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Sequencing studies have indicated that the unique component of the human herpesvirus 6 (HHV-6) genome
and the unique long segment of the human cytomegalovirus genome are genetically colinear. Of particular
interest is the identification of a region of local CpG dinucleotide suppression in the genome of HHV-6, a feature
conserved in the genomes of human cytomegalovirus, murine cytomegalovirus, and simian cytomegalovirus,
and a characteristic of the major immediate-early loci of these viruses. Adjacent to this region in HHV-6 are
approximately 30 copies of a 103- to 108-bp sequence element, which contains consensus binding sites for the
transcription factors AP2 and NFkB, in addition to a single Kpnl recognition site. Together, these Kpnl repeat
units may compose an immediate-early enhancer, analogous to those found in the cytomegaloviruses. We
present the sequence of this region of HHV-6 and demonstrate that a transactivating function is encoded by this
region. We have used polymerase chain reaction to synthesize fragments containing open reading frames and
5’ sequences with or without the upstream Kpnl repeat units. Effector plasmids containing these HHV-6 coding
and 5’ sequences were able to effect activation of heterologous promoter-chloramphenicol acetyltransferase
(CAT) constructs, including adenovirus E3-CAT and E4-CAT, human T-cell lymphotropic virus type I long
terminal repeat (LTR)-CAT, and human immunodeficiency virus LTR-CAT, in cotransfection experiments in
Vero cells and peripheral blood lymphocytes. Furthermore, we have identified the major open reading frame
(RF4; 2.3 kb) as being essential for activation, and we have shown that the NFkB, SP1, and TATA box motifs
in the human immunodeficiency virus LTR are all required for full induction of the promoter by the

HHYV-6-encoded transactivator.

Human herpesvirus 6 (HHV-6) is a recently identified
herpesvirus, first isolated following the in vitro cultivation of
peripheral blood lymphocytes (PBLs) from six patients with
lymphoproliferative disorders, two of whom were also in-
fected with human immunodeficiency virus (HIV) (48). The
genome of HHV-6 consists of a largely unique sequence of
141 kbp with direct repeats of approximately 10 kbp at the
termini. We have recently constructed the restriction endo-
nuclease map of the genome of HHV-6 strain U1102 (40),
and this has provided a basis for the further characterization
of the genetic organization of the HHV-6 genome. Previous
sequencing studies have indicated that the organization of
coding features in the genome is colinear with the unique
long segment of the genome of human cytomegalovirus
(HCMV) (30). Furthermore, this has been confirmed and
extended by subsequent sequencing studies (11a, 39a, 57a,
57b). This sequencing has allowed us to predict the likely
location of the viral immediate-early (IE) regulatory genes.

The IE genes are the first genes to be transcribed in
productive herpesvirus infections and are essential for the
expression of delayed early genes, which are transcribed
prior to viral DNA replication, and late gene expression.
Thus, the IE gene products act as transactivators of expres-
sion from homologous promoters and, in addition, have been
shown experimentally to transactivate heterologous viral
and cellular promoters (46). One such promoter is the HIV
long terminal repeat (LTR), which has been shown to be
transactivated by the IE genes of several herpesviruses,
including HCMV (9, 39, 41, 45), Epstein-Barr virus (29, 37),
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pseudorabies virus (59), and herpes simplex virus (41, 42) by
tat-independent mechanisms.

HHV-6 is highly prevalent in the population, and virus has
been isolated from the saliva of healthy adults (4, 18, 32, 44)
and persists in peripheral blood of a majority of seropositive
individuals (15). Furthermore, HHV-6 has a predominantly
CD4* T-lymphocyte tropism both in vivo and in vitro (35,
56) which, together with its ability to coinfect CD4* T
lymphocytes with HIV and to transactivate the HIV en-
hancer (12, 22, 34), has implicated HHV-6 as a cofactor in
the progression of HIV infection to AIDS. More recently
Lusso et al. (33) have shown that HHV-6 infection upregu-
lates the expression of CD4, the major membrane receptor
for HIV type 1 (HIV-1) (8), and therefore has the potential to
expand the range of HIV-1-susceptible cells. Thus, HHV-6
may act as a cofactor in HIV infection either by expanding
the range of susceptible cells and/or by regulating the expres-
sion of the HIV-1 genes. The gene product(s) involved in this
transactivation is yet to be characterized, although the
regulation has been reported to be mediated either directly
or indirectly through the NFkB sites in the HIV enhancer
region (34).

With a view to identifying the HHV-6 IE genes, our
interest has focused on a region near the right end of the
unique component of the HHV-6 genome corresponding
precisely with the location of the major IE genes in HCMV.
This region shares with betaherpesviruses HCMV, murine
cytomegalovirus (MCMV), and simian cytomegalovirus
(SCMYV) both the feature of local relative CpG dinucleotide
suppression (21) and a complex array of repetitive sequences
(5, 14, 26). We have sequenced the putative IE gene locus of
HHV-6 and have identified open reading frames (ORFs) and
a putative enhancer of 3 kb, comprising Kpnl repeat units,
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upstream of these ORFs. We show that effector plasmids
containing this region transactivate a variety of heterologous
promoter-chloramphenicol acetyltransferase (CAT) con-
structs, including an HIV LTR-CAT target in transient
expression assays, and that the major 2.3-kb ORF, RF4, is
required for this function. Our studies using HIV LTR
mutants have identified those sequences in the HIV LTR
enhancer important for transactivation by the HHV-6 IE
gene product(s).

MATERIALS AND METHODS

Cells. Vero cell monolayers (Flow Laboratories, Inc.,
Irvine, United Kingdom) were grown at 37°C in Dulbecco
modified Eagle medium containing antibiotics (penicillin and
streptomycin; 10 and 20 pg/ml, respectively) and 10% new-
born calf serum. PBLs were isolated by centrifugation on
Ficoll-Paque gradients (Pharmacia) and grown at 37°C in 5%
CO, in RPMI 1640 medium supplemented with 10% fetal calf
serum and antibiotics (penicillin and streptomycin). PBLs,
for use in transfection, were stimulated with both phytohe-
magglutinin (5 pg/ml) and human recombinant interleukin-2
(20 U/ml; Boehringer Mannheim).

