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Human herpesvirus 6 (HHV-6) is prevalent in the human population, with primary infection occurring early
in life. Its predominant CD4+ T-lymphocyte tropism, its ability to activate human immunodeficiency virus type
1 (HIV-1) gene expression in vitro, and its upregulation of CD4 expression has led to speculation that HHV-6
may act as a positive cofactor in the progression of HIV infection to AIDS in individuals infected with both
viruses. Previous sequencing studies of restricted regions of the 161.5-kbp genome of HHV-6 have demon-
strated unequivocally that it is a member of the betaherpesvirus subgroup and have indicated that the HHV-6
genome is generally collinear with the unique long (UL) component of human cytomegalovirus (HCMV). In the
work described in this report we have extended these sequencing studies by determining the primary structure
of 38.5-kbp of the HHV-6 genome (genomic position 21.0 to 59.5 kbp). Within the sequenced region lie 31 open
reading frames, 20 of which are homologous to positional counterparts in HCMV. Of particular significance
is the identification of homologs of the HCMV UL36-38 and US22-type genes, which have been shown to encode
transactivating proteins. We show that DNA sequences encoding these HHV-6 homologs were able to
transactivate HIV-1 long terminal repeat-directed chloramphenicol acetyltransferase expression in cotrans-
fection assays, thus demonstrating functional as well as structural conservation of these betaherpesvirus-
specific gene products. Our data therefore confirm the close relationship between HHV-6 and HCMV and
identify putative immediate-early regulatory genes of HHV-6 likely to play key roles in lytic replication and
possibly also in the interactions between HHV-6 and HIV in dually infected cells.

Human herpesvirus 6 (HHV-6) has been identified as the
causative agent of exanthem subitum, a mild febrile disease of
infants (40, 98). There is some evidence that HHV-6 may be
associated with other diseases including lymphoproliferative
disorders and hepatitis (reviewed by Thomson et al. [90]). The
predominant CD4+ T-cell tropism of HHV-6 both in vivo and
in vitro (50, 86) and the ability of HHV-6 and human immu-
nodeficiency virus type 1 (HIV-1) to coinfect the same cell in
vitro, leading to activated HIV-1 gene expression and acceler-
ated cell death (48), have led to speculation that HHV-6 may
be involved in the progression of HIV infection to AIDS.
Further supporting evidence has come from studies of effects
of HHV-6 infection and cotransfection of subgenomic frag-
ments on activation of long terminal repeat (LTR)-directed
transcription (21, 25, 34, 35, 52) and from the finding that
HHV-6 infection of lymphocytes upregulates the expression of
CD4, the major membrane receptor for HIV-1, thereby having
the potential to expand the population of cells susceptible to
HIV-1 infection (47, 49). Other data fail to support a correla-
tion between HHV-6 antibody titers and the predisposition to
HIV infection or progression of HIV infection to AIDS (78),
and one study has shown the suppression of HIV-1 replication
by coinfection with HHV-6 (7). The bases for these apparently
contradictory findings are at present unclear but are probably
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due in part to differences in cell culture conditions, applied
infectious doses, and the specific properties of different
HHV-6 isolates.
As part of our investigations into the molecular biology of

HHV-6, we have undertaken large-scale sequencing of a
region of the genome of strain U1102 comprising sequences
between genomic positions 21.0 and 59.5kbp (53). The com-
plete nucleotide sequences of several herpesviruses are known.
These include the human viruses Epstein-Barr virus (EBV [4]),
varicella-zoster virus (VZV [17]), herpes simplex virus type 1
(HSV-1 [55-57, 70]), and human cytomegalovirus (HCMV
[11]) and the simian herpesvirus saimiri (HVS [2, 63]). These
sequence analyses, together with results from selected se-
quencing of other herpesvirus genomes, e.g., HHV-6 (20, 27,
37, 44, 52, 61, 62, 88, 89), bovine herpesvirus 4 (6, 91, 92), and
murine herpesvirus 68 (19), have provided a comprehensive
and extremely informative set of data with which to study the
relationships between different herpesviruses, the features
common to and characteristic of viruses within a particular
herpesvirus subgroup (alpha, beta, or gamma [73]), and the
molecular biological determinants of their diverse in vivo
biological properties. The three main subgroups of herpesvi-
ruses (alpha, beta, and gamma) were originally assigned on the
basis of various in vitro and in vivo biological properties (31,
33), and it is now clear through DNA sequence analyses that
these biological groupings largely reflect the phylogenetic
relationships among the herpesviruses. Thus, within a sub-
group, herpesvirus genetic content, gene organization, and
degree of conservation of homologous encoded gene products
are more similar than they are between herpesviruses of
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different subgroups. Perhaps most notable is the discovery of
subgroup-specific immediate-early (IE) regulatory genes com-
mon to all members of the same herpesvirus subgroup (see,
e.g., references 55, 58, 65, 75, and 92). Certain noncoding
features, e.g., lack or presence of local or global CpG dinucle-
otide suppression (32), are also conserved within herpesvirus
subgroups. Previous sequencing studies of HHV-6 have dem-
onstrated that the genetic content and organization of the
HHV-6 genome is very similar to that found in HCMV, a
member of the betaherpesvirus subgroup, and that the HHV-6
genome is essentially collinear with the unique long (UL)
component of HCMV (20, 44, 52, 61, 89). This relationship
between HHV-6 and HCMV enabled us previously to predict
the location of the HHV-6 equivalent of the HCMV major IE
locus, a region which in HHV-6 and all other characterized
betaherpesviruses is markedly deficient in CpG dinucleotides
and which encodes transactivating functions (32, 52).
Here we present the nucleotide sequence analysis of a

contiguous 38.5-kbp region of the HHV-6 genome (positions
21.0 to 59.5kbp) predicted on the basis of collinearity between
HHV-6 and HCMV to encode homologs of the HCMV IE
UL36-38 and US22 genes (11, 14, 41, 83). The results of this
work have indeed identified HHV-6 homologs of these and
other positional counterparts in HCMV, thereby providing
further evidence of the close genetic relationship between
HHV-6 and HCMV and providing evidence of a new family of
herpesvirus subgroup-specific IE regulatory genes common to
the betaherpesviruses. Our data also identify HHV-6 genes
with no counterparts in any other characterized herpesvirus.
Furthermore, the use of effector plasmids containing the
HHV-6 UL36-38 and US22 homologous coding sequences
together with an HIV-1 LTR-chloramphenicol acetyltrans-
ferase (CAT) target plasmid in cotransfection assays has
revealed functional as well as structural conservation of these
betaherpesvirus gene products and has identified HHV-6
genes of potential importance in HHV-6-HIV-1 interactions
in vivo.

MATERIALS AND METHODS

Virus and tissue culture. Vero cell monolayers were grown
at 37°C in Dulbecco modified Eagle medium containing 10%
newborn calf serum and antibiotics (penicillin and streptomy-
cin; 10 and 20 pLg/ml, respectively). Peripheral blood lympho-
cytes were isolated from blood of healthy adults by centrifu-
gation on Ficoll-Paque (Pharmacia) gradients and grown
under 5% CO2 at 37°C in RPMI 1640 medium containing 10%
fetal calf serum and antibiotics. HHV-6 U 1102 was propagated
in phytohemagglutinin-stimulated peripheral blood lympho-
cytes as previously described (53).

Virus DNA and recombinant plasmids. All of the sequenc-
ing studies reported here were carried out with DNA derived
from HHV-6 U1102. Propagation of the virus and subsequent
purification of viral DNA, for use in PCR or cycle sequencing
(15), were as previously described (53). Viral DNAs used for
sequencing were fragments EcoRI-F (ED7), EcoRI-J,
BamHI-Q, EcoRI-P (ED4), HindIII-H (HD9), XhoI-I, and two
PCR-derived DNA fragments spanning the SmaI-G-EcoRI-F
and EcoRI-P-HindIII-H regions (53). The isolation and char-
acterization of the clones pED7, pED4, and pHD9 have been
described previously (53). The BamHI-Q fragment was iso-
lated from a X phage clone (ZB70.6), kindly provided by I. Teo
and M. Jones (88), and subcloned into the BamHI site of
pUC19. The EcoRI-J fragment was cloned from HHV-6
Ul 102 DNA following EcoRI digestion and gel extraction of
5.6-kbp DNA for ligation into the EcoRI site of pUC19. The

