115).
Assembly and analysis of the sequence data. Sequence data generated from

sequencing of the M13 shotgun clones were assembled by using the sequence
assembly program (SAP) of Staden, based on the previous DB system (128).
Analysis of the individually assembled sequence stretches (from each of the
sequence subgenomic clones) and contiguous HHV-7 sequence was carried out
with the nucleotide interpretation program (NIP) of Staden (128), and encoded
protein sequences were analyzed with various options in the Genetics Computer
Group program package (32). Database searches for homologous protein se-
quences were carried out with the FASTA (99), BLITZ (124), and BLAST (4)
methods applied directly to the most current protein databases at the time of the
search (searches with all HHV-7 ORF-encoded sequences were carried out
during December 1995). Positional base preference analyses were undertaken on
small ORFs to assess their likelihood of being protein coding, using the NIP
package (126–128). Regions of the HHV-7 sequence encoding only very small
ORFs (,300 nucleotide) within a significantly larger nucleotide stretch were
analyzed by BLASTX searches (4) to determine whether they encoded transla-
tion products with homology to known sequences.

RESULTS

Assembly of the contiguous HHV-7 sequence. The HHV-7
genome was sequenced by the M13 shotgun sequencing
method described by Bankier et al. (9) applied to cloned and
mapped subgenomic restriction fragments of HHV-7. The
fragments used for the project have been described previously
(115) and are shown in Fig. 1. Junctions between adjacent,
nonoverlapping restriction fragments were confirmed by se-
quencing across these regions with appropriate cloned PCR
fragments, junction-spanning cDNA clones (115) or lambda
phage clones as templates for directed sequencing (see Mate-
rials and Methods). The sequences of the terminal DR ele-
ments were derived by compiling partial sequences from DRL
and DRR to generate the complete DR sequences. The posi-
tions of the left and right genome termini were based on
previously published data (122). Data from this laboratory
have identified three regions of the HHV-7 genome that ap-
pear to display sequence heterogeneity (115). Two of these
occur at each end of the DR elements and contain telomeric
repeat [(GGGTTA)n] motifs, while the third occurs at a locus
now known to contain repetitive elements homologous to the
KpnI repeats of HHV-6 (43, 77, 78). Sequences of each of
these regions were derived from single, representative clones
containing these loci (pED15791.2, pEZ3, and pED6597 [Fig.
1]).
Identification of HHV-7 protein-coding ORFs. The contigu-

ous 144,861-bp HHV-7 nucleotide sequence was analyzed to
identify potentially protein-coding ORFs by using the NIP

FIG. 1. Restriction fragments used for the sequencing of HHV-7 strain JI. The HHV-7 genome is represented diagrammatically, together with the positions of
BamHI, EcoRI, XhoI, SmaI, and SalI sites mapped previously (115). Various l phage-cloned restriction fragments are prefixed with ED, EZ, BD, BZ, or XD (indicating
their terminal restriction sites and the vector, lDASHII or lZAPII, into which they were initially cloned [115]). Plasmid subclones of these fragments are shown below.
Sequenced restriction fragments are indicated by shading.
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program package of Staden (128). The criteria used for iden-
tification of these ORFs were essentially those that I have
applied previously in similar analyses (see, e.g., reference 92).
Briefly, ORFs of more than 300 nucleotides were considered to
be significant; where there were extensively overlapping large
ORFs, the larger/largest was considered to be protein coding;
in regions of intergenic gaps, encoding only small ORFs (fewer
than 300 nucleotides), ORFs were considered significant if
they had high positional base preference scores (126, 127) or if
they encoded products with homology to previously deter-
mined translation products. Searches for homologs of HHV-7
ORF-encoded proteins were carried out by a combination of
FASTA, BLITZ, BLASTP, and BLASTX searches of the
available protein databases. BLASTX searches of the “gen-
pept” database were particularly useful for identifying very
small ORFs coding for homologs of HHV-6 proteins or exon-
encoded sequences (e.g., regions of gp82/105 spliced late gene
[102]). In most cases, FASTA searches with larger translation
products enabled unambiguous identification of homologous
sequences in the database. BLASTP searches identified some
additional homologous sequences (e.g., HHV-6 DR1 and DR6
homologies to HHV-7 DR1). The ORFs and homologs iden-
tified are illustrated in Fig. 2 and listed in Table 1.
Herpesvirus conserved genes identified in HHV-7. Ho-

mologs to almost all of the HHV-7 ORFs shown in Fig. 2 were
identified among the collection of previously identified herpes-
virus genes. These homologs are listed in Table 1. For the
genes conserved among all the currently sequenced herpesvi-
ruses, the encoded HHV-7 translation products showed much
closer similarity to betaherpesvirus (HHV-6, human cytomeg-
alovirus [HCMV]) homologs than to those of the alphaherpes-