Growth of virus and viral DNA preparation. All experi-
ments reported here employed a Ugandan isolate (U1102) of
HHV-6 isolated by R. G. Downing (11). The propagation of
the virus and subsequent purification of viral DNA for use in
polymerase chain reactions (PCRs) were as previously de-
scribed (40).

DNA sequencing. The isolation of the HHV-6 strain U1102
clone pHD12 (HindIII-C) and the PCR product from which
the sequence presented in this report was obtained have
been described elsewhere (40). The nucleotide sequence of
sonicated DNA was determined from single-stranded tem-
plate by using the dideoxynucleotide chain termination
method (2, 49) or from the cloned DNA by using double-
stranded sequencing methods (60). Sequence data were
assembled by using the computer programs DBAUTO and
DBUTIL (52, 53) and analyzed for the presence of ORFs
longer than 300 nucleotides by using the program ANALY-
SEQ (54).

PCR. Oligonucleotides for use as primers in PCR were
synthesized with an automated DNA synthesis machine
(ABI 380B). The sequences (capital letters represent viral
sequences) of the primers used were as follows: RPT3, §'
acacgaalT TCCAAAATTGGGAATCATGTGT 3'; RK1, 5’
acacgaalT TCTCGGAAAATTAAAGGTCA 3'; RK2, 5' acac
gaaTTCCTACCCAAGCGGGTTAGA 3’; RF1A, §' acacgg
atccACATCTAGGTTTCATCTAGC 3’; RF1B, 5’ acacaagc
ttTTAAACATGTGACATATAAC 3’. The positions of the
primers used in PCR, with the exception of RK2, which lies
in the unique sequence at the right end of the Kpnl repeat
units, are annotated in Fig. 2. PCR was performed with 200
ng of U1102 DNA as the template and 1 uM (final concen-
tration) of each primer in a reaction mix containing 50 mM
KCl, 10 mM Tris-HCI (pH 8.8), 1.5 mM MgCl,, 0.01%
gelatin, 250 uM each deoxynucleoside triphosphate, and 5 U
of Taq polymerase (Amplitaq; Perkin Elmer Cetus) in a final
volume of 100 wl. Initial denaturation at 94°C for 6 min was
followed by 25 cycles of denaturation (94°C; 1 min), anneal-
ing (55°C; 1 min), extension (65°C; 12, 10, or 5 min for 8.6- to
7.5-, 5.4-, or 2.6-kb products, respectively). These primers
allowed the specific synthesis of the required products with
a yield of approximately 500 ng to 1 ug per reaction. The
products were extracted with phenol-chloroform and chlo-
roform. Fragments were then digested with the appropriate
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restriction enzyme, gel purified (57), and cloned into the
appropriate vectors.

HHV-6 U1102 effector gene constructs. Genetic manipula-
tions described below were performed as described by
Maniatis et al. (38). Vectors used in cloning experiments
were pUC19 and pBC12/CMV/IL-2 (7). The primer pair
products of RPT3/RK2 (7.5 to 8.6 kb) and RPT3/RK1 (5.4
kb) were designed with terminal EcoRI sites and cloned into
pUC19. The RPT3/RK1 product was cloned into pUC19 to
create pK28. The products synthesized with primers RPT3
and RK2 showed some size variation. Two different clones,
pR56 and pR47, were isolated from the RPT3/RK2 product
and differ only in the number of Kpnl repeat units present
(pR56, 7 copies; pR47, 28 copies), as confirmed by partial
digestion with Kpnl. The primer pair RF1A/RF1B product
(2.6 kb) was cloned as a HindIII-BamHI fragment into
pBC/CMV/IL-2 to give pBC-ORF. pR56.ml was created by
inserting an EcoRV linker (8-mer) at the unique BstEII site
following BstEII digestion of pR56 and end repair. Linker
insertion was confirmed by digestion and double-stranded
sequencing with a USB Sequencing Kit (United States
Biochemical Corporation, Cleveland, Ohio) according to the
manufacturer’s instructions.

Heterologous target and effector genes. pLTR-CAT and
pTAT were gifts from A. Akrigg. The construct pLTR-CAT
contains the entire LTR of HIV-1, the cat gene from
SV2-CAT (16), and the polyadenylation-termination se-
quences from the HCMV major IE gene (1) cloned into a
modified pUC18 vector. The HIV LTR-CAT plasmids con-
taining mutations in the kB, TATA, kB+TATA, or Spl1 sites
(gifts from G. Nabel) have previously been described (42).
pU3R-I, which contains the LTR (nucleotides 1 to 670) of
human T-cell lymphotropic virus type I (HTLV-I) linked to
CAT, has been described by Sodroski et al. (51). The
plasmid pE4-CAT1 contains the adenovirus early E4 pro-
moter (nucleotides —224 to +33 relative to the transcription
initiation site) and pE4-CAT?2 is identical except for muta-
tions in each of the three ATF binding sites (43). The
adenovirus early E3 promoter-CAT plasmid, pE3-CAT, has
been described by Weeks and Jones (58). pMLP-CAT con-
tains adenovirus major late promoter sequences between
—260 and +33 (relative to transcription initiation site) cloned
upstream of the cat gene and was a gift from C. Goding.

DNA transfection and transient CAT expression assays.
Plasmid DNA was purified on cesium chloride-ethidium
bromide gradients (3). Monolayer cultures were transfected
essentially as described by Gorman et al. (16). Vero cell
monolayers were split 1 day prior to transfection. Calcium
phosphate precipitates were applied for 10 h prior to chang-
ing the medium, and cells were harvested 48 h after changing
the medium. The cell extracts were quantitated for protein
concentration, and equal amounts of protein were assayed
for CAT activity as described by Gorman et al. (16).

