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Two regions of the Epstein-Barr virus (EBV) genome carrying partially homologous clusters of short tandem
repeats (Notl and PstI repeats) flanked by 1044 and 1045 base pairs with almost complete homology (D;. and
Dg, left and right duplication, respectively) were most abundantly transcribed into poly(A)* mRNA after
induction with the tumor promoter 12-O-tetradecanoyl-phorbol-13-acetate. The nucleotide sequence of both
repeat clusters and the conserved upstream regulatory sequences from the M-ABA EBY strain are presented.
Nearly the whole part of the sequences coding for the RNAs is covered by the Notfl and Ps/ repeats,
respectively. The regulatory sequences for these genes are located in the homologous regions of 1044 and 1045
base pairs (D and Dg, respectively). A CAAT box, a TATA box, and other herpes simplex virus-like elements
were identified for both transcription units. The initiation points and the 3’ ends of both inducible RNAs were
mapped by S1 nuclease analysis. Both genes have open reading frames and may potentially code for proteins
with repetitive amino acid compeositions. The structure of these two inducible EBV genes is discussed, and an
evolutionary model is proposed for the generation of gene duplication in the M-ABA strain of EBV.

The Epstein-Barr virus (EBV) is a lymphotropic human
herpesvirus which is carried latently by most human adults.
It is the etiological agent of infectious mononucleosis and
has been implicated in two different human tumors: Burkitt’s
lymphoma and nasopharyngeal carcinoma (for a review, see
reference 11). Additionally, the virus immortalizes human B
lymphocytes in tissue culture.

The EBV genome from virus particles is a linear, double-
stranded DNA molecule of about 175 kilobase pairs (kbp). It
is characterized by a number of different repetitions. The
termini consist of tandem repeats of 538 base pairs (bp). A
variable number of large internal repeats of 3,072 bp joins a
short and a long unique region. Several different other
repeats are interspersed in the genome (2). Two clusters of
small tandem repeats of 125 and 102 bp show partial homol-
ogy and have the same orientation in the genome (8, 15, 17,
18, 20, 21). Each cluster is flanked by a highly conserved
region of about 1 kbp. These left and right duplicated regions
(DL and Dg, respectively) are located about 100 kbp apart
from each other in the viral genome (36). The structure of the
viral genome is schematically shown in Fig. 1.

The repeat clusters of D and Dy belong to the most
abundantly transcribed sequences of EBV. Transcription
occurs only during the early and late phase of the lytic cycle
of the virus. The RNA is not constitutively expressed but
requires spontaneous or experimental induction (e.g., by the
tumor promoter 12-O-tetradecanoyl-phorboi-13-acetate
(TPA). In both transcription units, transcription proceeds
from right to left starting in the region of perfect homology,
extending through the repeat clusters, and terminating at the
left-hand side of the repeats. The RNA is poly(A)* and can
be purified from the polyribosomal fraction of the cytoplasm.
The polymorphism in the length of the RNAs in different
EBYV strains reflects the polymorphism in the number of the
repeats (15). The sequence analysis of the Notl and PstI
repeats revealed open reading frames in both repeat clusters,
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potentially giving rise to a protein with a repetitive amino
acid structure (2, 15, 20).

We studied in detail the structure of the duplicated re-
gions, including the No:sl and Pstl repeat clusters, the
initiation sites of RNA synthesis, and the upstream flanking
sequences, which are probably the targets for the regulated
expression of these inducible genes. For an analysis of the
evolutionary relationship it was important to study both
regions within one virus isolate. In this report the complete
nucleotide sequence of both regions from EBV strain M-
ABA is presented. This is a transforming, nondefective virus
strain which was originally derived from the tumor cells of a
nasopharyngeal carcinoma (7) and has the structural organ-
ization of an EBV prototype (3, 34). The structure of the
genes, including transcription regulatory elements and their
potential coding capacity, is discussed, and a model for their
evolution is proposed.

MATERIALS AND METHODS

DNA clones. Subclones containing D, and Dg were
constructed from a cosmid library of the M-ABA strain of
EBYV (34). For the analysis of Dg and the PstI repeats the
BgllI K fragment was subcloned into pHC79 and sequenced.