viruses (equine herpesvirus 1 [EHV-1], varicella-zoster virus,
herpes simplex virus type 1 [HSV-1]) and gammaherpesviruses
(herpesvirus saimiri Epstein-Barr virus equine herpesvirus 2
[EHV-2]). The degree of conservation between HHV-7 and
HHV-6 proteins was particularly high, ranging from 41 to 75%
amino acid sequence identity for the “core” herpesvirus gene
products (Table 1). The relative arrangements of the HHV-7
herpesvirus-conserved genes were identical to those of homol-
ogous genes in HHV-6 and HCMV, as expected for a beta-
herpesvirus genome (Fig. 3) (43). Thus, conserved gene blocks
I to VII contained homologous genes in the same orders and
orientations and were positioned and orientated identically
between HHV-7, HHV-6, and HCMV. Especially striking was
the lack of extensive genetic divergence at intervening loci
between HHV-7 and HHV-6, in contrast to the divergence
seen between conserved gene blocks, e.g., II and III, in HCMV
and HHV-7/HHV-6.
The deduced functions of the various HHV-7 genes for

which homologs were identified are listed in Table 1. These
functional assignments are based on previous experimental
findings with other herpesviruses or on functional character-
ization of cellular gene homologs. Brief descriptions of the
roles of various classes of HHV-7 homologous gene products
are given below.
(i) IE/regulatory genes. HCMV is the best characterized of

the betaherpesviruses, and several immediate-early (IE) regu-
latory genes have been identified. These occur either within
one of two complex IE gene loci (MIE, UL36-38) or as single
genes in the short unique (Us) and short repeat (IRs/TRs)
regions of the genome (17, 53, 61, 129, 136, 149). Partially
conserved equivalents of the HCMV MIE locus have been

FIG. 2. ORFs identified in HHV-7. ORFs within the 144,861-bp sequence were identified with the Nucleotide Interpretation Program (NIP) of Staden, and
homologs of HHV-6 genes (solid areas) and HHV-6/HCMV genes (shaded areas) were determined by FASTA, BLASTP, BLASTX, BLITZ, and GAP analyses (see
Materials and Methods). Genes apparently unique to HHV-7 are unshaded. Lightly shaded ORFs (horizontal lines) correspond to members of the US22 gene family
(DR1, DR2, DR6, DR7, and U95 are not conserved in HCMV). HHV-7 ORFs with homologs in HHV-6 are named after their HHV-6 counterparts; HHV-7-unique
ORFs are prefixed with “H” and successively numbered (from left to right on the genome). ORF U5/7 encodes a translation product with N-terminal homology to
HHV-6 U7 (and HCMV U28) and C-terminal homology to HHV-6 U5 (and HCMV U27). Abbreviations refer to gene identities and functions as follows: pp, pp100
structural phosphoprotein; GCR, G-protein-coupled receptor; PPF, DNA polymerase processivity factor; RR, ribonucleotide reductase; mCP, minor capsid protein;
CA, capsid assembly protein; teg, large tegument protein; pol, DNA polymerase; gB, glycoprotein B; tp, transport protein; MDBP, major DNA-binding protein; TA,
herpesvirus conserved transactivator; Pr., primase; dUT, dUTPase; gH, glycoprotein H; pts, protease/assembly protein; MCP, major capsid protein; PT, phospho-
tronsferase; Exo, alkaline exonuclease; gM, glycoprotein M; OBP, origin binding protein; H-P, helicase-primase complex component; Hel, helicase; UDG, uracil-DNA
glycosylase; OX-2, OX-2 membrane antigen.
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identified in other betaherpesviruses including simian CMV,
murine CMV, and rat CMV. They all display the feature of
CpG suppression, are structurally conserved, encode analo-
gously spliced transcripts, and specify transregulatory functions
(25, 46, 50, 57, 85, 106, 117, 130). The MIE locus of HHV-6
(IE-A) is notably divergent from those of other betaherpesvi-
ruses with respect to overall size (11 kbp; over twice as large as
other MIEs) and coding capacity, although there are structural
similarities and partial homology (43, 92, 120). At least one
transactivating function has been mapped to the HHV-6 IE-A
locus (77). In HHV-7, homologs of the major HHV-6 IE-A
ORFs have been identified, with counterparts of HHV-6
U86/87 and U89 being present in HHV-7. (Note that previous
HHV-6 ORFs U86 and U87 are now known to form a single
ORF. The corrected HHV-6 nucleotide sequence contains an
extra nucleotide, G, at position 128132 relative to the originally
submitted sequence ([43, 92a]). The previously characterized
proximal MIE ORFs (IE1) of betaherpesviruses show very
little, if any, amino acid sequence similarity, despite the con-
servation of splicing patterns (92). However, HHV-7 and
HHV-6 encode clearly homologous although notably diver-
gent, proximal IE-A gene products, in addition to relatively
highly conserved distal IE-A gene products that are signifi-
cantly diverged from equivalent IE2 proteins specified by the
other characterized betaherpesviruses (92). The IE-A loci of
HHV-6 and HHV-7 each contain intergenic (dissimilar) repet-
itive motifs (HHV-6 R2, HHV-7 R1) between U86 and U89
and show CpG suppression within proximal IE-A sequences
(92) (Fig. 3). Conserved repetitive elements of 105 bp are
present upstream of the IE-A ORFs in HHV-6 (R3 or KpnI
repeats [77, 78]) and HHV-7 (R2 or DraI repeats [Fig. 2 and
3]).
The other complex betaherpesvirus IE locus corresponds to