PBLs were transfected by using the DEAE-dextran
method essentially as described by Hammarskjold et al. (17).
PBLs were taken directly from 3-day-old phytohemaggluti-
nin-interleukin-2-stimulated cultures. Briefly, PBLs were
washed twice with 10 ml of TD (140 mM NacCl, 25 mM Tris,
5 mM KCl, 0.5 mM Na,HPO, [pH 7.5]) and resuspended in
1.5 ml of TD containing 50 pg of DNA and DEAE-dextran
(500 pg/ml/107 cells). After a 40-min incubation at 37°C, cells
were suspended in 10 ml of TD, washed once with medium,
and incubated at 37°C in 10 ml of growth medium until
harvest. Cells were harvested 48 h posttransfection and
assayed for CAT activity as described by Gorman et al. (16).
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FIG. 1. The Kpnl restriction endonuclease map of the genome of HHV-6 strain U1102. M,, a fragment in the direct left repeat; M,, a
fragment in the direct right repeat. Below the genome is an expanded restriction map of the region sequenced. B, BamHI; Bs, BstEIl; E,
EcoRV; H, HindIll; K, Kpnl. Kpnl repeat units, described previously (40), are indicated. Positions of four leftward ORFs are illustrated in

shaded boxes and are designated RF1, RF2, RF3, and RF4.

The percentage of chloramphenicol converted to acetylated
forms was quantitated by liquid scintillation spectroscopy.
Nucleotide sequence accession number. The sequence of
the putative IE region of the HHV-6 genome reported in this
article will appear in EMBL, GenBank, and DDBJ nucleo-
tide sequence data bases under accession number M73681.

RESULTS

Sequence analysis of the putative IE locus. The position of
the region sequenced at the right end of the unique segment
of the HHV-6 genome strain U1102 is illustrated in Fig. 1.
The principle features of the DNA sequence of 5,900 nucle-
otides within this region are illustrated in Fig. 2. The
translations of the ORFs RF1 (1668 to 2045), RF2 (2203 to
2574), RF3 (2547 to 2879), and RF4 (2846 to 5146) are shown
above the nucleotide sequence. The deduced translation
products of the ORFs shared no significant amino acid
sequence similarities with the IE products of the betaherpes-
viruses HCMV, MCMYV, and SCMV. The IE proteins en-
coded by these previously sequenced IE genes do not
themselves share extensive similarity, although large glu-
tamic acid-rich domains in their carboxy-terminal regions, a
feature not shared by RF4, have been reported (28, 55).
However, this region in HHV-6 exhibited local CpG dinu-
cleotide suppression (Fig. 3), which is a characteristic fea-
ture of the beta herpesvirus major IE gene loci (21). The CpG
dinucleotide suppression is accompanied by an increase in
TpG and CpA dinucleotides, indicating exposure of this
region to DNA methylation. This feature is not shared by the
sequences immediately upstream of the reading frames (Fig.
3) or by any other sequenced regions of the HHV-6 genome
(30, 39a, 57b).

The positions of two overlapping putative AP1 binding
sites between nucleotide positions 593 to 603 (TGACTGA
and TGAGTCA) are indicated on the sequence (Fig. 2).
Upstream of the first ORF are 25 to 30 copies of a repeat unit
containing a single Kpnl site. The sequences of three com-
plete repeat units are presented (Fig. 2, nucleotides 64 to
375). Repeat units vary in length from 103 to 108 bp and
contain a perfect consensus sequence for the binding site of
the cellular transcription factor AP2 (25) and a 9 of 10 match
(GGGTCTTTCC) of the consensus sequence recognized by
the NFkB family of transcription factors (GGGRATYYCC)
(31). There are only minor sequence variations in each of the
copies of the repeats. By analogy with the presence of
multiply repeated transcription binding sites in the HCMV

and SCMV major IE enhancers (5, 24, 26, 36), it is possible
that the HHV-6 Kpnl repeat units perform a similar function.

Because of the position of ORFs colinear with HCMV IE
genes, the relative local CpG dinucleotide suppression and
the presence of upstream sequences with enhancerlike fea-
tures, we investigated the possibility that trans-regulatory
functions were encoded by this region.

Transactivation of heterologous promoters. Effector plas-
mid pR56, which contains the four ORFs (Fig. 1), the 5’
sequences, including seven copies of the Kpnl repeats, and
800 bp of 3’ sequences, was used in initial experiments. To
determine the effects of gene products encoded by this
plasmid on HIV-I LTR-directed transcription, pR56 (1 to 30
ng) was cotransfected into Vero cells with 1 pg of the target
plasmid pLTR-CAT. The results of these experiments dem-
onstrated that pR56 transactivated pLTR-CAT, with an
optimal induction of eightfold observed with 20 pg of ef-
fector plasmid (Fig. 4a).

Effector construct pR56 (40 pg) was cotransfected with
pLTR-CAT (20 pg) into PBLs by using DEAE-dextran.
Expression was stimulated approximately eightfold over
basal expression (Fig. 4b). Therefore, pRS56 encodes a trans-
activator(s) which is functional in both epithelial and lym-
phoid cells. Because of the relative ease of calcium phos-
phate transfections and the higher basal levels of expression,
further experiments were all performed in Vero cell mono-
layers.

To determine whether pR56 could activate transcription
from other heterologous promoters, effector plasmid pR56
was cotransfected into Vero cells with the target plasmids
pLTR-CAT, pE4-CAT1, pE4-CAT2, pE3-CAT, pMLP-
CAT, or pU3R-I (Fig. 5). pR56 induced levels of activity of
between 2.5- and 9.5-fold for all these heterologous promot-
ers, and similar levels of activation were obtained in numer-
ous other experiments (not shown). pE4-CAT1 and pE4-
CAT?2, which has a mutation in each of the three ATF
binding sites, were both responsive to pR56, demonstrating
that the ATF site is not required for induction.