For analysis of the Notl repeats and Dy, the 4.5-kbp
fragment overlapping between BamHI-H1 and BglII-C was
cloned into pHC79. Subclones were constructed by diges-
tion with BamHI-Bglll-Sacl, BamHI-Bglll-Sacll, and
BamHI-BgllI-Aval followed by generating blunt ends with
T4 DNA polymerase (Pharmacia Fine Chemicals) and clon-
ing into the Hincll site of pUCS8 (40).

Plasmid DNA was prepared by the cleared lysate tech-
nique of Clewell and Helinski (5) followed by two consecu-
tive cesium chloride-ethidium bromide gradients.

DNA sequence analysis. Both strands of the virus-specific
DNA inserts were sequenced from appropriate restriction
sites by the method of Maxam and Gilbert (31). Restriction
fragments were labeled either at their 5’ ends with T4
polynucleotide kinase (Bethesda Research Laboratories,
Inc., Gaithersburg, Md.) and [y-3?P]JATP (Amersham Corp.,
Arlington Heights, Ill.) after pretreatment with calf intestine
alkaline phosphatase (Boehringer Mannheim) or at their 3’
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FIG. 1. Schematic diagram of the M-ABA EBV genome with restriction enzyme sites for HindlIl, BamHI, and EcoRI. The DNA consists
of terminal repeats (TR) and a short (Us) and a long (U ) unique region joined by large internal repeats (IR).In the long unique region are two

regions with sequence homology (D, and Dg). Their organization in the

M-ABA EBYV clones pM800 (D, ) and pMB2-K(Dg) is shown in the

lowest line. The duplications are indicated by black boxes, and the tandem repetitions are indicated by hatched boxes. The thick lines
represent parts of the pHC79 vector. Relevant restriction enzyme sites are also shown (S1, Sacl; S2, Sacll). Deletions (AP3HR-1 and
AB95-8) in the genome of P3HR-1 and B95-8 EBV strains are indicated.

ends by deoxyterminal transferase (Bethesda Research Lab-
oratories) and [o-3?P]dideoxyATP (Amersham). Labeled
DNAs were recut with appropriate restriction enzymes, and
the fragments were isolated by agarose gel electrophoresis.
If one of the two fragments was smaller than 20 bp, it was not
removed from the sequencing reaction. Otherwise strands
were separated by electrophoresis in 5% denaturing poly-
acrylamide gels.

Sequences of restriction fragments were assembled and
analyzed by the aid of computer programs developed by
Staden (38) and Kréger and Kroger-Block (25, 26).

S1 nuclease mapping. Two micrograms each of plasmid
pM800 and pMB2-K DNAs were used for S1 nuclease
analysis. For the mapping of the RNA initiation sites,
plasmid DN As digested with Kpnl were labeled by a replace-
ment reaction with T4 DNA polymerase (30). The 3’ exonu-
clease activity of the enzyme first excised about 400 nucle-
otides from each 3’ end. The following polymerase activity
incorporated the added labeled deoxyribonucleotide triphos-
phates.

The labeled DNA was separated from unincorporated
nucleotides by Sephadex G-50 chromatography (Pharmacia
Fine Chemicals). After they were recut with appropriate
enzymes, the labeled probes were isolated by agarose gel
electrophoresis.

S1 nuclease analysis was done as described by Favaloro et
al. (14). Briefly, 1 pg of each probe was hybridized with 100
g of cytoplasmic RNA isolated from TPA-induced M-ABA
cells (15) in a total volume of 30 wl of 80% deionized
formamide for 15 h at 66°C. Digestion was carried out with

6,000 U of S1 nuclease (Boehringer Mannheim) in 400 pl at
37°C for 75 min. The protected probe was analyzed on a 6%
denaturing polyacrylamide gel followed by autoradiography.

For the mapping of the 3’ ends of the RNAs, the plasmid
DNA of pM800 was digested with Bgll, and the plasmid
DNA of pMB2-K was digested with either Ps:I or Sstl.

Labeling, preparation, and S1 nuclease analysis were done
as described above, except that the hybridization was car-
ried out at 56, 60, and 52°C, respectively, taking into account
the different G+C contents.