the UL36–38 region of HCMV, called IE-B in HHV-6 (17, 61,
95, 136). Like the MIE locus, the UL36–38 transcription unit
gives rise to multiply spliced transcripts encoding distinct pro-
teins, some of which effect transcriptional activation in exper-
imental systems (25, 53). The HHV-6 UL36 homolog (U16/
U17) also has been shown to encode a transactivating function,
as have sequences corresponding to the proximal half of the
HHV-6 UL36-38 homologous locus, IE-B (40, 95). The IE-B
loci are highly conserved between HHV-6 and HHV-7, al-
though somewhat diverged from their HCMV counterpart (95)
(Fig. 3). Homologs of HCMV UL36 exons 1 and 2 are present
in HHV-6 and HHV-7 and have positionally well conserved
functional splice donor/acceptor sequences (Table 1) (16a, 17,
95, 144a).
The UL36 homologous proteins are members of the so-

called US22 family. There are multiple (11, a partially over-
lapping set) US22 genes in HCMV, HHV-6, and HHV-7, and
these appear to be specific to the betaherpesvirus subgroup
(17, 43). The translation products of these genes differ greatly
in length (143 to 788 amino acids), but they each contain at
least one of four US22 amino acid sequence motifs (17, 33).
This family includes the HCMV genes IRS1/TRS1 that have
been shown to be transcribed with IE kinetics and to encode
transactivating functions (129). The DR7 and U25 US22 genes
of HHV-6 also have been reported to encode transactivators
(55, 95, 137). Direct equivalents of these genes are present in
HHV-7, as are other US22 genes that are conserved between
HHV-6 and HCMV (HHV-7 U2, U3, U5/7 [N-terminal re-
gion], U8) or between HHV-6 and MCMV (HHV-7 U95).
Other US22 coding sequences are present within the DR ele-
ments of HHV-6 and HHV-7. Values for amino acid sequence
conservation between the different HHV-7 encoded US22
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translation products are given in Table 2. US22 motifs identi-
fied in these proteins are shown in Fig. 4.
(ii) Replication genes. All sequenced herpesviruses contain

a set of conserved replication genes that are essential for viral
DNA replication during productive infections of host cells.
Other genes necessary for DNA replication are specific to
herpesvirus subgroups and/or particular viruses. The core rep-
lication genes are those encoding DNA polymerase, DNA
polymerase processivity factor, single-stranded DNA-binding
protein (or major DNA-binding protein), and components of
the heterotrimeric helicase-primase complex (helicase, pri-
mase, helicase-primase associated factor) (16). In HHV-6 and
HHV-7, these genes correspond to ORFs U38, U27, U41, U77,
U43, and U74, respectively (43) (Fig. 2). The alphaherpesvirus-
homologous origin-binding protein gene present in HHV-6
(U73) is conserved in HHV-7 and presumably is also function-
ally analogous (35, 52, 66, 145). The elegant work of Anders
and colleagues (5, 53, 98) has identified genetic loci in addition
to the core replication genes that are necessary for origin-
dependent replication in HCMV. The UL84 and the UL112
and UL113 genes are likely to encode essential replication
functions, while other loci important for the transient-replica-
tion assays used probably act to enhance expression of the
replication genes (53). HHV-7 encodes two ORFs, U55A and
U55B, specifying proteins with homology to UL84. The
HCMV UL112 and UL113 spliced ORFs are weakly or par-
tially conserved in HHV-6 and HHV-7 (43) (Fig. 3); therefore,
the U79 and U80 (and possibly HHV-7 H6) ORFs may encode
replication functions also. It is noteworthy that the AAV-2 rep
gene homolog identified in HHV-6, which has been shown to
specify transregulatory and AAV-2 DNA replication functions
(139, 141), is absent in HHV-7. In light of the generally close
genetic conservation between HHV-6 and HHV-7 (Fig. 3), this
may indicate that HHV-6 rep does not represent an essential
replication (or transregulatory) protein.
(iii) Nucleotide metabolism and DNA repair. HHV-7 ho-