Identification of those regions necessary for transactivation
in coding and noncoding sequences. To establish whether the
largest ORF was essential for the transactivating function,
we created a plasmid, pR56.ml, which contains a frame-shift
mutation in RF4. This was created by inserting a linker in the
BstEIl site (Fig. 1) in pR56, and the mutation was verified by
sequencing. CAT activity was dramatically reduced when
pR56.ml was cotransfected with the HIV LTR construct,
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Kpnl «8 Ap2
GCGAACGAGAACTC TAAAAGC TGC TAACGC ACCGCAGTTCCTGTTTTTCT AAG, MAGATCAGTGGGTACCGCGGTNGGG'XCWCMACAGGCGMCGACMC'KCT
20 30 40 50 60 70 80 90 100 110
N;"' 8 Ap2
AAAAGC TGC TAACGC! ACCGCAGTTTC TGTTTTTC AAATIPAAAGG TCAGTGGGTACCGCGGTTGAGG TG TTTCC TACCCAGGCGAACGAGAAC TC TAACATC TGC TAACGCG
130 140 150 160 70 180 190 200 210 220 230 240
! ) Ap2
GCAACCGCAGTTCCTGTTC TTC TCAG, "AAAGGTCAGTGGGTACCGCGGTTGAGGTGTTTCC TGCCCAGGCGAACGAGAAC TCTAACATC TCGTAACGCGGCAACCGCAGTTCC TG
250 260 270 280 290 300 310 320 330 340 350 360
Ap2
TTTTTC AA TTTCC AMGAGMCNTAMANNGTMCGCGGCMCCOCAGTTCCNT!’HTCTCGGAMA"MAGGNAGMGTANGCGGMGN
370 I 380 390 400 420 430 440 450 460 470 480
Apl
‘TTTCCTGCCCAAGC TAACAAGAACCC TAAAATTTGC TAA TTCCTGTTTTTCTCATAAAATTAAAGGTTAG TGCAACATTTTCCTC TGACTGAG
490 500 510 520 530 540 550 560 570 580 590 600

TCATTTATTTATTGAGAAACGC! ‘!‘MCACCAAMCCACANKﬂANANNTMCAGANmﬂAGMMA\ACANACMmAN AGTAAAATGTTGTTTATTATAAAAAACCTCAA
610 620 630 640 650 660 670 690 700 710 120

AAAATCCAGACCACAAATTCC TGTTTTTGTAAAATATAACAAAACCC TAAATTTTTGCAAGCATTAAC TAATTTCAATTCCATATTTGTC TAAAAGGGG TG TATTTC TGCAC TTGCGGTT
730 740 150 760 170 180 790 800 810 820 830 840

TAACGTTATGCAGCGATTGGTTCC TTCATC TTCGTCATTTTCC TGTACATCACACCCGC TACAGAATTGTATATAAGCAGAAGTTACAGCCAGTTCAGTGCCACTATTC TCAAGAAGTGG
850 860 870 880 890 900 910 920 930 940 950 960

c NCGGAGMCAMTCANAC AGACATTCTTTC TTATATCGTTGCAGTC TGGTAAGTCAATTTTG TAACGATTAATATTTAAGATTGC TACAAAAATTC TTTTAAATTGCATTTAAAAT
70 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

TTGTAAAACAATTTAATGATATTTTCATGCACATGATTGTAATTTG TTAATCACAAAATAATTTATAATG TTCACATTTAATC TTACAGATTTGTCACATCGATTGCATCCCATCAATTA

1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
TTACATTGC TGGATTTTC TTCCCACCCAGAAS TGAT AAA T AAGAA ‘TCCACCTTGAATCACTCTTAAAAGGTAAGAAATTATATTGT
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
ACATACTTCAACATTCGAATATAGGCAGAA( TT ATATAAGC TC! ATC TC TGCAAAGAAAAATACAGACATTACACATTCATTTCACCTTTCGGAAAA
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440

ATAGCCTCATTTAAAGAC TGTAAAGTC TC TACTGAAGAAGCAGAAGATTGCATTTCGC TCTTC TC TTC TTCCG TGGTCCGGGAACATATAATGCATGCCATTATTATGCAAACCAATAGG
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560

K Q T I R
ATAATTGATAATGTTGTAGTTAAAGCC TGAATCCAAAC TGGAGGTTCCCCTTCATTTTTTTTCATTGATTC TTTGTTTTCCATGGC TTGGC TCGTTACGGAATC TAAAAACAAACCATCC
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

D I F F F 1 L K EC M QI Y NOQ Y I XK I XK K TYPSLTU RS SGF S AV G S RC
GTGATATTTTTTTTTTCATTC TTAAGGAATGTATGCAAATATATAATCAATACATTAAAATAAAAAAGACATATCC TTCAC TAACCAGGAGTAGTGGTTTCAGTGCAGTTGGTAGTAGGT
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

A Y M L Q R R S H T S E S s L E Y L W P D I I S s I s K NT VA TITRNTINSR RH
G'KFC'l'l‘ACA‘KSCTTCAGCGCCGCAGWACACH\:CGMNANAT’!‘CCMTATC'I'I'I'GGCCCCATATMmCAGTAT‘I‘AGCAMMTAmmCAﬂAGAMTATCMTAG'!’AGAC
1810 1820 1830 1840 1850 186 1870 1880 1890 1900 1910 1920

A S I FR LV F PV P VDODTFTFUPTIMVSVTODUVQATENTILTZ ECZEKTEHRSGS® GG GNUVL
ATGCCAGTATCTTTAGATTAGTTTTTCCAGTTCCAGTAGATGATTTTTTCCCCATTATGGTCAGTGTTACAGATG TGCAAGCAGAGAATC TC TGCAAAGAAAGAGGTGGTGGTAATGTCC

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
1
TAT TTTTTCATTGGC TATCAGCAC TCTCAATTTGCATC TTAATATACAATGGAGCCAGCAAAACCCTC TGGAAACAACA
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
BomHI

$ L L DL S Y LRULTFGNTF S KYLKNTIZYTY s Y
TGGGATCCAATGATGAACGTATGCAAGAGTAAGTATGATTAGTCATTATTAGATC TATC TTATTTAAGATTATTTGGGAATTTTTC TAAGTAC TTAAAAAATATTTATAC TTACAGCTAC
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280