RESULTS AND DISCUSSION

The transcription unit containing the Ps/ repeats. The
strategy for sequencing of the Bgl/lI K fragment is shown in
Fig. 2. The sequence is shown in Fig. 3. This fragment
contains the Pstl repeat cluster first described by
Hudewentz et al. (18). It consists of 25.6 repeat units of 102
bp each with an average G+C content of 84.3%. The
sequence of the repeats shown in Fig. 3 was deduced from
4.2 individual repeat units by sequencing into the repeat
cluster from both sides. In addition, both strands of the
102-bp repeat fragments generated by digestion with Aval
and Pstl, respectively, were sequenced. The difference of
our sequence to that of Dambaugh and Kieff (8) derived from
the AG876 EBYV strain has been documented and discussed
elsewhere (15). Even though the whole repeat cluster was
not sequenced we have some evidence for single base pair
variations among the individual repeats. Apal cuts twice
within the repeats: once in the outmost right repeat and once
in the fourth repeat starting from the left-hand side. Both
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sites were created by a T-C transition at the same position
relative to the Pstl site. Another variation in the sequence of
the repeats (a deletion of one nucleotide in a G run) was
found in the outmost left repeat unit. This deletion keeps the
proposed open reading frame in phase with the terminator
codon. Further deviations from the average repeat sequence
obtained by sequencing the Aval and Pstl fragments of 102
bp, respectively, were not observed and would have been
difficult to detect with the sequencing strategy applied here.

The flanking sequence to the left of the PstI repeats
consists of 621 bp with a G+C content of 49.4%. At the
right-hand side the region of homology (Dg) is joined to the
repeat cluster by a dinucleotide (AT). This highly conserved
region (Dg) is 1,045 bp in length with a G+C content of
59.1%, the unique sequences to the right of Dg consist of
1,007 bp with a G+C cantent of 46.8%.

The transcription unit containing the NotI repeats. For the
comparison of Dy and Dy the transcription unit of M-ABA
EBYV containing the Notl repeats was sequenced starting
from the BamHI site separating M-ABA BamHI H1 and
BamHI H2 fragments. This BamHI site is not present in the
B95-8 strain of EBV. It corresponds to position 49932 in the
BamHI H fragment of the B95-8 strain (2) and was generated
by a C-T transition in the M-ABA strain. The clone which
was used for sequencing contained 12.3 Notl repeats. The
unit length of one repeat is 125 bp. The sequence of the NotI
repeat is identical with that of the B95-8 strain published by
Jeang and Hayward (20), Jones and Griffin (21), and Baer et
al. (2) and differs from the reported sequence of Dambaugh
and Kieff (8) by one nucleotide. The sequence of strain
M-ABA was derived from 3.6 individual NorI repeat units by
sequencing into the repeat cluster from both sides and by
sequencing both strands of the 125-bp fragment generated by
Notl digestion. The sequence corresponds to the sequence
of the majority of the Notl repeats, but does not allow
identification of single base pair changes in individual repeat
units. However, at the boundary between the flanking se-
quences and the repeat cluster, differences in 4 bp were
observed between B95-8 and M-ABA DNA in the outmost
left repeat (position 50589, T/A; position 50606, G/C; posi-
tion 50616, G/A; and position 50622, C/G, in B95-8/M-ABA
strains, respectively) and a deletion of one nucleotide in the
outmost right repeat (position 52046). By the differences in
positions 50606 and 50622 an Aval and a Bgll site, respec-
tively, were created in the outmost left repeat and were
confirmed experimentally. At the right-hand side, the Norl
repeats were flanked by a sequence of 538 bp, with a G+C

FIG. 2. Schematic diagram of the strategy for sequencing the Bg/II K ragment of M-ABA EBV. The relevant restriction enzyme sites,
the duplicated sequence (Dg), and the PstI repeats are indicated above the diagram. Each arrow represents a fragment subjected to sequencing
by the method of Maxam and Gilbert. Sequences were determined from the nondotted parts of the arrows. Labeling at a 3’ end is illustrated
by closed circles.

content of 74.9% separating the repeat cluster from the
region of homology. In this spacer region differences in 4 bp
were observed between B95-8 and M-ABA DNA (position
52209, G/A; position 52454, A/C; position 52506, G/A; and
position 52566, C/G, in B95-8/M-ABA strains, respectively).
The spacer region between the NotI repeats and Dy has no
homology with sequences in BglII-K carrying the Pstl re-
peats and Dgi. The highly conserved region (D) is 1,044 bp
in length and has a G+C content of 58.5%. Seven changes
were found when the Dy sequences of B95-8 and M-ABA
were compared (position 52698, C/T; position 52846, T/C;
position 52928, C/A; position 52953, T/C; position 53442,
A/C; position 53550, C/A; and position 53568, G/T; in
B95-8/M-ABA strains, respectively). Remarkably, in four of
these seven positions, the B95-8 D sequence was identical
to the Dy sequence of M-ABA (Fig. 4).