mologs of herpesvirus gene products that are involved indi-
rectly in DNA replication, by providing nucleotide substrates
and DNA repair functions, include ribonucleotide reductase
(U28), dUTPase (U45), phosphotransferase (U69), alkaline
exonuclease (U70), and uracil-DNA glycosylase (U81). In
common with the other sequenced betaherpesviruses (HHV-6,
HCMV), the HHV-7 ribonucleotide reductase homolog is en-
coded by a single ORF specifying a single protein (17, 43, 95).
Characterized members of the alpha- and gammaherpesvirus
subgroups specify distinct catalytic and regulatory subunits that
form a2b2 structures, as occurs among their cellular counter-
parts (7, 24, 37, 96). The phosphotransferase gene present in
HCMV (UL97) is capable of phosphorylating nucleosides, an
activity that accounts for the efficacy of ganciclovir in suppress-
ing HCMV infections (69, 131). Homologs of the thymidine
kinase genes found in the alpha- and gammaherpesviruses are
absent in HCMV, HHV-6, and HHV-7 (17, 43). The HHV-7
dUTPase and uracil-DNA glycosylase homologs presumably
specify enzymatic activities involved in excision of uridine res-
idues from DNA, by analogy to bacterial and eukaryotic coun-
terparts (67, 97, 121), although there is notable sequence di-
vergence between the HHV-7, cellular, and other herpesvirus
dUTPase homologs.
(iv) Glycoproteins. Within the sequenced alpha-, beta-, and

gammaherpesviruses is a core of herpesvirus genes that encode
homologous glycoprotein species. These genes, which encode
glycoprotein B (gB), glycoprotein H (gH), glycoprotein M
(gM), and glycoprotein L (gL), are conserved in HHV-7 also
(ORFs U39, U48, U72, and U82, respectively). The structures
and roles of these proteins were determined initially for the
HSV-1-specified species; characterization of several homolo-
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gous proteins in other herpesviruses, including HHV-6, has
subsequently been undertaken (34, 36, 71, 72, 75, 110). gB and
gH are structurally highly conserved between herpesviruses,
are membrane-bound glycoproteins, and appear to play roles
in virus cell fusion and cellular spread of virus infection. Data
relating to gL came from investigations of the HSV-1-,
HCMV-, and HHV-6-encoded homologs and have determined
that gL forms a physical association with gH precursor protein
and may be required for gH transport and/or processing (51,
56, 71, 72). The so-called “integral membrane protein,” gM, is
fairly well conserved between herpesviruses and has been
shown to be a component of the virus particle in HSV-1 and
EHV-1 (8, 104). The herpesvirus gM proteins have multiple
hydrophobic, putative membrane-spanning domains.
HHV-7 contains two genes (U12 and U51) that specify ho-

mologs of the G-protein-coupled receptor (GCR) family of
proteins. HHV-7 U12 and U51 have positional and structural
homologs in HHV-6 and HCMV (UL33 and UL78). A GCR
homolog has also been reported in HVS, a gammaherpesvirus,
and it is perhaps significant that HCMV UL78 and HHV-6/
HHV-7 U51 show relatively high sequence similarity to the
HVS GCR (43, 94). This could be an indication that they were
derived from the same gene within a progenitor herpesvirus
genome. The HHV-6 and HHV-7 U51 products show closest
sequence similarity to cellular opioid receptors. HHV-7 U12
shows closest similarity to its positional homologs in HHV-6
(U12) and HCMV (UL33). All of the herpesvirus-specified
GCRs are structurally related to chemokine receptors, and
HCMV US28 has been shown to bind the CC-chemokine Hu
MIP-1a (2, 41, 43, 89).
In HHV-6, a highly spliced gene at the right end of the

unique component of the genome has recently been charac-
terized and shown to encode a glycoprotein species, gp82/105
(102). In strain GS, this gene contains 13 exons. Three HHV-7
ORFs (U98, U99, and U100) showing homology to regions of
the gp82/105 amino acid sequence are listed in Table 1 and
illustrated in Fig. 2 and 3. Other, very short ORFs with ho-
mology to gp82/105 have been identified by BLASTX searches
of the database (data not shown). The potential splicing pat-
terns for the HHV-7 gp82/105 homolog are too complex to
infer with confidence from the sequence alone.
Homologs of HHV-6 ORFs U20, U21, U23, U24, and U85,

predicted to encode glycoproteins (43, 92, 95), are present in
HHV-7. HHV-6 U20 has been reported to show significant
sequence similarity to the immunoglobulin E (IgE) C chain
and therefore to be a member of the Ig superfamily (43). No
very high-scoring matches to HHV-7 U20 (other than HHV-6
U20) were detected by FASTA, BLASTP, or BLITZ database

searches, although some low-scoring matches to Ig proteins
were among potential homologs listed. The U85 genes of
HHV-6 and HHV-7 encode homologs of OX-2 membrane
antigen, which is a member of the Ig family (22). Like HHV-6
U24, HHV-7 U24 lacks an N-terminal signal sequence and
may represent a glycoprotein exon (43). Finally, by using the
BLASTP algorithm to screen the database for homologs of the
U23 translation product, several fairly high-scoring matches
were detected. One of these, EHV-1 glycoprotein J (gJ),
showed 37.8% amino acid sequence identity with the U23
protein when these sequences were aligned by using the GAP
algorithm (data not shown). This sequence similarity, together
with the comparable lengths of the two proteins (172 and 116
amino acids for U23 and gJ, respectively) and the presence of
potential signal sequence and glycosylation sites (NxT/S) in the
U23 protein, suggests that HHV-7 U23 and EHV-1 gJ may
indeed be homologous and functionally related.
(v) Capsid, tegument, and virus assembly proteins. Several