Hind Il
RPDPNNE!SXKEILEESLHCDTSFDDLIlPGLE"SFGLllP
CG’ TCCA. AGAATCTA' AAGAAATAT 'CTCATGTG' TCCT CTGATTAT TTGAAAGC TTTGGTC TTATTATACCA
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

E S S N N I E S N N V E E G S DG E L K TLAGKYMNY I I €CP K I ENKK K
GAGTCT ACAA ATA. AGAA TC TGAAAAC TTTAGC TGGTAAGTACATGAATTATATTATATGTCCCAAGATAGAAAACAAGAAAAAA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520

H S F K H V T Y N l L R I 8§ S F T S
T @Q N I F F Y I L A Q S A G NC I Q 5 I G A S V KAAMEKQE
CATAG’I'I'I'I‘AMCANNACATATMCATAC'I‘CAGMTANmTTTTACAKCTAGCTCACNCGC‘K;GGMTN;CAKCMAGTATNGNCANAGNMGQC'l\‘vCCANAMCAGG
RF1B 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640

S DM E DKL I KGCAGTULTULTQ Q Q S Mm F 1 G LG ULEU QLS QULTINTINTLTLS
AACAGTC TGACATGGAAGACAAATTAATTAAGTGCGC TGGC TTATTI TCATAGGACTAGGAT ACAATTATCACAGTTGATAAACATTAATTTATTAA
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

vV F ACDIEKTFDG L
SASTKYVESYSKNLHCKBLDI‘PI‘VCEPRFHFLHVINSNG
GTAGTGCTTCAACTAA, TGAATCTTAT AAA. AA TGGATTTTTTTAAT TAGATTCATGTTTT AATTCGATGGGTT

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880

vV K K V A S E S R N L L L DLRANMMNNUSNDTI I KAV KD I F S KATUVTLUDC
AGTGAAAAAGGTGGCATCAGAATCCAGAAAC TTGC TCCTGGATTTGAGAGC TAATATGAACAATGACATTATTAAGGCCGTCAAAGACATTTTTTC TAAAGC TACTGTGACATTAGATTG
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000

Q K L N Q G A T M L M M M A HNIKEMSNZPDTI S s K DFCEZKTINTTLIEKZ GQTHL
‘TCAGAAACTTAACCA 'GTT \CACAACAA. TCCAATCCTGACATC TCCAGTAAGGAC TTTTGTGAAAAAATAAATACACTTAAACAGACATT
3010 3020 3030 3040 3050 3060 3070 3080 3090 3100 3110 3120

L E G K N E I V E TN A K NMOQ I L QTTFAI1I KQMNOQI F MDGOCODIXATFLK
ACTGGAAGGTAAAA AACAAATGC TAAAA. AAATTTTACAGACATTTGC TATAAAGCAGATGAATCAAATC TTCATGGATGG TTGTGATAAAGCATTCCTTAA
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
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L NV NCKUWNTLTITAARKNTLANTTITLO QS STIUVICSUEKTETFSW Q@ W L K L L R R
ACTTAATGTGAATTG TAAAAATTTAATTAC TGCCGCCAAAAATC TTGCCAATACTATTC TGT ATGAATTT TCAAACTTC
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360

G F K VT M L N M I T QACTETCTLTESTST DTYUDTUDT GTLTIT KT PL T P L QI M DG Y I
GGGAmMAGT‘I‘ACCATGCNM‘I’ANA'ITACCCAGGCANNMNC'l'l‘AGM'I'CAGA"AMNA‘IACmmnﬂmccmmNCCCmmTMmCGGCTACAT
3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480

N M N K N R Q S S I C DG NTODUPSDSMTITLDTLATDTFTDTDRH G R Y S EE S S 1
TAATATGAATAAAAATAGACAGTC TTCCATC TGTGATGGAAACACAGACCCATCAGAC TCAATGATATTAGAC TTAGC TGATTT TTCTAT
3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

E S I H EDDUDIN NI KMYPCTU®PSPEVTPGTZ KT ST KTYVGETTFTTENS R Q s G D E
CGAATC TATCCATGAAGATGATGACAATAAAATGTATCCATGCACTCCTTC TCCAGA \GGGAAATCCAA, TG \CATTCACTGAAAACAGCAGACAGTCAGGGGACGA
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720

T NP N CV GTASVTDTULSGTGT PTDIUNTLUENSTISGL Q S C K N M L LERTULTLD
ACAAACAAACCC TAACTGTGTAGGTACAGCC TCAG' TC TGATAACTTGAACTCCA "AAAA GTTGC A TACTTGA
3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840

T Q C DS V VEGTTET GQDGSY G NTTULTI S E M M M F G Y E T DMH S AP Y E S E
CACTCAATGCGATTCAGTAGT ACA. TGGTTCC TTTA TTGGT AACTGATCACTC
3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960

S D N N DE I DZY I ANSDSAARTNAUNTIMHBMDBNSETTUDTETHNTT PTFTSDMNSTICSP
AAGCGATAACAATGATGAAATTGATTACATTGCAAACTC TGATTCAGC TGCGAGAAC TAATAACATTCATATGA. T AATTC TATATGTTCACC
3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080

P E VTP S K KNV KP K S M TPGSKTPZ KT KT RVYAE KT RTEKTEHE TYSSIK S P K N K K
ACCAGAGGTCACCCCTTC TAAGAAAAATGTCAAACC TAAGTC TATGAC TCCGGGAAGCAAACCTAAAA TAAAAGGAA, T AGTAA. AAAATAAAAA
4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200

I X T D Q L P K AADUV 1V 1S s ESETDTETETDTGTDTESNTITIGHNS STITLTIK A1 K s
GATTAAGACAGATCAGTTACCTAAGGC TAATTGTTATAAGT AGATGA CA, TATTGGTAAC TCAATC TTAATAAAAGCTATTAAATC
4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320