identity of the cloned DNA was confirmed by Southern
hybridization as described previously (53). The SmaI-G-
EcoRI-F PCR fragment was cloned into the BamHl site of
pUC19 for bacterial amplification prior to sequencing; the
PCR products that made up the EcoRI-P-HindIII-H region
were sequenced directly (without prior cloning) by M13 shot-
gun sequencing techniques (5). Plasmids pIEGPI-2 and
pIEGP2-3' contain sequences encoding open reading frames
(ORFs) EJLF4 to EJLF6 and EFLFI plus EFLF2, respec-
tively. They were constructed following PCR amplification of
appropriate sequences from HHV-6 Ul 102 DNA by using the
primer pairs IEGP1-IEGP2 and IEGP2-IEGP3 (see below).
The product of the IEGP1-IEGP2-primed PCR (1.89 kbp) was
digested with Hindlll and BamHI (which cut within IEGP1
and IEGP2 sequences, respectively) and cloned between these
sites in pUC19. PCR amplification with IEGP2 and IEGP3
produced a 5-kbp product encompassing the EFLF2 to EJLF4
coding sequences, which was digested with BamHI (to cleave
between the EJLF6 and EPLF1 ORFs) and HindIll (to cleave
within IEGP3 sequences). The EFLF1-plus-EFLF2-containing
sequences (see Fig. SA) were cloned between the BamnHI and
Hindlll sites of pUC19. The expression plasmid pEPLF3 was
constructed by cloning PCR-amplified EPLF3 coding se-
quences (with oligonucleotides LF4A and LF4B [see below])
in the appropriate orientation between the HindIII and
BamHI sites of pBC12 (16). The target plasmid pLTR-CAT
contains the entire LTR of HIV-1, the cat gene from pSV2-
CAT (29), and the polyadenylation/3'-processing sequences
from the HCMV major IE gene (1) cloned into a modified
pUC18 vector and was a gift from A. Akrigg.

Oligonucleotides and PCR. The following oligonucleotides
were used for the isolation of specific HHV-6 sequences for
cloning into bacterial vectors: IEGP1 (5'-acacaagcTTGAC
GCAGGTGAGTAAGTCT-3', nucleotides 6063 to 6083),
IEGP2 (5'-acacggatccATAGCGTTCAAAAGGTC-3', nucle-
otides 8955 to 8939), IEGP3 (5'-acacaagcTTCATAACA
CATATACAATGGT-3', nucleotides 3909 to 3930), LF4A
(5'-acacggatCCTACCCTCThI7CAATACAATT-3', nucleo-
tides 13653 to 13674), and LF4B (5'-acacaagcttAGCCGG
GCAGTTCATCGTTAT-3', nucleotides 14623 to 14603).
These oligonucleotides include non-HHV-6-complementary
sequences (lowercase letters) at their 5' ends, which were
incorporated to generate restriction endonuclease sites at the
termini of the PCR products and thus facilitate their subse-
quent cloning. PCR was performed on HHV-6 U1102 DNA
template essentially as described previously (53), with exten-
sion times for IEGP1-IEGP2, IEGP2-IEGP3, and LF4A-LF4B
primer pairs being 4, 10, and 2 min, respectively. The resulting
1.89-, 5.05-, and 0.97-kbp PCR products were cleaved with
HindlIl and BamHI, and appropriate fragments were isolated
for cloning into pUC19 (see Fig. 5A) or pBC12.
M13 subcloning and DNA sequencing. Nucleotide se-

quences of the subgenomic fragments of HHV-6 DNA were
determined by the dideoxynucleotide-chain termination
method (76, 77) essentially as described by Bankier et al. (5).
The region (150 bp) between BamHI-Q and EcoRI-P was
sequenced directly from the HHV-6 DNA template by the
method of Craxton (15). Double-stranded sequencing of spe-
cific regions of cloned HHV-6 DNA was done to confirm
M13-derived sequences in "single-stranded" regions of the
contiguous sequences or at fragment junctions and was carried
out with the Sequenase version 2.0 kit (United States Biochem-
ical Corp.) or by a modification of the M13 sequencing
protocol (76) with Klenow DNA polymerase. The latter in-
volved heat denaturation of double-stranded plasmid DNA
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FIG. 1. Genetic organization within the sequenced region of HHV-6 U1102 and the map positions of subgenomic fragments from which the

contiguous sequence was derived. (A) Representation of the HHV-6 genome as a KpnI restriction map (53), with the locations of the sequenced
subgenomic fragments shown below (see Materials and Methods). The small gap (150 bp) between BamHI-Q and EcoRI-P was sequenced by using
cycle sequencing techniques directly on HHV-6 DNA (15). (B) Diagrammatic representation of the results of analyses of the 38,491-bp sequence
determined (top section), showing the detected ORFs as arrows (indicating direction of transcription), aligned with the equivalent genetic locus
of HCMV (bottom section [11]). Symbols: *, ORFs homologous between HHV-6 and HCMV; 0, members of the homologous US22 family of
genes (11); O, genes unique to each virus. Nomenclature of ORFs follows the convention used for EBV ORFs (4) but generally refers to the
subgenomic fragments from which the sequence was derived. Thus, EFLF1 indicates the first leftward (L) reading frame (F) initiating in the
EcoRI-F (EF) fragment of the genome, whereas EFRF1 is ascribed to the first rightward (R) reading frame in EcoRI-F. ORFs initiating within
pcr-1, pcr-2, EcoRI-o, or EcoRI-q (panel A) are named with reference to these fragments.

(0.5 to 1.0 ,ug), annealing of primer (1 to 10 pmol) at 55°C for
5 min, and then sequencing as described for M13 templates.
Assembly and analysis of the DNA sequence. Sequences

were assembled by using either the DB (DBAUTO and
DBUTIL) or SAP programs of Staden (79), and the edited
consensus sequence (38,491 bp from the right SmaI site of
SmaI-G to the right XhoI site of XhoI-I [53]) was analyzed by
using the program packages of ANALYSEQ and NIP (80, 81),
Genetics Computer Group (GCG [18]), and Molecular Genet-
ics and Sequencing (MGS; developed by B. Greer and P.
Gillette, Computing Laboratory, National Institute for Medi-
cal Research, London, United Kingdom). Protein composi-
tional analyses were undertaken by using ANALYSEP and PIP
(82) or options in the MGS suite of programs. Data base
searches, pairwise and multiple amino acid sequence align-
ments, and structural analyses of proteins were done by using
FASTA (69), GAP (60), PILEUP, and PROTEINSTRUC-
TURE options in the GCG program package. For amino acid
sequence alignments with GAP, gap and length weights were
set at 3.0 and 0.1, respectively. Positional base preference and
codon usage analyses were undertaken by using the ANAL-
YSEQ (or NIP) programs of Staden (80, 81).
DNA transfection assays. Vero cell monolayers were trans-

fected with plasmid DNA essentially as described previously
(29). Calcium phosphate-DNA coprecipitates were applied for

10 h, the medium was then changed, and the cells were
harvested 48 h later. Cell extracts were made and assayed for
CAT activity as described by Gorman et al. (29), and percent
acetylation was calculated by scintillation counting of appro-
priate regions of the chromatography plate.

Nucleotide sequence accession number. The 38,491 bp of
HHV-6 genomic sequence reported in this article will appear
in the EMBL, GenBank, and DDBJ nucleotide sequence data
bases under accession number L25528.

RESULTS

DNA sequencing and identification of coding sequences.
The contiguous sequence of HHV-6 genomic DNA from
positions 21.0 to 59.5kbp was derived from the subgenomic
fragments EcoRI-F (7.0 kbp), EcoRI-J (5.7 kbp), BamHI-Q
(2.9 kbp), EcoRI-P (3.8 kbp), HindIII-H (8.7 kbp), and XhoI-I
(5.9 kbp), from PCR-derived DNA spanning the regions
between SmaI-G and EcoRI-F (pcr-J) and between EcoRI-P
and XhoI-I (pcr-2), and from data generated by directed
sequencing using cycle-sequencing techniques (15) on HHV-6
genomic DNA to link BamHI-Q and EcoRI-P (53) (Fig. IA).
All sequence data except those for the sequence between
BamHI-Q and EcoRI-P were derived by M13 shotgun cloning
and sequencing techniques (5) and assembled by using the
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computer programs of Staden (79) to generate contiguous
sequences with an average redundancy (contig sequence thick-
ness) of 6.27. Double-stranded sequencing of M13-derived
sequence (to resolve ambiguities or check sequences) was done
as described in Materials and Methods. Previously published
restriction endonuclease maps (53) are in general agreement
with the present sequence data, except that a 42-bp Sall
fragment has now been identified between SalI-D and SalI-R,
there is a 433-bp NruI fragment between NruI-H and NruI-J,
there are some minor changes in the HindIll map, and the
relative positions of the EcoRI-o and EcoRI-q fragments are
reversed.
ORFs were generally considered significant if they exceeded

300 nucleotides, but smaller ORFs were noted when they
coincided with potentially analogous ORFs in HCMV or when
they displayed features (e.g., by positional base preference
analyses [81, 82]) consistent with their being coding. These
include ORFs EJLF5, EoLF1, and EPLF4 (Fig. 1B). Addition-
ally, TFASTA searches were performed to try to detect short
ORFs in HHV-6 DNA specifying amino acid sequences ho-
mologous to HCMV protein sequences. The results of these
searches were negative. When there were large intragenic or
extensively overlapping ORFs without homologs to HCMV or
other protein sequences, the larger and/or higher scoring in
positional base preference analyses was identified as coding.