of the ORFs identified in HHV-7 are homologous to herpes-
virus genes encoding characterized or candidate structural pro-
teins. These include homologues of the major capsid protein
(MCP; U57), minor capsid protein (mCP; U29), large tegu-
ment protein (U31), and virion proteins specified by U33, U34,
U36, U50, U56, and U76 (17, 30, 43, 68, 79, 90, 91, 135, 138)
(Table 1). Betaherpesvirus-specific and conserved structural
proteins are homologs of HCMV UL32 (antigenic phospho-
protein, pp150) and UL82/83 (tegument transactivator, pp65/
72K), which in HHV-6 and HHV-7 correspond to U11 and
U54, respectively. The HHV-6 U11 gene product is called
pp100 and has been characterized as a major antigenic phos-
phoprotein and a component of the virion (88, 101). HHV-7
homologs of herpesvirus gene products involved in DNA pack-
aging and capsid assembly have also been identified. These
correspond to HHV-7 U29 (mCP), U30, U53, and U60/66.
These genes appear to be conserved (at least positionally) in all
of the sequenced herpesviruses (43, 134) (Table 1). The
U60/66 ORFs correspond to the two exons of the late spliced
gene characterized initially in HSV-1, which is likely to play a
role in DNA packaging and capsid assembly (107). The splice
junctions of the two exons of the genes are well conserved in
the different herpesviruses, and this has allowed deduction of
the functional splice donor and acceptor within U66 and U60
of HHV-7. U53 sequences code for the protease/assembly pro-
tein (assemblin) and the scaffolding protein; these proteins are
derived through proteolytic cleavage (assemblin) and internal
initiation (scaffolding protein). The sequences encoding the
scaffolding protein are referred to as U53a (43) and corre-
spond to HSV-1 UL26.5. From studies on HSV-1 UL26/26.5

TABLE 2. Sequence similarities between HHV-7 US22 gene products

Protein
% Similarity/% identity witha:

DR2 DR6 DR7 U2 U3 U5/7 U8 U17/16 U25 U95

DR1 44.8/24.1 43.1/28.5 43.6/26.2 42.8/21.4 37.6/16.8 44.7/16.7 34.9/18.4 42.3/19.0 43.1/17.5 45.8/23.2
DR2 41.0/16.8 47.1/26.3 41.4/18.3 39.0/15.6 43.7/17.9 41.7/18.5 43.8/18.9 44.3/16.0 43.4/18.6
DR6 40.3/17.0 46.5/18.7 43.0/19.2 42.9/17.9 43.3/19.1 43.3/16.6 42.5/15.6 37.1/16.4
DR7 45.9/17.9 41.3/20.5 45.7/19.8 47.4/21.5 44.4/20.3 42.2/14.8 41.4/20.3
U2 50.6/23.7 45.1/17.6 48.9/17.8 49.3/21.9 47.4/21.3 47.6/21.1
U3 48.6/19.5 48.1/22.4 48.8/22.9 42.1/19.9 50.4/21.3
U5/7 48.3/22.3 45.4/18.7 45.3/19.9 42.6/15.7
U8 45.1/21.4 44.1/16.3 42.3/20.5
U17/16 41.8/21.8 45.1/19.6
U25 46.2/21.9

a Values for percent similarity and percent identity were derived from BESTFIT comparisons (32) of each protein pair. Gap and length weights were set at 3.0 and
0.1, respectively. U17 and U16 represent exons 1 and 2 of a single gene, homologous to HCMV UL36 (17).
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viral mutants, it appears that proteolytic activity is essential for
DNA packaging and virus assembly (1, 31, 39).
Similarity and divergence between HHV-6 and HHV-7. As is

evident from Table 1 and Fig. 3, the degree of similarity of
genetic content and encoded proteins is very high between
HHV-6 and HHV-7. With respect to coding content, there are
only minor differences between the two betaherpesvirus ge-
nomes. Within the DR sequences, HHV-6 ORFs DR3, DR4,
and DR5 appear to be unique, and HHV-7 ORFs H3 and H4
have no obvious counterparts in HHV-6. HHV-7 DR2 is C-
terminally truncated relative to its HHV-6 homolog, and N-
terminal splicing to supply an initiator ATG for expression of
DR2-encoded sequences is predicted. HHV-6 DR2, by con-
trast, contains an N-terminal ATG codon (43). Similarly, while
HHV-6 DR1 is assumed to represent an unspliced gene (43),
HHV-7 DR1 lacks an N-terminal ATG codon and could con-

stitute an exon whose expression is dependent on splicing to
upstream sequences to provide an initiator ATG codon. The
homologous, albeit diverged, DR6 ORF of HHV-7 possesses
an N-terminal ATG codon and is probably not spliced. It is
notable that the DR7 ORF of HHV-7, although showing high
amino acid sequence similarity to HHV-6 DR7 (Table 1), is
N-terminally truncated relative to its HHV-6 counterpart (Fig.
4). DR1, DR2, DR6, and DR7 are all members of the US22