Structural relationship of Dy and Dg. The structural com-
parison of the Dy and Dg regions showed that both regions
were almost perfectly homologous. Within the 1,044 nucle-
otides (aligned sequences) only 16 are different (about 1.5%)
between Dy and Dg. There were one purine exchange, seven
pyrimidine exchanges, seven purine-pyrimidine exchanges,
and an insertion of one nucleotide in Dg (Fig. 4A). It is
remarkable that 13 of the 16 sequence variations between D
and Dy were clustered in one region of 309 bp located 146 bp
away from the left boundaries. One area of 440 bp was
completely conserved, which contained two inverted repeats
of 9 bp, with each one being 33 bp apart from the other.
Remarkably, both of these regions shared a palindrome of 10
bp, suggesting the possibility of the formation of alternative
secondary structures (Fig. 4A). This region is also com-
pletely conserved in the D sequence of strain B95-8 (2). The
Notl and Pstl repeat clusters showed partial homology. The
overall homology between the two repeats was 70%, and
homology was clustered in some areas of the repeats (Fig.
4B).

Mapping of the promoters in Dy and Dg. Since the direc-
tion of transcription has been determined (15), the initiation
sites of transcription were mapped in more detail by S1
nuclease analysis. DNA of pM800 and pMB2-K was digested
with Kpnl, and the antisense strands were labeled from their
3’ ends with [a-3?2P]JdGTP and T4 DNA polymerase. The
labeled DNA of pM800 and pMB2-K were digested with
Sacl, Sacll, or Pstl, respectively. The 559-bp Sacl-Kpnl
(DL), the 321-bp Sacll-Kpnl (D), and the 381-bp PstI-Kpnl
(Dg) fragments were isolated by preparative gel electropho-
resis. The Sacl-Kpnl and Sacll-Kpnl fragments spanned the
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CTTITGAATCGACGTTTTTAAGATAACACAACCCTCTCGGAGATATAGATT TCCEGARAGGAR TG T FATGT T TACARTGATT6CAGACGGGAGACCTLTLOACGATACACLGATLTGLAI
241 T66CCTACCEAAGACGTTOG666TCTCOETAGGCCATGATTCTTCCAGCATAGGT TACAACCAGTCACTLC TATCAAGCCTACTCAG | ICCLARLGLAGLACATALLLLLLGLLILIC
ACCEGATGGGT TCTGCARCCCCCAGAGCCCATCCGGTACTARGARGETCCGTATCCARTGT TGGTCAG TGACGATAGTTCGGATGAGTCARGGGTTGLG ICOTGIATGOOGO6CO6AGAL
361 CTGCCATGAGGACTTATGGCAGTGTTTACTGTTCTGC TTTTACTCT IGGACCAGGCTGTCATTCTATCAGAATAACAGGGGAAGCARGECCLCLTGE I1CAGLGGEACACE b1 TILTAG
* GACGGTACTCCTGAATACCGTCACAANTGACAAGACGAAAATGAGAACCTGGTCCGACAGTARGATAGTCTTATTGTCCCCTICG I TCCGEGEGACGAAGTCGLCCTGTGLACARRGATC
nR1 AATCTCGGAGCCAATAACTACCTGCCCCTCTAATCTGTATGCTGCATGAAARACCACATACACGTGATGTAAGTTTAGCCAG 6T TACACCAATGCLLCGAAAGTLTLLLLL b
TTAGAGCCTCGGTTATTGATGGACGGGGAGAT TAGACATACGACGTACTTTTTGGTGTATGTGCACTACATTCAARTLGGT ARTGTGGT FACGEGECT I TCAGAGGLGLACA