Identification of ORFs homologous to HCMV genes. The
positions of the ORFs identified within the sequenced region
are illustrated relative to their HCMV counterparts in Fig. 1B.
Of the 31 HHV-6 ORFs identified (two partial, PlRFO and
XILFO), 20 were found to be homologous to positional coun-
terparts in HCMV. The identities of the homologous HCMV
ORFs and equivalent genes in other sequenced herpesviruses,
where they occur, are indicated in Table 1 along with the
positions of the HHV-6 ORFs within the sequenced region
and selected structural features of the encoded proteins. ORFs
PIRFO, P1LF1, PiRF1 (ORFs 1, 2/plOO, and 3 [61, 62]),
EFLF2 (ORF-A [25]), EPLF1 (pCD41 ORF [8, 9]), HHRF1
(37), XILF1 (ORF5 [61]), and XIRF2 and XILFO (88) have
been identified previously as complete or partial sequences in
HHV-6 U1102 or GS. PiLF1 and PiRF1 are homologous to
HCMV UL32 (ppl50 matrix protein [36]) and UL33 (G
protein-coupled receptor [12]), respectively, EFLF2 is homol-
ogous to HCMV UL36 exon 2 (11, 41), EPLF1 is homologous
to HCMV UL44 (ICP36 protein family [45]), HHRF1 is
homologous to HCMV UL48 (very large tegument protein
[11]), and XILFO is homologous to HCMV UL54 (DNA
polymerase [43]). Other ORFs specifying homologs of charac-
terized HCMV gene products are EFLF1 and EJLF6 (HCMV
IE UL36 exon 1 and IE UL37 exon 3, respectively [14, 41]),
EJLF4 (HCMV UL38 [41, 87]), and P2LF2 (HCMV UL45,
ribonucleotide reductase [67]). In addition to EFLF1 and
EFLF2, the HHV-6 sequence presented here encodes another
homolog, EPLF3, of the HCMV US22 family of genes (11, 41,
95), distinct homologs of which have been discovered in other
regions of the HHV-6 genome (20, 89). The EPLF3 coding
sequences occur in a region of the HHV-6 genome positionally
equivalent to the location of the UL43 US22 homolog in
HCMV, although the sizes of the deduced protein products of
these genes are quite different. EPLF3 is most closely related
to HCMV UL24. Other HHV-6 homologs to HCMV ORFs of
unknown function are PlRFO (HCMV UL31), EFRF2
(HCMV UL35), P2RF1 (HCMV UL47), XILF3 (HCMV
UL49), XILF2 (HCMV UL50), XILF1 (HCMV UL51),
XIRF1 (HCMV UL52), and XIRF2 (HCMV UL53) (11).
Of the 20 conserved genes between HHV-6 and HCMV

within this locus, 10 are found only in these betaherpesviruses

and not in any other sequenced herpesvirus. These ORFs
would thus appear to represent betaherpesvirus-specific genes,
at least some of which presumably are important determinants
of the specific biological characteristics of this subgroup of
herpesviruses. In this respect, the HHV-6 homologs of the
HCMV UL36-38 IE genes and the HHV-6 EPLF3 US22
homolog are of particular relevance as potential transcrip-
tional regulators. Also worthy of note are the regions of
divergence between these two loci in HHV-6 and HCMV and,
in particular, the clustered "unique" genes in each virus
comprising ORFs EJLF3 to EPLF4 in HHV-6 and UL37 exon
1 to UL42 in HCMV. Thus, there are seven ORFs in HHV-6
without detectable homologs in HCMV or any other se-
quenced herpesvirus and five HCMV-specific genes between
the EPLF3/UL43 and EJLF4/UL38 collinear regions of the
two genomes (Fig. IB). Similar clustered unique genes in
regions of divergence from collinearity have been identified in
other closely related herpesviruses, for example EBV and HVS
(63). In addition, HHV-6 EFRF1, EFLF3, EFRF3, and EPLF2
and HCMV UL34 represent virus-specific genes dispersed
individually within these loci and partly account for the altered
spacial arrangements of homologous genes in these regions
(Fig. 1B).

Proteins of predicted function encoded by the 38.5-kbp
sequenced region of HHV-6. In addition to the UL36-38 and
US22 homologs in the sequenced region of HHV-6, there are
15 ORFs which are homologous to collinear genes in HCMV
(Fig. 1B), 7 of these specifying previously characterized pro-
teins or proteins of predicted function based on data from
investigations of HCMV and other herpesviruses. These
HHV-6 conserved genes and their homologs in HCMV,
HSV-1, VZV, EBV, and HVS are listed in Tables 1 and 2 and
are described briefly below. Three nonconserved HHV-6 genes
specifying putative membrane-bound glycoprotein species are
also described.

(i) PiLFl product. The PiLFi translation product is homol-
ogous to the HCMV UL32-encoded protein, ppl50, an immu-
nogenic, phosphorylated matrix protein (36). The correspond-
ing protein of HHV-6, plO0, is also a highly immunogenic
protein and a component of the virion (97). Its gene has been
mapped and sequenced previously (62). The published se-
quence corresponding to EcoRI-c and EcoRI-U (62) is iden-
tical to ours in all but one position (nucleotide 171). The T in
this position of our sequence has been confirmed by directed
sequencing of the cloned HindIII-S (HD2) subgenomic frag-
ment (53). The HHV-6 plO0 and HCMV ppi50 proteins are
41.6% similar and 20.9% identical, as measured by GAP
alignments (18, 60).

(ii) PiRF1 product. The PlRFl-specified protein shows
significant amino acid sequence similarity to the HCMV, HVS,
and cellular G protein-coupled receptor (GCR) family of
proteins (12, 38, 59, 64). The HHV-6 gene was partially
sequenced (110 codons) and mapped by Neipel et al. (61). The
complete PiLFi translation product is 870 amino acids long
(from the first methionine), specifies a protein of 97 kDa, and
displays 52.4% similarity and 25.7% identity to the HCMV
GCR protein encoded by UL33, the positional counterpart of
PiRF1 and one of three GCR homologs specified by the
HCMV genome (12). A GCR homolog has also been found in
the gammaherpesvirus HVS (64) but not in any other herpes-
virus genome. Despite the relatively low degree of amino acid
sequence conservation between these herpesvirus GCR pro-
teins and between these proteins and cellular GCRs, there are
several characteristic features that clearly identify this family of
proteins, most notably the seven hydrophobic, putative trans-
membrane domains and the presence of specific conserved
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TABLE 1. HHV-6 ORFs within the 38.5-kbp sequence between genomic positions 21.0 and 58.5 kbp and homologous genes in other
sequenced herpesviruses

Position' Homology Homolog"

ORF" Sense" First N- Length Mr with HCMV Comments Reference(s)
Start End terminal Poly(A)" (aa)' (% similarity! HCMV HSV-1 VZV EBV HVS

Met" % identity)'
PIRFO + Start 292 833* 60.0/34.3 UL31
PlLF1 - 2814 202 2811 163 870 97,072 41.6/20.9 UL32 Virion protein 36, 62, 97
PIRFI + 3023 4042 3089 4069 318 36,610 52.4/25.7 UL33 74 GCR family 14, 70
EFRF1 + 4128 4448 4131 5037 106 12,003
EFRF2 + 4507 6375 4549 6437 609 69,560 45.5/19.8 UL35 UL25 family 11
EFLF3 - 7294 6896 7225 6395 110 13,415
EFLF2 - 8349 7495 7432 285 32,907 46.0/21.8 UL36x2 IE, US22 family 11, 20, 41, 95
EFLF1 - 8600 8184 8582 7432 133 15,537 48.5/30.3 UL36x 1 IE, US22 family 11, 20, 41, 95
EFRF3 + 8958 9245 9057 9733 63 7,573
EJLF6 - 10634 9744 10622 9648 293 33,218 43.4/18.5 UL37 x 3 IE, glycoprotein 45
EJLF5 - 10728 10516 9648 71 8,522
EJLF4 - 12120 10885 12051 9648 389 43,316 44.6/24.7 UL38 IE 41, 87
EJLF3 - 13585 12305 13570 12227 422 48,688 Glycoprotein,

signal/TM
EJLF2 - 15114 13576 14874 12619 433 49,395
EJLF1 - 15607 14975 15580 14938* 202 23,408 Glycoprotein,

signal/anchor
EqLF1 - 16387 15611 16318 15292 236 26,523 Glycoprotein,

signal/TM
EoLF1 - 16906 16628 16888 16528* 87 10,091
EPLF4 - 17128 16910 17080 16528* 57 6,330
EPLF3 - 18065 17100 18047 16528* 316 37,096 49.7/22.5 UL43 US22 family 11, 20, 95
EPLF2 - 19063 18158 19042 18119 295 33,334
EPLF1 - 20241 19033 20211 18119 393 44,810 65.5/42.2 UL44 (UL42) (16) (BMRF1) (59) DNA 22, 30, 39, 68

polymerase
accessory
protein

P2LF2 - 22682 20256 22667 20246 804 93,353 48.8/25.2 UL45 UL39 19 BORF2 61 Ribonucleotide 3, 13, 24
reductase