FIG. 4. Features of US22 gene products specified by HHV-7. (A) Comparisons
of the DR1 and DR6 translation products of HHV-6 and HHV-7, showing amino
acid residues conserved in at least three of the proteins (boxed) and the position of
US22 motif I (underlined). (B) Multiple alignment of the US22 proteins encoded by
the DR2 and DR7 ORFs of HHV-6 and HHV-7 and two HCMV US22 proteins
(UL23 andUL24). TheUS22motifs (17, 33) are underlined and labeled I to IV. The
positioning of motif IV is based on previous analyses of UL23 and UL24 (33), but
the aligned proteins are poorly conserved in this region. Amino acid residues con-
served in at least four of the six proteins are boxed. (C) Alignments of US22 motifs
identified in HHV-7-encoded members of the US22 gene family. The position of the
first amino acid residue of each sequence presented is indicated, and the corre-
sponding ORF names are shown alongside the sequences. Conserved amino acid
residues are boxed. The previously defined consensus sequences for motifs I and II
are GxxOxOxWP and OOCCxxxLxxOG, respectively, where O is a hydrophobic
residue and x is any residue (17, 33). Variant forms of motifs I and II are present in
some of the HHV-7 specified proteins. Two type I-like motifs are present in the U3
translation product, and two motif II-like sequences are encoded by U25.
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gene family, since they each contain at least one of the four
US22 amino acid sequence motifs (17, 33, 43) (Fig. 4). The
structural differences between the US22 genes encoded by the
DRs of HHV-6 and HHV-7 might indicate functional diver-
gence of these putative transcriptional regulators.
Differences within the unique components of HHV-7 in-

clude the “fusion” in HHV-7 of HHV-6 U5 and U7 sequences
(to give HHV-7 U5/7, lacking HHV-6 U6 homologous se-
quences), the lack of an HHV-7 equivalent of HHV-6 U22, the
duplication in HHV-7 of U55 (HCMV UL84 replication gene
homolog [53, 98]), differences in ORFs identified within repet-
itive sequence elements within or close to IE-A, the absence of
an AAV-2 rep gene homologue in HHV-7, and the presence of
small unique ORFs within the right-terminal unique sequences
of each virus (Fig. 3). Differences in the natures of the repet-
itive elements associated with the IE-A transcription units of
each virus are described in more detail below. It is important to
note that the U7-related sequences in HHV-6 and HHV-7 are
homologous to the US22 gene family and that a direct coun-
terpart of HHV-6 U7 is present in HCMV (UL28). The joining
of U5 and U7 homologous sequences in HHV-7 may indicate
that a unique regulatory function is encoded by this gene. The
presence in HHV-7 of two homologs of HCMVUL84 (HHV-6
U55 homolog) is also of interest. UL84 has recently been
shown to be an essential component of HCMV origin-depen-
dent replication (5, 53, 98). Its function is unknown, but it
appears as though UL84 equivalents are restricted to the be-
taherpesviruses (17, 43). HHV-7 U55A and U55B are consid-
erably diverged from each other and from their HHV-6 coun-
terparts, but FASTA searches of the database clearly revealed
their relationships to HCMV UL84, and alignments of these
gene products confirmed this finding (data not shown). The
significance of duplicated but divergent UL84 homologs in
HHV-7 is uncertain, but presumably at least one of the en-
coded gene products specifies an essential replication function.
Also likely to be involved in replication are the U79/U80 ORF

products, which are homologous to HCMV replication gene
UL112/113. HHV-7 H6 lies between U79 and U80 and shares
amino acid sequence similarity with the C-terminal region of
HHV-6 U79. By analogy with HCMV UL112/113, the HHV-7
U79, H6, and U80 coding sequences may represent exons of a
spliced gene. However, the HHV-6 and HHV-7 U79 ORF
products show only low amino acid sequence similarity to
HCMV UL112, and the U80 proteins are N-terminally trun-
cated relative to HCMV UL113. Thus, there appears to be
considerable divergence among all three betaherpesviruses at
this locus.
Major repetitive elements within the unique component of