601 CCCTTTO66TCTCAGGACCCABCCCTOOAGE TCREG66CEECCE66TGOECCACCEEGTECOCTOEGTCEOCTGCCCCEETCCO6C666666TE6CCOGETGCAGLLLEOTCLLLLLITC
GGGARACCCAGAGTCCTGGGTEGEGACCTCRAGLCCCCOCCOECCCACCEE6TOECCCAGGCGACCCAGGLOACHG66LGAGELCELCCCCCACCEGLCGACGTCRGLCCAGELCLLARG
721 CO6CCCTGRAGCTCO66666C66CC666TE6CCCACCEO6TCCOCTOG66TCCECTEECCCECTCCE6CE66666TG6CCE6CTELAGCCE66TCCO666TICCE6CLLTGOAGCTLLOGD
GCCGGGACCTCEAGCCCCCCRCCEECCCACCOEATEELCCAGGCGACCCAGGLGACEO6GCGAGELCCLCLCCCACCOGCCGACETCOGLCCABLLCCCARGGCCEEGALLTCOAGLLCL
QU1 6GCOGCCOEETGOCCCACCEERTCCOCTOE6TCCOCTECCECEETCCEOC666666T66ECE6CTECAGCCEE6TCCGEEGTTLCE6CCEGGAGCTCLLLOEGLO6CCELEIGLCLCAL
CCGCCOGCCCACCERETEGCCCAGGCGACCCAGGLEACGEGGCCAGRECELCCCCCACCOGCCGACGTCRELCCAGGLLLCAAGELCEEEACCTLGAGLCCCCLGLLGGLLCALLGELTG
961 CGOGTCCGCT-*---CTGCAGCCEGETCCE666TTCCE6ECCTGEAGE TEO66666C66CCO66T66CCCACCEOTCLELTO66TCCEEIGCCCCETCLL6LLGE666166CCELCTL
GCCCAGGCGA-"-~-GACRTCGGCCCAGGCCCCARGGLCOOGACCTCGAGCCLCLCECLOGLCCALLGGLTECCCABGLGALCCAGGLACLEEEC6ACGLCGCCLCCLACLLELLRAC
2131 CA ecceeercceseﬁrrccecccchﬁAecIcsﬁe-'--i---aclrcnnacccIGGAocrtueuucucuecauuurGuLLCALLuGGrccacrﬁuocccucluLLLcuLILLuocue
6TCGECCCABGCCCCAAGGCCEGEACCTCGAGCCC-*==-==- CCAAGGCCEEGACCTCGAGCCCCCCGCCGGCCCACCEGETGECCCAGGCUACCCGGECEACEEEGECAGGLLELE
3941 GGGGTGCGCTCCCAGGCCGGACCCTbeGCCAGGCAGGbACCCLbCGCCACCCGCIlLAIGbGGbGGGAGGLLGCCGLAAubACGCCbbGLCbGLIbthbbTbleACCCCLLGAbL
CCCCACGCGABGETCCEECCTORGACCACGETCCOTCCCTEEEECOLO6TGGELGAAGTALCCCCCCLTCCGRCGGCE ITCCTGLGGCCCGECCOACCCTCCACACGTGHEEECTL
3361 GTCTGGACGACGC TG6CGAGCC66GCCAGETCECCTTCI] LICTTIIIGGGGIIICTS&%&Q?J BCCTTANGGT I T6C TCAGGTGI666666CTTCIC 1IAATILAGGTG
CAGACCTGC TGCEACCGC TCGGCCCGETCCAGCGGAA AGAAAAACCCCAAAGA AWGGAATTCCAAACGAGTCCACACCCCCCGAAGA ATTAAGTCCAC
3481 TGIGATITT RGCCCOTTOO6TTACATTAAGGTGTGTAACCAGGT6GGTGETACC TEOAGETCATTCTATTG66ATARCGAGAGGAGGAGEGEC TAGAGLLCCOCGAG ATTT6666TAGGE
ACACTAAAATCGGGCAACCCAA TGTAATTCCACACATTGGTCCACCCACLATGGACCICCAhTAAGATAACLCIAITGCTCTCLTCClCLCCGATCICCGGGCth CTAAACCCCATCCG
3601 GGAGCCTCAGGAGGGTCCCETCCATAGGGT TGAACCAGGAGGGEGAGGAGTEGGC TCCGCCCCGATATACCTAGTGGGTGGAGCC TAGAGGTAGGTCTCCATAGGGT TCCATTATCLTGE
CCTCGGAGTCCTCCCAGGGGAGGTATCCCAACTTGTCCTCCCCCTCCTCACCCGAGGCGEGEC TATATGGATCACCCACCTCGGATCTCLATCCAGAGGTATCCCARGGTAATAGGACC
3721 AGGTATCCTAAGCTCCGCCCCTATATACCAGGTGGGTGGAGCTAGGTAGGATICAGCTAGGTICCIACIGGGGTACCCCCCIACCC!ACCIlAAGG*GCbLCA CCCTICCTCCTTCCGIT
© TCCATAGGATTCGAGGCGGGGATATATGGTCCACCCACCTCGATCCATCC TAAGTCGATCCAAGGATGACCCCATGGGEGGATGEGA] GGARTTCCACGCGGTGEGAAGGAGGAAGECAA
3841 TTAATGGTAGAATAACCTATAGGTTATTAACCTAGTGGTGGAATAGGGTATTGCAGCTGGGTATATACC TATAGETATATAGAACC TAGAGGAAGGGAACCCTATAGTGTAATCCCTCCL
AATTACCATCTTATTGGATATCCAATAATTGGATCACCACCTTATCCCATAACGTCGACCCATATATGGATATCCATATATCTTGGATCTCCTTCCCITGGGATATCACAT TAGGGAGGG
3961 CCCCCTACCECCCCCTCCCTTACGGTTECETGAGCCCATCCCCCACCCCAGCACCCCGOG6TGACGTGECCLCCCELGTECCTTACTGACTTGICACCTT IGCACATI1G6TCAGE |GAC