E S DS E S s s E S N D C T S EH K QLUBKBTLTGSUDTYDTETVTHNUBHEGT EHTCTZPSVYGTF P
AGM’XCAGA'I'NNMKGAGCAGCGAGNMA‘PGACTGTACATC’IVMCATAMCAGHACAmGNAﬂANANMGﬂACCMTMNGKAmNCMGﬂAmmC
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 4430 4440

TPV FTTIPT1TRSMHMQGTGGTII K S KTFTIPIEKTEKTUSNTBS®TITMWSYMZE KTEKTH Q VD N C
AACTCCAGTGTTTACCATCCCAATAAGGTCAATGCAGGGTACCGGTGGTATCAAATCCAAATTTAT AAAAAMATTGGATTT AGAAAACTCACCAAGTAGACAATTG
4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560

P I W N S ENV DAKDUD S DGTTET A ATEKUBHCTFMN NI HEFUVPTI11KTODTUDTETDY D K N
NCTATTCACMTNZNMNTGCA'IGCMMGANACAGNATGOGACAGMGICMACAC'KGCmAmTCACmCCCAKWGGAmmGACTAmTMGM
4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680

N V.S Y I Y N K I Q NS K I DS G D I I PTJIKTI KTLTITIUDMTYVMODNENTEFMTODTL U D I
CAATGTCTCATATATTTATAATAAAATACAGAATAGCAAAATAGAC TAATACCAACTAAGAAACTTATC, TT
4690 4700 4710 4720 4730 4740 4750 4760 4770 l730 4790 4800

1 X ¢ 6 I T K HCQDILGCW®N NI KTYNTVVTPTT CTETDTUDTLHNM T - $ Q T F A T TA
CATTAAAC ACCAA. T TCTTTGCAATAAATATAA' TG TACTAC. TTAAA TTT ACAACCGC
4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920

T QV F DPPUV TGN NNSSTITLUNTITINTDTTSGQH DTETHSNTE RTETTESG T S N S N E
AACTCAAGTGTT ACAGGAAATAATTCCTCCATACTAA ACAAGTCAAAA' AA, TGCACTGA. AGTAATTC TAATGA
4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040

KC‘I‘NlSDCI!SDGTIAPKLDGYPSDYDPFV!IAQIY

AAAATGTACCAATATA T TTTAAAT TACCCTTCTGAT TT TAGC TAGATGAAAC
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 RF1A 5160
CTAGATGTAAATTGATTAGCAATC. TTATGTAAAN' TTATACTGT T TCTTTTTIGTTGCTATAGATTA
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 80
PotyW

cm‘rrncnuccmm‘rncn'rmnnamruncA‘N:Mcmcmcmnccmmmmu'rm:nnxu T TAAAAAGTA. TTG
5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400
CTTTCTCTTTTTAATTC CAAGACATGTACATCAACTGAC TTATAAGTCATCAT! TATTTCCATAAGTTAATTCCAGCTTTCT TATAAACAATTGTATTCTTGA
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520
AAAACCTTATACAGATGTCAAGTATTCAGATTTTTACTTTCAC TTCCCCAAACTAA TTGATTAAGACTAA’ TTAATTC A TGTTAAAA
5530 5540 5550 5560 5570 5580 5590 5600 5610 5620 5630 5640
AATATATTACATTAGC TATAGC TAGATCATAACACTC TACAAAATATTTTTC TTTCAGGTATATTTAATC TGTTTTTGC TTAACAT TACCATT AAA TTT
5650 5660 5670 5680 5690 5700 5710 5720 5730 5740 5750 5760

CAACC. ATTAGACTmMTG'I‘CACACCMACACmMAGTATATA‘N.‘TMMTACCAMNCAﬂmTAmCMCANnAﬁmmMKACmGGTMGA‘I’GCTACACA

770 5780 5790 5800 5810 5820 5830 5840 5850 5860 5870 3880
TGATTCCCAATTTTGGAAAC
RPT3 5890 5900

FIG. 2. Sequence of 5,900 bp across the putative IE region, reading from right to left (approximately, nucleotide positions 9400 to 3500)
as shown in Fig. 1, with the translation products of the major ORF RF4 and minor ORFs RF3, RF2, and RF1. The DNA sequence includes
the fragments Kpnl-J, 1.4 kb of Kpnl-K, and three complete copies of the Kpnl repeat units. Positions of the recognition sites for selected
restriction endonucleases; the polyadenylation signal; AP1, NF«B, and AP2 consensus sequences; and the oligonucleotide primers used in
PCR are annotated. The position of the PCR primer RK2 (not shown) is approximately 3 kb upstream of the position of RK1. The repeat units,
with internal Kpnl sites, are in brackets.
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FIG. 3. Frequency of occurrence of selected dinucleotide pairs
corresponding to the region of the genome of HHV-6 expanded in
Fig. 1. The major ORFs within this region are indicated, together
with a plot of the mean percent G+C content. The other panels
show the difference between the observed and expected number of
occurrences (observed-expected) of the dinucleotides CpG, GpC,
TpG, GpT, CpA, and ApC in a 401-nucleotide sliding window with
datum points plotted every S nucleotides and with plots scaled from
+25 to —25. A significant deficiency of CpG doublets occurs
between 4 and 9 kb and is accompanied by an excess of TpG and
CpA.

demonstrating that the largest ORF was essential for efficient
transactivation (Fig. 6a).