HHV-7. In common with HHV-6, HHV-7 has repetitive se-
quence motifs within and upstream of the IE-A locus, which
encodes the partially conserved equivalent of the MIE tran-
scription units identified in other betaherpesviruses (92). The
HHV-7 R1 repeat unit occurs between U86 and U89 (adjacent
ORFs), and it is notable that these repetitive sequences are
distinct from the analogously positioned repetitive motifs (G-T
repeats) in HHV-6 (43, 92, 140) (Fig. 5). The HHV-7 repeats
at this locus are complex (two repeats of 84 bp and two “par-
tial” repeats of 67 bp) and well conserved at the nucleotide
sequence level. They occur between positions 123340 and
123658. Within and surrounding these repetitive motifs are
multiple copies of the sequence TAAAT. The second set of
repeats, R2, occurs upstream of the IE-A coding region (Fig.
2). With the exception of two of the HHV-7 R2 motifs, each of
these elements contains a DraI restriction endonuclease site.
The length of the HHV-7 R2 (or DraI) repeats is 105 bp, and
there is a total of 16 well-conserved repeat elements (Fig. 5),
with two partially conserved motifs within R2-flanking se-
quences. Because of the highly conserved nature of the DraI
repeats, the precise accuracy of assembly of the contiguous
sequence across the R2 locus cannot be guaranteed; however,
the number and types (sequence variants) of repeats within the
sequenced clone, pED6597, are believed to be correct. As re-

FIG. 5. Repetitive elements within the unique component of HHV-7. The two regions of reiterated sequences identified lie within (R1) and upstream (R2) of the
IE-A locus. R1 comprises four sequence stretches, two of 67 bp flanking two of 84 bp, that are closely related. Repeats 1 and 4 are identical, and relative to comparable
regions of repeats 2 and 3, there are two and three mismatches, respectively (indicated in boldface type). Within the R1 sequences, there are also two inverted repeats
(A and B). The positions of the terminal nucleotides of each of the R1 repeat elements within the HHV-7 sequence are given. The R2 repeat unit comprises 16 closely
related 105-bp elements flanked by partial repeats (not shown). Sequence variations between the 16 well-conserved elements are highlighted in boldface type. These
sequence elements are related to but significantly diverged from the R3 (KpnI) repeats of HHV-6 (43, 77, 78).
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ported previously, some size heterogeneity within this region is
apparent and may correspond to differences in numbers of
DraI repeats present within individually isolated clones (115).
This may, in turn, reflect R2 heterogeneity among individual
HHV-7 genomes. The HHV-7 R2 repeats are homologous to
the 105-bp R3 (or KpnI) repeats in HHV-6 (43, 77, 78).
Finally, it should be noted that HHV-7 does not contain

equivalents of the SSRA repeat motifs identified within the
U86 translation product of HHV-6 (92). These result from a
series of dodecameric repetitive nucleotide motifs. The
HHV-7 U86 product does, however, contain a central basic,
serine-rich region that corresponds to the location of the
HHV-6 SSRA repeats. It has previously been proposed that
such sequences may be indicative of an RNA interaction do-
main within the U86 encoded protein, because similar motifs
have been identified within known RNA-binding proteins (13,
43).

DISCUSSION

The data presented in this report show clearly that HHV-7
is genetically very closely related to HHV-6, with only a few
substantial differences in protein-coding content (Table 1).
These differences are limited to specific regions of the DR
components and sequences corresponding to HHV-6 U5-U7,
U22, U78, U96, and U97 and HHV-7 U5/7, U55A/U55B, and
H7. HHV-6 ORFs U88 and U92/U93 and HHV-7 ORF H9
occur within unique (HHV-6 R2) or partially conserved
(HHV-6 R3, HHV-7 R2) repetitive sequences; their actual
protein-coding potential is uncertain. HHV-6 LT1 and LJ1 and
HHV-7 H1 (possibly representing an exon) contain telomeric
repeat sequences at the DR termini but are oppositely orien-
tated. These data are summarized in Fig. 3.
Analysis of the HHV-7 DR sequences has led to the iden-

tification of several ORFs encoding US22 translation products,
as identified by FASTA searches of the database. The HHV-6
equivalents of two of these ORFs, DR2 and DR7, have previ-
ously been reported to be members of the US22 gene family
(43). HHV-7 also encodes homologs of HHV-6 DR1 and DR6,
which are homologous to each other (Fig. 4A) and which are
related to the US22 gene family. It is important to note, how-
ever, that the respective translation products of HHV-7 DR1
and DR7 contain divergent US22 motifs I and II, respectively,
and that while DR1 and DR6 contain only motif I, DR2 and
DR7 lack this motif (Fig. 4). DR1, DR2, and DR6 lack N-
terminal methionine codons, presumably indicating that these
coding sequences are expressed through spliced mRNAs. Fur-
thermore, DR7 and DR2 contain US22 motif II within their
N-terminal sequences, and it is tempting to speculate that
these ORFs are spliced to DR1 and DR6 upstream sequences,
respectively, thereby joining motif I- and motif II-encoding
ORFs. By analogy to characterized US22 proteins in HCMV
and HHV-6, it seems likely that the DR-derived US22 proteins
may play a role in gene regulation during productive replica-
tion. Indeed, HHV-6 DR7 has been demonstrated to function
as a transcriptional activator in cotransfection assays involving
long terminal repeat-chloramphenical acetyltransferase plas-
mid and human immunodeficiency virus type 1 proviral targets
(55, 137). Isolation of cDNA clones corresponding to DR2 and
DR7 sequences from an HHV-7-infected cell cDNA library
indicates that these genes are expressed and function during
productive infections (115a).
One of the notable regions of divergence within the unique