P2LF1 - 23731 22940 23590 22643 217 24,570 51.0/29.4 UL46 UL38 20 BORF1 62 Capsid protein 71, 72
P2RF1 + 23106 26363 23118 29702 1,082 123,988 48.5/25.4 UL47 (UL37) (21) (BOLF1) (63)
HHRF1 + 26381 32614 26384 32672 2,077 239,945 47.5/23.9 UL48 UL36 22 BPLF1 64 Very large 26, 28, 55

tegument
protein

XILF3 - 34384 32960 34369 32657 470 54,700 61.4/39.1 UL49 BFRF2 66
XILF2 - 35159 34323 35150 34234 276 31,671 61.3/38.7 UL50 (UL34) (24) BFRF1 67
XILF1 - 35556 35170 35487 34529 106 12,440 65.4/37.4 UL51
XIRF1 + 35402 36937 35486 37520* 484 56,407 63.1/39.2 UL52 UL32 26 BFLF1 68
XIRF2 + 36941 37735 36944 37734* 264 30,845 66.3/42.4 UL53 UL31 27 BFLF2 69
XILFO - End 37787 37749 75.8/52.1 UL54 UL30 28 BALF5 9 DNA 42, 43, 88, 96

polymerase

aThe nomenclature used for the HHV-6 ORFs is explained in the legend to Fig. 1.
b The positions and orientations (relative to the conventional orientation of HHV-6 [53]) of the ORFs are indicated, together with the locations of the first N-terminal

ATG codons (where these occur) and first downstream polyadenylation signals (AATAAA, ATTAAA*), within the contiguous sequence described here.
c The sizes of the ORF translation products (starting at N-terminal methionines) in amino acids (aa) and their relative molecular weights (Mr) are shown.
d Homologous genes were identified by FASTA searches and GAP alignments (60) with the GCG program package (18). The values for percent similarity and percent

identity between the HHV-6 and HCMV homologs are based on GAP alignments with gap and length weights set at 3.0 and 0.1, respectively.
e Listings of homologous genes were based on data from comparisons of other herpesvirus proteins (see, e.g., references 11, 55, and 63). Viral genes positionally (and

in some cases also functionally) analogous to HHV-6 genes but with very limited sequence similarity are shown in parentheses.

amino acid residues within and around these domains (12, 38,
59, 64) (Fig. 2).

(iii) EPLF1 product. The HHV-6 GS equivalent of the
EPLF1 gene of HHV-6 U1102 has been sequenced as a cDNA
clone, pCD41 (8, 9). This cDNA clone contains sequences
which in HHV-6 U1102 encode both EPLF1- (393 amino
acids) and EPLF2 (295 amino acids)-specified proteins. The 3'
end of the mRNA occurs at position 14655 of our sequence, 14
nucleotides downstream of the only polyadenylation signal
(AATAAA) within the sequences represented in pCD41.
Thus, EPLF1 and EPLF2 appear to be encoded by a bicistronic
mRNA. Differences between our nucleotide sequence and that

presented by Chang and Balachandran (8, 9) result in eight
amino acid differences between overlapping portions of the
EPLF1 and GS p41 translation products, two amino acid
differences between the EPLF2 protein and its GS equivalent,
and size differences between the deduced U1102 and GS
proteins.
The HHV-6 EPLF1 (p41) protein is homologous to the

phosphorylated and glycosylated family of proteins, ICP36
(45), encoded by HCMV UL44 (11). Both p41 and the UL44
product are nuclear proteins, and the latter has shown to bind
DNA (8, 45) and to be required for HCMV oriLyt-dependent
DNA replication (22, 68). The UL44 and HHV-6 EPLF1 gene
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TABLE 2. Comparisons of HHV-6 ORF translation products with
homologs in HCMV, HSV-1, VZV, EBV, and HVS

% Similarity/% identity' with:
HHV-6 ORF

HCMV HSV-1 VZV EBV HVS

PlRFI 52.4/25.7 47.1/21.2
EPLF1 65.5/42.2 40.5/16.4 38.1/16.0 42.1/18.1 38.0/17.3
P2LF2 48.8/25.1 47.6/22.6 47.5/23.6 48.1/22.9 46.7/22.8
P2LFl 51.0/29.4 41.7/20.4 43.4/20.0 43.2/16.9 44.4/16.4
HHRF1 47.5/23.9 42.1/19.0 42.7/19.8 40.7/20.2 41.7/20.7
XILF3 61.4/39.1 44.9/23.7 49.1/27.0
XILF2 61.3/38.7 43.6/19.6 44.9/15.2 46.3/21.7 42.8/17.5
XIRFI 63.1/39.2 48.6/23.2 50.0/26.1 49.0/26.7 50.6/27.3
XIRF2 66.3/42.4 48.7/21.1 50.2/23.0 49.0/20.9 44.6/21.5
XILFO 75.8/52.1 55.7/32.6 58.1/32.2 56.5/34.5 54.1/36.4

a Values for percent similarity (first number) and percent identity (second
number) were obtained from pairwise alignments of HHV-6 translation products
with homologs in the other herpesviruses by using GAP (60) in the GCG package
(18) with gap and length weight settings of 3.0 and 0.1, respectively. The values
illustrate the closer relationship between HHV-6 and HCMV, a betaherpesvirus,
than to the alphaherpesviruses (HSV-1 and VZV) or gammaherpesviruses (EBV
and HVS).

products are likely, therefore, to be functionally analogous to
their positional counterparts in HSV-1 (UL42) and EBV
(BMRF1), which show DNA-binding properties, associate with
viral DNA polymerase, and are essential for lytic cycle viral
DNA replication (23, 30, 39, 51, 93). Regulation of HCMV
UL44 gene expression is manifested in both early and late
transcription initiating downstream of three different TATA
boxes and in delayed translation of early mRNA (45). Since
there are three TATA box motifs (TATAA) in EPLFI up-
stream sequences (150 bp), it is possible that EPLF regulation
is analogous to that of HCMV UL44.

(iv) P2LF2 product. The P2LF2 translation product is
homologous to the UL45-encoded protein of HCMV and the
UL39-, gene 19-, BORF2-, and gene 61-specified products of
HSV-1, VZV, EBV, and HVS, respectively (2, 4, 11, 17, 56,
63). These proteins are structurally and functionally homolo-
gous to the large subunit of ribonucleotide reductase found in
other organisms. In common with HCMV, a betaherpesvirus,
and in contrast to representatives of the alphaherpesviruses
(HSV-1 and VZV) and gammaherpesviruses (EBV and HVS),
HHV-6 appears to lack an ORF specifying the small (3)
subunit of the enzyme. In the alpha- and gammaherpesviruses
this ORF is located immediately downstream of the ct-subunit
gene. In HSV-1, at least, the ct- and P-polypeptides associated
to form Ct2r2 heterodimers as for mammalian ribonucleotide
reductases (3, 13, 24). HCMV and HHV-6 are therefore
distinct from the alpha- and gammaherpesviruses in their
possession of only one ribonucleotide reductase ORF, and it is
notable that these betaherpesvirus proteins are more closely
related to each other than to homologs in the other sequenced
herpesviruses (Table 2).

(v) P2LF1 product. P2LF1 specifies a homolog of the UL46-,
UL38-, RF20-, BORFI-, and RF62-encoded proteins of
HCMV, HSV-1, VZV, EBV, and HVS, respectively. The
UL38 gene product in HSV-1 has been shown to be a
component of the capsid and to be important for capsid
assembly (71, 72).

(vi) HHRF1 product. The HHRF1 translation product spec-
ifies the HHV-6 homolog of the UL48-, UL36-, RF22-,
BPLF1-, and RF64-encoded proteins of HCMV, HSV, VZV,
EBV, and HVS, respectively. These proteins represent the
largest (>200 kDa) of the herpesvirus proteins and are struc-
tural components of the tegument (4, 11, 17, 26, 28, 55, 63).
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FIG. 2. Alignment of the HHV-6 PIRFl translation product with
the other detected herpesvirus GCR homologs in HVS (ECRF3, gene
74 [2, 64]) and HCMV (US27, US28, and UL33 [12]). The alignments
were based on those performed by Chee et al. (12) and on a multiple
alignment output obtained by using the PILEUP option in the GCG
program package (18). The sequences were aligned manually by using
the LINEUP and PRETTY programs in the GCG package. The boxed
regions indicate putative transmembrane domains, and the predicted
cytoplasmic (C) and extracellular (E) domains are indicated below the
sequence. Potential N-linked glycosylation sites occurring in the N-
terminal regions of the proteins are underlined. Amino acids con-
served in all five protein sequences (0) or in all but one (0) are
indicated below the sequences.