GGGGGATGGGGGGGGAGGGAATGCCAACGGACTCGGGTAGGGGGTGGGGTCGTGGGGCCLCACIbCACCbGGbeCbCACGGAATGAClhAACAGTGGAAACGIGTAAALCA&IChAL(G
ngl ceAchICGCCACrrccloéﬁrcnrGaccreﬁccrcrccéIIGICCLGIGGACAAIGICécICCAGcGIdereﬁcreccrrrGGuAruLAIL ACTI TGAGCCACTAAGCCCCLGTTELTC
GCTACGAGCGGTGAAGGACCCAGTACTGGACCGEACACCGAACAGGGCACCTGTTACAGGGAGGTCGCACCACCGACGGARACCC TACGTAGTGARACTCGGTGATTCOE66GCAACGAG
1201 GCCTTGCCTECCTCACCATGACACACTAAGCCCCTGE TARTCCATGAGCCCCGCCTTTAGGAAGCACCACGTCCCOEGGACGGAAGL TGGAT TTTGGCCAGICTTCAATTTITGLGAGTG
CGGAACGGACGGAGTGGTACTGTGTGATTCGEECACGAT TAGGTACTCGGGECEARATCCTTCGTGGTGCAGGGCCCCTGLCTTCRACCTAARACCGGTCAGAAGTTARARACCCTUAC
321 GTTTTRTGTGAGCCGGAAGT TGGCAATGGCETGAGGGCECEETGOTTAAGETGACGACE TCCCAAGGTCTCTCACCETG66TACACAGGTGEG6CGECAGCCTAACTTIGGC TG IG6CE
cAAAaéAcAcrceﬁccITCAAccsTIAcCCCAcrcccsccgcsACCAATICGAciecIquGGGIICCAﬁAuAGIcebACLCAIGrbILCAccccuLcurcusAIruAAAcceACACCbu
441 IcrnrrrcciccclrrccIiaccAGGGccAlererrcc16CAIGrcrAcrrsccrccreiuﬁrsGCAﬁAucIIGﬁcccrdruCCLAAccccccccrreeuAsccrerAuuuucanLAcc
AGATAAAGGAGEEAAAGGATCGGTCCCGGTACACAAGGACG TACAGATGAACGGAGGACACCACCGTCTCGAACCGGEACACGGGT T66666C66AACCCTCEBACATCCCCE6T T6T66
561 CITGGTTTG?TTGTGTTCCiGTTTGCTGGCAACITACIGGCAGCCGAGCAGATTCTAATGGGCGCCCGCCITCTTTCTCTCTIGTITTAITAAIAGAATLlCAGCCAGGACLIATALLIb
GAACCAAACAAACACAAGGACAAACGACCGTTGAATGACCGTCGGC TCGTCTAAGAT TACCCGCGGGECGGAAGAAAGAGAGAACAAAATAATTATCT TAGAGTCGGTCCTGGATATGGAL
681 AGACTTCAA&GTCTGGTCCiGGGTICTGAGACCCCCAAGATITGTCATGCACACCTGCACACCTGTTGGiATTGG@ITTCIATTCTTGAGIGIGAAAGTIlbIAAAAAAATfCATAAAAI
© TCTGAAGTTTCAGACCAGGACCCAAGACTCTGGECGTTCTAARCAGTACGTGTGGACETGTGGACAACCATAACCCAAAGATARGAAC TCACACTTTCARACATTTTTTTAAGTATTTIA
N800 GTCACTAATTCCTCTTACCTETTTAGGGTATTGTGCAATICTTCAGCCTECCTATTTTCAATTTGCCTARGGTGGCAATT TAAGATGTGETTAATTAACCATTTTCC I6TCTGACACCAL
CAGTGATTAAGGAGAATGGACAARTCCCATAACACGTTAAGAAG TCGGACGGATAARAGT TARACGGAT TCCACCGTTARRTTCTACACCAATTARTTGG TAAAAGGACAGACTGTGETG
1921 TGCATGGGCAACCGGGTTCﬁATGGCACATTTAGAGATAAACATAGAIGTCTIGTCTTGCTCATGTGCAGAGGAGGGGGIbTIGbTGTGCAATAIAGTIILTbGATTLLAAA[IGAbllbb
ACGTACCCRTTECCCCAACETACCGTETAAATCTCTATTTGTATC TACAGAACAGAACGAGTACACGTCTCCTCCCCCACAACCACACGTTATATCAAAGACCTAAGGTTTAACTCAACC
5041 GGGTGfIATiIICACTATGﬁAAIIAAATTACTGACATIA@ACAGTGGACACCCGGCIAIAIGTGGGGAT@TCIQIGGCITGICATITLCICIlAbAAbeAAILLLLLA[LIIAACIILL
© " CCCACGATAAAAGTGATACCTTARTTTAATGACTGTARTCTGTCACCTGTGOGCCEATATACACCCCTACAGACACCGARCAGTARAGGAGAATCTTCCAT TAGGGGLTAGAA TTUAAGG
5161 ¢ IIIAAATI&IGArecAAeéccrsﬁerrArrIAIAGAAIGAIIAICIAGGIlruArAuréIGAAGGC1666CAQAGAA1611151AA1lrrlArILAccrlc [ TACCCCCCACGAGTAI
GARATTTAACACTACGTTCEGEACCCAATAAATATCTTACTAATAGATCCAAACTATCAGACTTCCGACCCGTCTCTTACARACAT TAAAAAT ARG TGUAAGAAATGG6GGGTUL TCATA
52%] CCAGTTCIAGA-BGLII
GGTCAAGATCT-