components of HHV-7 and HHV-6 corresponds to the posi-
tion of HHV-7 U5/7. This ORF essentially forms a fusion
between HHV-6 U5 and U7 homologous sequences; an equiv-

alent of HHV-6 U6 is not present in HHV-7 (Fig. 3). In
HCMV, colinear homologs of HHV-6 U5 and U7 are present
(UL27 and UL28). Interestingly, the HHV-6 and HHV-7 U4
ORFs represent additional UL27 homologs, essentially dupli-
cations of UL27-homologous U5 sequences. Therefore, devi-
ations from colinearity between HHV-6, HHV-7, and HCMV
occur at this locus. HHV-6 U7 and the N-terminal region of
HHV-7 U5/7 (homologous to HHV-6 U7 and HCMV UL28)
encode US22-related sequences (17, 33, 43). As for the DR
US22 genes, the differences in the structures of the HHV-6 and
HHV-7 US22 genes at the U7/U5 loci might indicate func-
tional differences of the encoded, potentially transregulatory
proteins. It can be speculated that the opportunity for such
divergence within HHV-7 U5/7 sequences relates to the dupli-
cation of U5- and U7-type sequences within the genome. Thus,
divergence of U5 and U7 may have been possible, without
deleterious effects on replication efficiency, owing to comple-
menting functions supplied by the homologous US22 and U4
genes. Therefore, while the HHV-7 U5/7 gene product may
indeed encode unique regulatory functions, it is also conceiv-
able that it is not expressed or is not biologically relevant.
Related to the issue of potentially novel transregulatory

functions encoded by diverged US22 genes in HHV-6 and
HHV-7 is the finding that HHV-7 lacks an equivalent of the
HHV-6 AAV-2 rep gene homolog, U94 (139) (Fig. 3). The
AAV-2 rep gene product is known to function as a transcrip-
tional regulatory protein and is an essential component of the
AAV-2 DNA replication machinery, activities that appear to
be conserved in the HHV-6 rep homolog (63, 111, 141–143). It
has been postulated, on the basis of the close amino acid
sequence similarities of the AAV-2 and HHV-6 rep gene ho-
mologs, that HHV-6 U94 represents a gene acquired during
coinfection of a single cell by AAV-2 and an HHV-6 progen-

FIG. 6. Common and unique IE/regulatory genes between herpesvirus sub-
groups and individual herpesviruses. The diagram provides a simplified overview
of the complements of IE genes or IE gene homologs present within the genomes
of sequenced herpesviruses. Each herpesvirus contains a homolog of the EBV
BMLF1-encoded transactivator, Mta (M); all members of each subgroup possess
at least one IE/regulatory gene that is specific to the subgroup (e.g., gammaher-
pesvirus homologs of EBV BRLF1-encoded transactivator [R]), and each her-
pesvirus, appropriately analyzed, encodes at least one “unique” IE gene. Within
the betaherpesvirus subgroup, there are both virus-common (HCMV UL23,
UL24, UL28, UL29, UL36, UL43, and equivalents in HHV-6 and HHV-7) and
nonconserved (e.g., HCMV IRS1/TRS1, and HHV-6/HHV-7 DR1, DR2, DR6,
and DR7) US22 genes. The AAV-2 rep gene homolog is present only in HHV-6.
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itor genome (139). It is conceivable that such an event, leading
to acquisition of a novel regulatory function, could be at least
partially responsible for the biological and evolutionary diver-
gence of HHV-6 and HHV-7. Other genetic differences giving
rise to novel gene products and biological properties are also
candidate effectors of “evolutionary drive” (biological diver-
gence leading to herpesvirus speciation), as would be any in-
tragenic or intergenic sequence variations leading to substan-
tial alteration of gene function or expression. However, it is
worth emphasizing that there is a correlation of herpesvirus
IE/regulatory gene complements with herpesvirus subgroups
and that each characterized herpesvirus contains at least one
unique transregulatory gene (Fig. 6). Furthermore, such
unique genes are located within or adjacent to unique gene
clusters that may encode well-conserved, virus-specific cellular
gene homologs (2, 3, 15, 92, 93, 95, 144). This is suggestive of
recent acquisition of the unique IE genes at loci susceptible to
and/or tolerant of genetic variation. Thus, it seems possible
that acquisition of novel functions affecting the control and
tropism of herpesvirus gene expression is an important deter-
minant of biological properties effecting segregation and evo-
lutionary divergence.
In summary, the data presented in this report demonstrate a

close genetic relationship between HHV-6 and HHV-7 and
have delineated specific, localized regions of divergence be-
tween these two genomes. These divergent regions include
sequences specifying potential transregulatory and replication
functions, in addition to colinear repetitive elements associ-
ated with the IE-A loci. The availability of the complete nu-
cleotide sequences of HHV-6 and HHV-7 should allow rapid
progress to be made on studies of gene function and on de-
terminations of the common and unique properties of these
human T-lymphotropic herpesviruses.
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