The HHV-6 GS equivalent of HHRF1 has been sequenced
(37).

(vii) XILFO product. The partial ORF XILFO represents
part of the HHV-6 U1102 DNA polymerase gene, which has
been sequenced and described previously (88).

(viii) EJLF3, EJLF1, and EqLFI products. The translation
products of these HHV-6 ORFs do not have detectable
homologs among the HCMV-specified proteins, other herpes-
virus proteins, or protein sequences in the data base. However,
it seems highly probable from computer-based structural anal-
yses (PIP [82]; GCG PEPTIDESTRUCTURE [18]) that each
represents a membrane-bound glycoprotein. The N-terminal
sequences of the EJLF3, EJLFI, and EqLF1 proteins are
predicted to function as signal peptide sequences according to
the criteria of McGeoch (54). In addition, all three proteins
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38.5 kbp OF DNA SEQUENCE FROM HHV-6 603

A I.
1 MADERTSDSVKTRYDIALMKLNDIKI.AVFRDSLSTYVEQK LTIQFNW 49

1 MDDLRD ........ TLMAYGCIAIRAGDFNGLNDFLEQEC TRLHVAW 40

50 PKSRCLVISTLCKIPFPTKSAAELQEMCKYQCFVSVLWCVILVFVVKIKL 99
I:::1. ... 1-

41 .RCFI ...... ... QLRSRSALGPFVGKMGTVCSQ ....... 67

B 1 VSVFRVSSVVCHSRFCCENKVIFPFKQGSL LLCCPERLQLLG VSVWGEE 50
I 1.1 1: :111

1 ......... ........ ........ ..... GA YVCCQEYLH[PFGi1 F..........is 1.7

51 TRDVCLTKILVFAGEDEKFYGLDFVNETLYLLAETTERFAVLGLRRYL PV 100

18 GPGFMRYQLJIVLIGQRGGIYCYDDLRDCVYELAPTMKDFLRNGF F 67

101 YREKDI RFLTKIDDVLQSLIDAQDNLWKFATIVYKNSGRHYIMKSCLEN 149

68 HTMRDYQRPMVQYDDYWNAVMLYRGDVESLSAEVTKRGYASYTIDDPFDE 117

150 NDGVFVLFLTRKEDF.............. PSRMEWNFFSDVYESMPYDGQ 185

118 CPDTHFAFWTHNTEVMKFKETSFSVVRAGGSIQTMELMIRTVPRITCYI 16b7
IV

186 VIGSIGKTL PKTM .... FVMMDLSGAIYGIDTIGTGIGSCVKIADDFE 231

168 LLGALGHEV RKEFLVRQYVLVDTFGVVYGYD. . PAMDAVYRLAEDVV 214

232 SFLRQGIVRGYRRYK HRNINTVQ. EILPLCPHTSLGPTFSNNYIYDLS 280
1jJ.:- .-.1I 1.-1. .1 . .

215 MFTCVMGKKGHRNHR RGMEAIVRLEKTPTCQHPKKTP. . DPMIMFDED 262

281 SEDDE* .......................... 286

263 DDDELSLPRNVMTHEEAESRLYDAITENLMICVKLVTTDSPLATHLWPQE 312

FIG. 3. Pairwise alignments between HCMV UL36-38 translation
products and homologs in HHV-6. (A) Alignment between the
translation products of HHV-6 EFLFI (top) and HCMV UL36 exon 1
(bottom), showing amino acid sequence similarity and identity of 48.5
and 30.3%, respectively, and the conservation of US22 motif I (boxed)
(20). (B) Alignment of the HHV-6 EFLF2 (top) and HCMV UL36
exon 2 (bottom) protein sequences. Percent similarity and identity
between these proteins are 46.0 and 21.8%, respectively. US22 motifs
II, III, and IV (11, 95) are conserved between these proteins and are
indicated by boxes. (C) Alignment between protein sequences speci-
fied by HHV-6 EJLF6 (top) and HCMV UL37 exon 3 (bottom),
showing the relatively low overall sequence similarity between the
proteins (43.4% similarity, 18.5% identity). Better-conserved regions
lie between EJLF6 amino acids 108 to 140 and 266 to 294. Both
proteins contain multiple N-linked glycosylation sites (NxT/S), which
are indicated by boxes. (D) Alignment of HHV-6 EJLF4 (top) and
HCMV UL38 (bottom) translation products. Overall amino acid
sequence similarity and identity between these sequences are 44.6 and
24.7%, respectively. Alignments A to D were performed by using the
GAP option in the GCG package (18, 60) with gap and length weights
set at 3.0 and 0.1, respectively.

possess markedly hydrophobic, putative transmembrane do-
mains, and all contain multiple N-linked glycosylation sites
(NxT/S). The EJLF3, EJLFI, and EqLFI translation products
contain 10, 4, and 3 potential glycosylation sites, respectively.
In EJLFI, the transmembrane domain occurs at the C termi-
nus of the protein and may represent an anchor sequence.
Thus, all three of these HHV-6 proteins are likely to represent
multiply glycosylated membrane proteins, distinct from other
herpesvirus glycoprotein species.
Homologs of the HCMV IE UL36-38 genes specified by

HHV-6. The most abundant IE transcripts of HCMV arise
from the major IE locus (85), but there are additional IE
transcripts that are specified by other regions of the genome.
These map to positions of reading frames UL36-38, US3, and
IRS1/TRS1 (11, 41, 83, 87, 94). The UL36-38 ORFs make up
an IE transcription unit from which four mRNA transcripts
arise from three distinct promoters (41, 87) (see Fig. 4A). The

c
1 MKKLTMESLSVYIFVMGVCFT EQKIVLIQEHKLRSICISTCYVNG 50
1. .LTLWSI H . .:I:., .D, 2

1 .....VSVWLL ..... LTLLWSTGHGV .........SVRCTYHGT ......DV 28

51 VLA SVKTSYLINLAMLTN.... GFKAMRV ISEKTAFLRV 96
*TD... . . I~ I1.1I..*X .

29 MNCH IYNGPCLGTEARLP V 78

97 IINYYFRGVM.....LRALIAQRLPNAPi TVNCWLDD.HSAGGVMTL 140
.1 : 11.1 . 11::- -1 :

79 MLKFGFQYHLEGWFPLR E GEVACF1"3-1GQLTL 128

141 FYGTERIVT ..........J..aE WISDIQD GQDILNERV 178

129 [[.HSYVnRAIAHTSPFESYVRWEEs MSTLTKYA 178

179 SLDIYFLSKICPQLSSEIYKKKVAHPKYFSLIPKNKPKKFLRN ...... 222

179 ESDYIFLQDMCPRFLKRTVKL LPVWTPECKGW 228

223 TWRSAWSNWYKYKEIKEFLDFSSDYE ITYSMSAAGLFFLAGGAFTM 272

229 TYWTTLSVMWRNRRSALLRAKSRALGHWALLSICT .......VAAGSIAL 271

273 LLLLCCLSMITRKHIVKDLGY* ................. 294

272 LSLFCILLIGLRRDLLEDFRYICRDEGSSSTKNDVHRIV 310

D
1 MAFTGDELARML......QFKDKMISSAGL ..ALKFEKV.....VQEAMA 37

. ... :: ::::. :. 11:11 ::II I..
1 MTTITHSTAAIMSLLDEAEWRQTQMDVGGLIQASALGKVALRYAVRKLMK 50

38 SGIVLQHITCIKVRICDNSDILSDRQLR..SLLINGLYPFEGRMSMFGVT 85

51 1R.A . III S1 S R1. 1C Q1E 051 RGARLRHDSGLYWVCICDPSYEFLQMNLSKISWLERHCPPLDQELIMPGVI 100

86 EEWEGASAAPERQVVFLLSSTGQVLGYEDGVVFYLSPTFSDFWTTAMEFS 135

101 EAWEEASVRPTRQLVLFMTPKWDVFAYDSGILFFLAPSMAQFWHGAIVLE 150

136 CQNAILSNFIAQKSRDEYIDQFQKYFTRMRHTPIFLTGVLPRRFQKVESS 185

151 YWNALFP..VEVRSHVRQHAHTMDDLVMVFHQLDYEKQVLEARRDK.... 194

186 ACVEEDARASMRPIQCDSFGVKDTFCRPTEELLQPSANKDVGGKVCMSLS 235

195 ..NTEGPRTFAKSVNS........YVRAILE .... SERRIREGKIPMTFV 230

236 CREDNSARHCTIYGLTETRGIKIMFSRHTQTDRSEVMCNAATQTGDVVDN 285
-.1I....- ......

231 DRDSLRANSLAHIQATGAQPSHAPAQRVLSAPPSLPLPVSEEDPAAAATP 280

286 SSETLFLGKNLVHQSILE FDVSNPRIDSVYDTTVFGAMAT 3351I1 ... I .. :1.1 -- 1I . *-1-1.
281 SSSAA1TPPSSVVPASVESELSS ........SPPLPPVVVKDVVYTAGEG 322