FIG. 3. The nucleotide sequence of the Bg/II K fragment of M-ABA EBV DNA. The borders of the PstI repeats and the homologous
region (Dg) are indicated by brackets and vertical bars, respectively. Dashes represent parts of the PstI repeat cluster that were not
sequenced. The TATA-like, CAAT, and AATAAA sequences referred to in the text are boxed, and AC strings are underlined. The
TAATGARAT elements are marked by hyphens. The 5’ end of the message was determined by S1 nuclease analysis. and is marked by a
tg‘iaqgle, with a small arrow showing the direction of transcription. The long arrows in Dy illustrate two palindromic sequences.

boundary between the spacer and D; whereas the PstI-Kpnl

were protectd by the Sacll-Kpnl probe, and fragments of

fragment spanned the boundary between the Pstl repeats 402 and 423 bases were protected by the SacI-Kpnl probe
and Dg. The size of the transcripts, as revealed by Northern (Fig. 5, lanes 1 and 3). This indicates that RNA is initiated at
blotting, suggests that both inducible RNAs are initiated in two distinct sites in Dy, 21 bases apart from each other. Two
the conserved regions (15). By hybridization of cytoplasmic additional bands of about 570 and 590 bases were visualized
RNA with the Dy probes, fragments of 162 and 183 bases by the Sacl-Kpnl probe. They were generated by partial
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T6CTCECCTTECCTECCTCACCATGACACACTAAGCCTCTGC TAATCCATGAGCCCCGCCTTTAGGAAGCACCACETCCCE6GEACGEAAG