The region encoding the transactivator was defined more
clearly by using pBC-ORF, which contains reading frames
RF3 and RF4, under the control of the HCMV major IE
promoter/enhancer (see Materials and Methods). The
amount of pBC-ORF required for optimal activation of
pLTR-CAT was determined from the results of dose-re-
sponse experiments (1 pg; data not shown). pBC-ORF (1 ng)
was cotransfected with pLTR-CAT (1 pg) into Vero cells,
and cell extracts were assayed for CAT activity. pPBC-ORF
induced expression of CAT significantly above basal levels

J. VIROL.
a b

Lane 1 2 3 4 5 6 7 Lane | 2
-

- - eo0oee

. ® = »
® 9900900 Y '
igi
eﬁiﬁgor 0 1 5 10 15 20 30 pUC  pR56
% Ac 38 45 6.7 200 287 361 285 %AC 03 25

FIG. 4. (a) CAT activity induced in cotransfections of pLTR-
CAT (1 pg) with increasing amounts of the effector plasmid, pR56
(as indicated), which contains the putative IE sequences. Percent
acetylations (% Ac) are indicated below. Transfections were per-
formed in Vero cell monolayers as described in Materials and
Methods. Amounts of DNA used in transfections were made up to
a total of 31 pg with pUC18. Fold inductions were 1.2, 1.8, 5.3, 7.5,
9.5, and 7.5 for lanes 2 to 7, respectively. (b) Induction of pLTR-
CAT (20 pg) expression by pR56 (40 pg) in PBLs. Cells were
transfected by the DEAE-dextran method, as described in Materials
and Methods.

(Fig. 6a). Therefore, the sequences spanning RF3 and RF4
are sufficient for the transactivating function.

To examine the potential effect of the Kpnl repeat units on
the expression from the effector plasmids, levels of transac-
tivation by pR47 (28 repeats), pR56 (7 repeats), and pK28 (0
repeats) were compared. All plasmids contain the same
sequences, including the AP1 sites, downstream of the
repeats. The results shown in Fig. 6b demonstrate that at
approximately equimolar amounts of effectors pR56, pR47,
and pK28 (0.35, 0.28, and 0.28 pmol, respectively), compa-
rable levels of expression were induced in transient expres-
sion assays in Vero monolayers, suggesting that the minimal
promoter elements are present in pK28 and that the Kpnl
repeat units are not essential for expression in these cells.
Since the level of activation, when equimolar amounts of
effector plasmid were used, was greater with pK28 than that
induced by pR47, the Kpnl repeats may in fact have a
modest negative effect on expression. However, this repet-
itive region containing multiple NFxB and AP2 binding sites
may act as an enhancer of HHV-6 IE gene expression in T
cells permissive for HHV-6 productive infections.

Identification of the sequences within the HIV-1 LTR re-
quired for HHV-6 transactivation. To identify functional
regions within the HIV LTR enhancer likely to be important
for HHV-6 transactivation, we tested the set of site-directed
mutants that were previously used to identify the location of
cis-acting regulatory sequences in the HIV LTR required for
transactivation by HSV-1 and adenovirus E1A (42). The
activities of the mutants were tested in Vero cells by
cotransfection with pR56. HIV-1 encodes its own potent
transactivator, tat, and this allowed us to use an effector
plasmid, pTAT, as a positive control and for comparative
purposes in these experiments. Figure 7 illustrates the levels
of CAT activity induced by pR56 (20 pg) or pTAT (5 ng)
when cotransfected with the wild-type plasmid pLTR-CAT
or constructs with mutations in the kB sites, TATA box, Spl
sites, or kB+TATA. A decrease in the constitutive expres-
sion of CAT was observed with the mutants (Fig. 7). The
results we obtained are clearly in agreement with those
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FIG. 5. Induction of the heterologous promoters pLTR-CAT (1 ng), pMLP-CAT (1 pg), pU3R-1 (1 pg), pE3-CAT (1 pg), pE4-CAT1 (1 pg).
and pE4-CAT2 (1 pg) by effector plasmid pRS6 (20 pg). Cotransfections were performed in Vero cell monolayers as described in Materials

and Methods.

previously published, which demonstrated the importance of
the Spl sites and TATA box motifs in taz-induced gene
expression in both transient expression assays and by using
provirus constructs (13, 19, 20, 27, 47). The levels of
expression induced by gene products encoded by pR56 were
reduced in comparison to wild-type responses. pR56 activa-
tion of the mutant kB LTR-CAT construct was reduced (4.3-
to 2.7-fold), but the most dramatic effects on expression
were observed with the other mutated target plasmids, with
activity reduced to near basal levels. The effect of the xB
mutation on the relative induction of LTR-CAT by pTAT
and pR56 is particularly noteworthy since there is a specific
effect on activation by pRS6, suggesting that the HHV-6
transactivator acts, at least in part, by a transcriptional
mechanism.

DISCUSSION

The conservation of the general organization of gene
blocks within the HHV-6 genome has identified HHV-6 as
likely to be a member of the betaherpesvirus subfamily.
Furthermore, current sequence data suggest that the unique
segment of the HHV-6 genome and the unique long compo-
nent of the HCMV genome are colinear (11a, 30, 39a, 57a,
57b), and this has allowed us to localize the region of HHV-6
most likely to encode the IE genes. Sequencing of the region
near the right end of the HHV-6 genome identified ORFs
corresponding precisely with the location of HCMV major
IE genes, and this region is depleted in CpG dinucleotides, a
feature shared by the IE genes of the betaherpesviruses (21).
Upstream of the ORFs is an array of repetitive elements (103
to 108 bp) which have potential binding sites for the cellular
transcription factors NFkB and AP2, which are capable of
activating transcription in response to raised levels of cyclic

(@ (b)

o A,
é% / 7- %
s | 4
X 4 % 4 %

L /

3 / 34 %

1@ 1@

Effector pUC pR56 pR56mipBC-ORF pUC pK28 pR56 pR47

FIG. 6. Determination of the regions necessary for transactivation
in either coding (a) or noncoding (b) sequences. (a) Effects on
LTR-CAT expression of effector plasrids pR56 (20 pg); pUC18 (20
1g): pR56.ml (20 pg), containing a frameshift mutation in RF4; and
pBC-OREF (1 pg), containing reading frames RF3 and RF4. (b) Effects
of the number of copies of Kpnl repeat units on the induction of
expression from pLTR-CAT. pK28 (15 ng), pR56 (20 pg), and pR47
(20 ng), with 0, 7 and 28 copies, respectively, of the repeat units, as
determined by partial digestion, were cotransfected into Vero cells
with pLTR-CAT (1 pg) as described in Materials and Methods. The
optimal amounts of each effector shown here were determined from
dose-response experiments (not shown). Total amounts of DNA used
in transfections was made up to 21 g with pUC18.
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FIG. 7. Stimulation of HIV-CAT promoter variants by pR56. pR56 (20 p.g) or pTAT (5 ug) was cotransfected with wild-type or mutant
LTR plasmids (1 png) into Vero cell monolayers, as described in Materials and Methods. Basal levels of expression were determined with
pUCI8 as a control. Total transfected DNA was made up to 21 pg with pUC18. The fold stimulations obtained are indicated below.