336 DDVGCENVQGGASLAQEKPLKGYCITATPSECKPNIHWLKSPEKTVQESA 385

323 DVVQMVVVV.331

1.7-kb (UL37 exon 1, UL38), 3.2-kb (UL37 exons 1, 2, and 3),
and 1.68-kb (UL36 exons 1 and 2) mRNA species are all
expressed as IE transcripts (41), whereas the 1.15-kb mRNA
(UL38) is expressed with early kinetics (87). Products specified
by individual UL36-38 cDNA clones or genomic sequences
have recently been reported to act synergistically with other IE
gene products (those of the US3 and IE2 genes) to activate
heterologous or HCMV early gene expression, and the entire
UL36-38 region can transactivate at least one heterologous
promoter independently (14).

In HHV-6, we have identified homologs of the UL36 exon 1,
UL36 exon 2, UL37 exon 3, and UL38 ORFs of HCMV.
Alignments of the HHV-6 EFLF2, EFLF1, EJLF6, and EJLF4
translation products with their homologs in HCMV are shown
in Fig. 3. It is important to note that although the overall amino
acid sequence similarities of these paired proteins are rela-
tively low, there are restricted regions of the proteins that show
far better conservation of amino acid sequence or that display
other conserved features. For example, conservation of amino
acid sequence between EJLF4 and HCMV UL38 is restricted
mainly to the amino-terminal portions of the proteins (Fig.
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3D). The homology between the US22 family members EFLF1
and UL36 exon 1, and EFLF2 and UL36 exon 2, is seen clearly
by the possession of collinear US22 motifs (11, 20, 41). Motif
I (GxxOxOxWP, where 0 is a hydrophobic residue and x is any
residue) is present in the short EFLF1 and UL36 exon 1
translation products (Fig. 3A), whereas motifs II, III, and IV
are present in the products of the downstream ORFs EFLF2
and UL36 exon 2. MotifII (OOCCxxxLxxOG) is most clearly
defined, with the larger hydrophobic domains making up
motifs III and IV distal to this (Fig. 3B). In HCMV, UL36
exons 1 and 2 are spliced together in an mRNA specifying the
UL36 coding sequences, thus joining all four US22 motifs in
the translation product. Similar splicing events are also possi-
ble (and indeed predicted) for the HHV-6 EFLF1 and EFLF2
ORFs (see Fig. 4B). The HHV-6 EJLF6 and HCMV UL37
exon 3 ORFs show limited overall amino acid sequence
similarity. However, there are restricted regions of the proteins
(e.g., EJLF6 positions 108 to 140 and 266 to 294 and equivalent
regions in UL37 exon 3) that are better conserved and contain
conserved cysteine residues (Fig. 3C). Furthermore, in addi-
tion to their genetic collinearity, they share other notable
features. First, they are each predicted to encode highly
glycosylated proteins, the EJLF6 and UL37 exon 3 ORFs
specifying 9 and 17 N-linked glycosylation sites, respectively.
Second, each translation product specifies at its C terminus a
hydrophobic domain, possibly representing an anchor se-
quence. Third, the EJLF6 and UL37 exon 3 translation
products are of very similar size, 294 and 310 amino acids,
respectively. Homologs of the first two exons of UL37 were not
detected in HHV-6, despite the use of TFASTA searches (18)
to try to detect the short (14-amino-acid) UL37 exon 2
equivalent in the HHV-6 sequences.
The EJLF3 ORF encodes a potentially highly glycosylated

translation product (10 glycosylation sites, NxT/S, are present).
It is not detectably homologous to UL37 exon 1, its positional
counterpart in HCMV, but it is possible that it is functionally
analogous. In common with HCMV UL37 exon 1, HHV-6
EJLF3 encodes a hydrophobic, putative signal peptide se-
quence at its N terminus (41, 54). Although EJLF3 may be
expressed as an unspliced mRNA, splicing events analogous to
those in HCMV may occur. Figure 4 indicates the positions of
potential splice donor and splice acceptor sites in relation to
the HHV-6 EFLF2-EJLF3 ORFs, demonstrating the possibil-
ity of analogous splicing patterns to those determined for the
HCMV UL36-38 mRNAs, including the 3.2-kb spliced UL37
mRNA. The putative equivalent of UL37 exon 2 indicated in
Fig. 4B represents a 13-amino-acid coding segment of the
EJLF5 ORF. A notable divergence between these betaherpes-
virus loci is the spacing between the UL37 exon 3 and UL36
exon 1 ORFs in HCMV and the EJLF6 and EFLF1 homolo-
gous ORFs in HHV-6 and the presence of additional potential
coding sequences, EFRF3, in HHV-6.
HHV-6 EPLP3 encodes a member of the HCMV US22

family of proteins. The EPLF3 ORF specifies a translation
product of 316 amino acids (from the first methionine) which,
like the EFLF1/EFLF2-encoded protein (see above), is homol-
ogous to the 12-member US22 family of proteins in HCMV
(11, 41, 95). Other US22 homologs have recently been identi-
fied in HHV-6 (20, 25, 89). US22 homologs have so far not
been identified in any other herpesvirus, and it is likely that
they represent betaherpesvirus-specific genes. The predicted
translation products of the US22 genes vary considerably in
length (143 to 788 amino acids) and have a low overall amino
acid sequence similarity. The US22 proteins contain one or
more of four sequence motifs (11, 20), all of which are present
in the EPLF3 translation product. These are illustrated, along

with representative motifs from other US22 family members in
HHV-6 and HCMV, in Fig. 5.

Functional analyses of the EFLF2-EJLF4 and EPLF3 genes.
Products encoded by the HCMV IE UL36-38 transcription
unit have recently been shown to function as transcriptional
regulators of heterologous and HCMV promoters in transient
cotransfection experiments (14). The duplicated US22 family
members TRS1 and IRSI of HCMV have also been shown to
encode transactivating functions (83), thus demonstrating reg-
ulatory properties encoded by US22 genes other than UL36. In
view of these previous findings, we wanted to test the ability of
our UL36-38 and US22 homologs to regulate gene expression.
In initial experiments to assess the likely role of the EPLF3
ORF, the plasmid pED4 (pEcoRI-P [53]), which contains
intact ORFsEPLF1, EPLF2, and EPLF3, was cotransfected in
increasing amounts (2, 5, and 10,ug) with pLTR-CAT (1 [ig)
into Vero cells. The results of these assays demonstrated that
a function(s) encoded by pED4 was able to induce LTR-CAT
expression up to 12.5-fold (Fig. 6B). To investigate the role of
the US22 homolog EPLF3 in this induction, we also tested the
effect of pEPLF3 in dose-response experiments with pLTR-
CAT. The results are shown in Fig. 6C and demonstrate that
these sequences are able to effect induction of LTR-CAT
expression (4.4-fold at 500 ng of pEPLF3), indicating that
EPLF3 does indeed encode the ED4 transactivating function.
Expression constructs containing EPLF1 and EPLF2 coding
sequences were nonfunctional in similar assays (data not
shown).

Similar assays were performed with the effector construc-
tions pIEGP1-2 and pIEGP2-3' (Fig. 6A) to assess the poten-
tial roles of the HHV-6 UL38/UL37 exon 3 and UL36 ho-
mologs to effect transactivation. In addition to the UL36
homologues, pIEGP2-3' contains EFRF3 coding sequences
but lacks the 3' polyadenylation and processing signals neces-
sary for expression of this ORF. Figure 6D summarizes the
results of cotransfection experiments in which pLTR-CAT (1
[Lg) was cotransfected with increasing doses (1 to 15 [ig) of
each effector construct both individually and together. The
maximum levels of induction obtained were approximately
fivefold for both pIEGP1-2 and pIEGP2-3' (at 1 and 2.5 jLg,
respectively) and were not increased significantly in mixed
transfections, indicating that the gene products encoded by
these effector constructions do not function synergistically, at
least in these assays.
Our data indicate that the HHV-6 homologs of the HCMV

IE UL36-38 genes are able to effect transactivation of at least
one target promoter, the HIV-1 LTR, in transient-cotransfec-
tion assays, and that the EFLF1/EFLF2 (UL36 exon 1/UL36
exon 2) and EJLF6 to EJLF4 (UL37 exon 3 to UL38) regions
each encode a transactivating function(s). Furthermore, a new
HHV-6 US22 family member, EPLF3 (HCMV UL43 posi-
tional counterpart), also encodes a transactivating function
consistent with the emerging evidence implicating the US22
gene products as IE transcriptional activators (14, 25, 83).

DISCUSSION

The data presented in this report comprise the primary
sequence of a contiguous 38.5-kbp region of the genome of
HHV-6 strain U1102, its analysis, the identification of several
genes conserved between HHV-6 and HCMV, and the dem-
onstration of transactivating functions encoded by DNA se-
quences specifying ORFs homologous to the HCMV IE
UL36-38 and UL43 genes. The sequenced region of HHV-6 is
between genomic positions 21.0 and 59.5 kbp (53) and is
genetically generally collinear with the positionally equivalent
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A
48 49 5s 51 52 53 kb

] < UL37x3 < UL38
UL37x2

Ia

3.20kb

1.74kb

1.1 5kb

1.68kb

B
10 1 1 12 14 kb8 9 13

< EFLF2

A A
_- rt-D_

A31 tD3

< EJLF6 EJLF4 < EJLF3
EFRF3

aJ EJLF5

A A A A A A
I---------n r-___ _--------I

A2I 1 LDl
LD2

Donors: Dl - position 12386, sequence AAAg GTCCGTGA

D2 - position 10639, sequence ATTt GTAAATAC

D3 - position 8355, sequence ATGt GTAAGTAT

Acceptors: Al - position 10667, sequence TGTTGTATTCCACAG aGA

A2 - position 10521, sequence ATAGTCTTAATTCAG gAA

A3 - position 8268, sequence TTCCTTTTAAACAAG gTT

FIG. 4. Splicing patterns within the HCMV UL36-38 locus and the possibility of analogous splicing events in the homologous region of HHV-6.
(A) HCMV ORFs UL36-38 are indicated together with the mRNA species encoding the corresponding gene products. Thick lines represent exons,
and their splicing is depicted by the adjoining lines. These data were derived from Kouzarides et al. (41) and Tenney and Colberg-Poley (87). The
positions of the ORFs within the HCMV genomic sequence are indicated by the scale (top). (B) HHV-6 homologous genetic locus, showing the
conserved ORFs EFLF2 (UL36 exon 2), EFLF1 (UL36 exon 1), EJLF6 (UL37 exon 3), and EJLF4 (UL38), along with ORFs potentially analogous
to HCMV UL37 exon 2 (EJLF5) and UL37 exon 1 (EJLF3), and the nonconserved EFRF3 ORF (shaded). Numbering on the scale (top) refers
to the sequence described in this paper. The locations of potential splice donor (D) and splice acceptor (A) sites are indicated by arrows, and details
of their sequence and coordinates are listed below. All polyadenylation signals (AATAAA) in the negative strand are indicated by arrowheads.
Putative mRNA species derived from splicing between the indicated splice donor-acceptor sites are indicated by thick lines (exons) and adjoining
lines representing splicing. Such mRNA structures for HHV-6 are purely speculative.

region within the U, component of the genome of HCMV
(11). Within the sequenced region of HHV-6, we have de-
tected homologs of the HCMV ORFs UL31, UL32 (phos-
phorylated matrix protein), UL33 (GCR homolog), UL35,
UL36 exons 1 and 2 (IE, US22 family), UL37 exon 3 (IE
glycoprotein), UL38 (IE), UL43 (US22 family), UL44 (DNA
polymerase accessary protein), UL45 (ribonucleotide reduc-
tase), UL46 (capsid protein), UL47, UL48 (very large tegu-
ment protein), UL49, UL50, UL51, UL53, and UL54 (DNA
polymerase). These HHV-6 and HCMV conserved genes lie in
equivalent relative positions and orientations within the ge-

nomes of these betaherpesviruses. Our data therefore confirm
and extend previous reports indicating general collinearity
between HHV-6 and HCMV UL (20, 44, 52, 61).
The results of sequence analyses also identify 11 genes of

HHV-6 with no detectable homology to HCMV or other
herpesvirus genes or to any other sequences in the data base.
These HHV-6-specific genes occur mainly as a cluster of ORFs
between the UL36-38 and UL43 homologs (HHV-6 EJLF4-
EPLF3, positions 33 to 38 kbp), with others singly dispersed
among HHV-6/HCMV conserved genes (Fig. IB). Thus, the
regions within the genomes of HHV-6 and HCMV encoding
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Motif I

HHV-6 EPLF3 27 G1AT L A L PIW P
HHV-6 EFLF1 43 G L T I Q F N W P
HCMV UL36exl 2 G T R L H V A W P
KCMV UL28 94 G R W L P L C W P
HCMV UL29 71 G S C V S L G W P
HCMV UL23 85 G Q R V A L V P
HCMV UL24 85 G Q V L P V VW P
HHV-6 SHL1 70 H C R L A L S W P
HHV-6 SHL2 73 G R R I P L A W P

Motif II

HHV-6 EPLF3
HHV-6 EFLF2
HCM4V UL36ex2
HCMV US22
HCMV US23
HCMV US24
HCON UL23
HCMV UL24
HHV-6 SHLI
HHV-6 SHL2

61 K T Y M C C G G ERL V V V G V I H
29 S L L L C C P E R L Q L L G Y v S

1 GA YVC C Q E Y L HP F G F V E
118 A D Y L C C D D T L E A V G V L A
98 D D V I C C P ER L IV L G K C V
91 S K L I C C R EP L T P L G Y A V
118 A S Y L C C P EP L T P L G Y A V
118 S H Y L C C Q T R L A F V G R F V
103 R R Y G C C P GM D T L T V I G V
106 A G L-V c c. P(]RQ} VVEgY V K

Motif III

HHV-6 EPLF3 82 T C R G P| Q A RQ H I Y V N G F F D R S L Y H V A S S DI F S N G I R F F Y P IYE T
HHV-6 EFLF2 55 C L T KTL V F GIE D K F Y GLDF V N E T L Y L L A E TT RF A V L G L R R YDP V YRE
KMV UL36ex2 33 M R Y QWI V L IGQ R GGI Y CY DD L R D C V Y E L A P TMKDF L RiN G F R H R|D|H F HTM

HCMV US22 150 Q E L P3V L M LWH YGVT V Y VY DlWE T D G E
V
A S DIKAF S|H|N G L L

W
C E Y V YRHHCMV US23 118 E E T EkV L C M G G TR L Y I|Y EP S Q E I L| LL AARH|L D E L A|R|Y G M MY T|E|A V Y R|Q

HCMV US24 122 V A TPR F S RV YVAYDT R E K YMV LJVVSH NL D E L ARYGVS R SEI AYRD
Motif IV

HHV-6 EPLF3 217 D W R E|L V V V F D G H M[L FC V R E E S LI :F] I A R N M S D T1K I G CQ|R Y N E N R R L H
HHV-6 EFLF2 198 Y P K T M F V M M DL S|G|A|I Y|G I|DT I G T G IIGS C V K I A D FE S F L R Q G I V R G YT R
HCMV UL36ex2 193?L VR9 Y V L V DLTVGDVTV YVG YGP A MD A VYRL EDVVFT C V M G K K G H R N HRF
HMCV US22 314 F V P S GL V L L D K F G V V Y L H K I E D S DLRlD N HMFL K C G CL K L R G L C F
HCMV US23 270F D T SFL I I F DRFCRF Y V V I V K S H L S-SFr L Q R LA E I Y RILIA D S L E E L F R
HCMV US24 284IFIV A E|V L V L L D W A jA IQ M D D P NH V R R V A N TMT E F F R MG L L K M V FRH

KCMV US26 286WH A D|F V I L V DR A C E| FY FV S R RE[I WR LAD S[VDL L T V G| L K I Y Q A G|R
KCMV TRS1 457 P R A M L V V L L D E L AVFG Y C P L D G HVPLA ELA H2L R A GUL G A L A L G E

FIG. 5. The HHV-6 EPLF3 translation product contains all four motifs characteristic of the US22 protein family. The sequences of the
EPLF3-encoded US22 motifs (20, 41, 95) are shown aligned with corresponding motifs in other US22 family members in HHV-6 (20) and HCMV
(11). Numbers indicate amino acid positions within the proteins (initiating at the first methionine) of the first amino acid of each sequence
presented. US22 motifs I, II, III, and IV are shown separately, and their characteristics are described in the text.