AMP (25). The NF«B elements identified in HHV-6 have a
pyrimidine rather than a purine at position 4 of the consensus
sequence (31). The effect which this substitution has on
factor binding has not yet been established, but high copy
number may compensate for potentially low-affinity binding.
It is possible that this region may constitute an enhancer,
since it shares many features with the IE regulatory regions
of HCMV, SCMV, and MCMV (5, 6, 10, 26, 36). For,
although the specific organization of these regions differ, all
contain multiple binding sites for cellular transcription fac-
tors within reiterated sequences. HCMV and SCMV contain
NFkB and cyclic AMP response elements (5, 6, 24, 36).

The usual method for detecting IE viral transcripts in
herpesvirus infections employs protein synthesis inhibitors
which allow the accumulation of IE mRNAs while blocking
synthesis of delayed-early and late messages. However, our
present inability to achieve efficient cell-free infections
means that this method is not practicable. Herpesvirus IE
genes encode transactivators of homologous and heterolo-
gous promoters (46), and we have used this property to
provide functional evidence that the right-end sequence
encodes an IE gene(s).

By using PCR we have synthesized and cloned fragments
containing the ORFs from this region with or without the
repeat units. The effector plasmids encoded transactivators
which enhanced expression from a variety of heterologous
promoters. Although the adenovirus E4 and E3 promoters
and the HTLV-I LTR have ATF binding sites as common
cis-acting regulatory sequences, mutations in these binding
sites in the E4 promoter did not affect induction of CAT
activity. Contrary to other findings (12), the gene product(s)

described here transactivate the HTLV-I LTR. This may be
because of the different cell types used in these experiments
and may therefore be a consequence of the availability of
relevant cellular transcription factors.

We have found that the carboxy-terminal region of the
largest OREF is required for the transactivation of heterolo-
gous promoters and that reading frames RF3 and RF4
(contained between nucleotides 2547 and 5146) are sufficient
for the transactivating function. The region (Kpnl repeats)
upstream of these ORFs contains potential binding sites for
the cellular transcription factors NFkB and AP2. Although
the presence of repeat units in the effector constructs did not
appear to influence expression from these plasmids in our
experiments in Vero cells, it is still possible that they may
confer positive and/or negative regulatory effects on gene
expression in a cell-specific manner. Since HHV-6 replicates
only in activated T cells and T-cell activation induces levels
of active NFkB (50), the presence of multiple binding sites
for NFkB implies that this is probably one of the cellular
transcription factors likely to play a role in IE gene regula-
tion. The role of the Kpnl repeats as regulatory elements in
a number of cell types is currently being investigated.

In view of the possible role of HHV-6 as a cofactor in the
disruption of latency and activation of HIV replication, we
have investigated the responsiveness of the HIV LTR en-
hancer to HHV-6-encoded products. In order to identify
those sites in the LTR responsive to transactivation by
HHV-6, site-specific promoter mutants were used in
cotransfections with the HHV-6 effector plasmid, pRS56.
Transactivation occurs by a rar-independent mechanism, as
has been observed with other herpesviruses (39, 41, 42).
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However, although no single specific cis-acting regulatory
sequence has been found to be involved in induction by
HCMV or herpes simplex virus (9, 39, 41, 42, 45), the
adenovirus transactivator, E1A, appears to require the
TATA box element (42), and Sp1 sites have been implicated
as the responsive elements for the pseudorabies virus IE
protein (59). We have found that the TATA box, Spl, and kB
sites all play a role in the inducibility of the HIV-1 enhancer
by the HHV-6 putative IE gene products. These data suggest
that activation is mediated, at least in part, at the transcrip-
tional level, although posttranscriptional effects may also be
involved.

Ensoli et al. (12) demonstrated that the region —103 to —48
of the HIV LTR was critical for transactivation by HHV-6
and that HHV-6 induced binding of NFkB to the LTR. The
apparent disparity between our results and those of Ensoli et
al. (12) may be attributed to the fact that these researchers
were using mock- and virus-infected cells in transfections
and therefore the possibility that other viral transactivators
are playing a role cannot be excluded. We have also used
these mutants in superinfection studies and found that trans-
activation with infected cells was NFkB independent (data
not shown). It is also true, however, that the use of different
cell lines may have a qualitative effect on the ability of
HHV-6 IE transactivators to function.

Although Horvat et al. (23) identified two regions of the
HHV-6 (strain GS) which strongly transactivate the HIV
LTR, these fragments do not map to this locus of HHV-6
(strain U1102) (40). Our studies are the first to identify
reading frames of an HHV-6 transactivating gene, and our
studies have mapped this gene to a region of the genome
possessing noncoding features characteristic of the IE re-
gions of other beta herpesviruses. Our findings linking the
local CpG dinucleotide suppression with a transactivating
function provide further evidence that the unique component
of HHV-6 and the unique long component of HCMV are
colinear and that HHV-6 is closely related to members of the
beta herpesvirus subfamily. We have shown that a gene
product(s) from this locus transactivates the HIV-1 enhancer
and therefore may play a role in the regulation of HIV
replication. Lusso et al. (33) have recently shown that
HHV-6 is involved in the upregulation of CD4 expression,
thus expanding the range of HIV-1-susceptible cells. It has
been suggested that this function is mediated by the IE
genes. Therefore, the IE gene products may have dual
functions in their role as a cofactor in the control of HIV
infection.
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