the betaherpesvirus-specific IE UL36-38-type and UL43
(US22)-type genes are loci in which HHV-6 and HCMV
"unique" genes are also located.
The HHV-6 and HCMV unique genes within the genetic

loci presented here may therefore represent genes whose
products are important contributors to the specific biological
characteristics of each virus. In contrast, the conserved beta-
herpesvirus-specific genes represented by HCMV UL36-38
and UL43 and HHV-6 EPLF2-EJLF4 and EPLF3 (Fig. 1B)
within these loci are likely to specify functions relevant to
biological properties and requirements of all members of the
subgroup. The clustering of herpesvirus unique genes within
otherwise collinear regions between herpesviruses of the same
subgroup has been noted previously for HVS and EBV (2, 63).
Of relevance to this discussion is the finding that the two major
regions of divergence between these gammaherpesviruses oc-
cur at positions which in EBV encode genes and cis elements
important for episomal viral replication in persistently infected
cells. HVS lacks equivalents of all of the EBV latency genes,
oriP (EBV latent replication origin), and the BZLF1 gene
(encoding Zta) that regulates latent-lytic switching. This diver-
gence between HVS and EBV indicates fundamental differ-
ences in the mechanisms of maintenance of and reactivation
from latency in these two gammaherpesviruses, possibly re-
flecting the distinct latent tropisms of HVS (T cell) and EBV
(B cell). Within these regions of divergence in HVS are found
HVS-specific genes, including cyclin and GCR homologs,
which could conceivably play important roles either during
latency or during lytic cycle replication (63, 64). Thus, there is
a precedent for the presence of clustered herpesvirus-specific
genes at regions of divergence from collinearity between viral
genomes of the same herpesvirus subgroup and evidence that
such unique genes can be major determinants of differences in
biological properties between these viruses. The HHV-6
EJLF3-EPLF4 and HCMV UL39-UL42 genes may represent
such biologically important genes.
Of particular significance is the finding that HHV-6 encodes

homologs of the HCMV UL36-38 genes and also contains a
positional and structural homolog of the HCMV UL43 gene, a
member of the US22 gene family. In HHV-6 and HCMV, the

US22 genes occur in multiple copies (11, 20, 89). An HHV-6
US22 homolog positionally equivalent to HCMV UL43 has not
previously been reported, and the EFLF2-EJLF4 genes of
HHV-6 described here represent the first homologs of the
HCMV UL36-38 IE genes to be detected. Therefore, in
addition to the betaherpesvirus major IE gene loci, which
contain conserved coding and noncoding features (11, 32, 52,
58, 75, 84), it is likely that the HCMV UL36-38 genes represent
betaherpesvirus-conserved IE genes specific to this subgroup
of herpesviruses. Analogous subgroup-specific IE genes in the
alphaherpesviruses are equivalents of HSV-1 IE68, IE110, and
IE175 (55) and in the gammaherpesviruses are equivalents of
EBV BRLF1 (4, 65, 92). These subgroup-specific IE genes are
likely to specify important functions with respect to biological
characteristics and requirements common to all members
within each herpesvirus subgroup. The virus-specific IE genes,
on the other hand, probably encode transregulatory proteins
specifically suited to function within specific host cells and/or
within the context of the particular viral genome. These
virus-specific IE genes include EBV BZLF1 (Zta [4, 10, 46,
74]), HVS IE-G (66), and bovine herpesvirus 4 TEl (91). The
finding of HCMV IE UL36-38 homologs in HHV-6 suggests
that these genes correspond to betaherpesvirus-conserved IE
regulatory genes. However, conclusive evidence of this will
have to await appropriate sequence, transcriptional, and func-
tional data from other betaherpesviruses.

Finally, in this report we have presented data from cotrans-
fection assays that provide evidence of HHV-6 EPLF3- (US22
homolog), EFLF1/EFLF2- (UL36 homologs), and EJLF6/
EJLF4 (UL37 exon-3/UL38 homologs)-specified transactivat-
ing functions (Fig. 6). Thus, the effector plasmids pEPLF3,
pTEGP1-2 and pIEGP2-3' were each able to transactivate
HIV-1 LTR-directed CAT expression during cotransfections
into Vero cells. These results are consistent with the notion
that the HHV-6 homologs of the HCMV IE UL36-38 genes
are themselves expressed with IE kinetics and function as
transactivators of HHV-6 lytic cycle gene expression. The same
may also be true of EPLF3. The data obtained with pIEGP2-3'
are also in agreement with previous results of Geng et al. (25),
who identified a transactivating function encoded by the GS
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A) 0 5 10 15 S N 3 4 5045 @ 65 75 | 6 0 9 1X 15 110 115 1D 1N 130 1~140 14 150 5 6
WIIG E IIISII A H 14IUIJ I O JII B IRIOI 1M N 0 P1 IK
KmI H A I B I D C IL G iKi F J lft E; I
EIll C 1111 K IIJUI w XII I G 11 N I 01ZI H M- 011 TVI Mi S ISRI E I I I11 I D I B 14 1 A ,O

rslP3 BIE+GPI IEG+ E S P P P
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EFLI2 EFRF3 EILK EF4 EILF3

EFLF1 ELF5
PIEGPI-2

pIEGP2-3'

I kbp

B) pED4/ ug

- _
EPF3 - EPLFI P2LF2

EPLF2

pED4

pEPLF3 -

2 5 10

Fold Induction 1.1 1.3 12.5

C) pEPLF3/ ug 0.1 0.5 1

D)
15-

2 5 0
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3.-
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% Acetylation 2.18 8.93 7.70 8.72 1.70 2.05

Fold Induction 1.06 4.36 3.76 4.25 0.83 1.00
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* plEGP1-2
* plEGP2-3'

plEGP1 -2
° plEGP2-3'

5 10 15

Effector/ug

FIG. 6. Transactivating functions specified by HHV-6 DNA sequences encoding homologs of HCMV UL36-38 and US22 genes. (A) Effector
gene constructs containing HHV-6 homologs of HCMV UL36-38 and UL43 (US22) genes. The HHV-6 ORFs within the relevant region of the
genome are shown as large arrows, together with the positions of restriction endonuclease cleavage sites (B, BamHI; E, EcoRI; Ec, EcoRV; P, PstI;
S, Sall), PCR primers (IEGPl, IEGP2, IEGP3), and polyadenylation signals (AATAAA [arrowheads]). Sequences amplified by PCR and cloned
into appropriate sites within the polylinker of pUC19 or into pBC12 (see Materials and Methods) are indicated below the ORFs (solid bars).
Plasmids pIEGP1-2 and pIEGP2-3' contain EJLF6, EJLF5, and EJLF4 ORFs and EFLF1, EFLF2, and EFRF3 ORFs, respectively. 3'
polyadenylation and processing signals for EFRF3 are not present in pIEGP2-3'. (B) Induction of CAT activity by pED4 in cotransfections with
1 jig of pLTR-CAT and 2, 5, or 10 p.g of pED4. Fold inductions were calculated from the results of cotransfecting pUC18 (10 p.g) with LTR-CAT
(not shown). The total amount of DNA in each transfection was made up to 11 jig with pUC18. (C) Transactivation of pLTR-CAT by pEPLF3.
CAT activities induced in cotransfections of pLTR-CAT (1 ,ug) with increasing amounts (0, 0.1, 0.5, 1.0, 2.0, and 5.0 jig) of pEPLF3 are indicated
above each lane. Percent acetylations and calculated fold inductions (relative to pUC18 control [last lane]) are indicated below each lane. Total
amounts of DNA used in each transfection were made up to 16 jig with pUC18, and Vero cells were transfected as described in Materials and
Methods. (D) Activation of pLTR-CAT expression by pIEGP1-2 and pIEGP2-3'. CAT activity (percent acetylation of chloramphenicol) induced
in Vero cells cotransfected with pLTR-CAT (1 ,ug) and different amounts (0, 1, 2.5, 5, 10, and 15 ,ug) of pIEGPI-2, pIEGP2-3', or pIEGP1-2 and
pIEGP2-3'. Total amounts of DNA were made up to 31 ,ug with pUC18.
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equivalent of EFLF1/2, although in the absence of extensive
flanking sequence data, the regulatory gene was not recognized
as the HCMV UL36 homolog. The present findings that
EPLF3 and HHV-6 DNA sequences encoding both the
HCMV UL36 (exons I and 2) and UL37 exon 3-UL38
homologs are each independently able to activate expression
directed by the HIV-1 LTR serve to identify HHV-6 genes
potentially able to activate HIV-1 gene expression in vivo in
cells dually infected with HIV-1 and HHV-6. We have previ-
ously identified similar functions encoded by the HHV-6 MIE
locus (52). Detailed analysis of potential interactions between
different HHV-6 regulatory proteins and assessments of their
roles in the regulation of HHV-6 and HIV-1 gene expression
will have to await the identification and isolation of all HHV-6
IE regulatory genes. The results presented in this report will
help in realizing this aim.
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