B

T e (A T A R L N
.............. G6TCC-6666T-TCCGG---CCCTG6AGCTCG66666C66CC666TG6CCCACC---G66TCC6CTEG6TCCOCTGCCCCGCTCC-66C666666T66LC6-6LT--GCABCLE

FIG. 4. (A) Alignment of the homologous regions D; (upper line) and Dy (lower line). Identity of homologous bases are indicated by an
asterisk. The initiation sites of the RNAs are marked by triangles, with small arrows showing the direction of transcription. The TATA-like
sequences at positions —29 and —33 are boxed. Note that the noncoding strands of D, and Dy are shown. X designates the position of an
additional G in the Dg sequence. Different bases in the D, sequence of B95-8 are shown above the M-ABA D, sequence. The long arrows
and the horizontal bars illustrate two inverted repeats and a palindrome of 10 bp, respectively. (B) Alignment of one Notl (upper line) and
one Pstl repeat unit (lower line). Symbols are the same as described above for those in panel A.

digestion of the DNA with Sacl, creating two Sacl-Kpnl
probes which differed in size by 173 bp (Fig. 5).

By hybridization with the Dg probe fragments of 222 and
223 bases were protected from S1 nuclease digestion (Fig. 5,
lane 5). Two faint bands of 243 and 325 bases were also seen.
The lower band represents a second RNA species with the
initiation site 21 bases apart from the major transcript. The
upper band could theoretically represent a third RNA spe-
cies but can be more readily explained by an incomplete Ps¢I
digestion which increased the size of the probe by one repeat
(102 bp).

One RNA from each region (D and Dg) is thus initiated at
the identical position in the duplicated sequences. At 29 bp
upstream of these cap sites a modified Goldberg-Hogness
box (GATAAAA) could be identified. The second RNA
started 21 bp further upstream in D; near a second TATA

box-like element (TATTACA) 33 bp upstream of its cap site.
In D, the second promoter was used about two to three
times more efficiently than the first. In Dg the second
promoter was used almost exclusively. The different pro-
moter usage ini Dg probably reflects a single base pair change
in the corresponding Goldberg-Hogness box."

A second region involved in transcription by RNA poly-
merase II is the canonical sequence CAAT located 70 to 90
bp upstream from the cap site of many eucaryotic RNAs
(10). The motif of CAAT is found in the homologous regions
D. and Dg, 69 and 90 bp upstream of the cap sites,
respectively.

Mapping of the 3’ ends. The transcripts of Dy (2.5 kb) and
Dr (2.8 kb) terminate in the left flanking sequences of the
repeat clusters. The 3’ ends were mapped by S1 nuclease
analysis. DNA of the plasmid pM800 was digested with Bgll,
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FIG. S. (A) Autoradiography of the S1 nuclease protection ex-
periment mapping the 5' ends. Cytoplasmic RNA of TPA-induced
M-ABA cells (lanes 1, 3, and 5) and yeast tRNA (lanes 2, 4 and 6)
were hybridized to the following probes: a Sacl-Kpnl fragment
(lanes 1 and 2), a Sacll-Kpnl fragment (lanes 3 and 4), and a
Pstl-Kpnl fragment (lanes S and 6). Samples were run on a dena-
turing 6% polyacrylamide gel after S1 nuclease digestion. The
protected fragments are marked in bases. The RNAs start at two
promoters (open and closed triangles) 21 bp apart from each other.
The first promoter is less efficiently used in Dg (lane 5). A marker
lane (M) is designated on the left side. (B) The probes are schemat-
ically shown by horizontal bars below the restriction enzyme maps
(bl, Bgll; k, Kpnl; n, Notl; p, Pstl; sl, Sacl; s2, Sacll) of the
relevant regions. The parts protected from S1 nuclease digestion are
shown as thin horizontal lines below the probes. Dashes indicate
heterogeneity in the size of a probe due to partial digestion with
Sacl.
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and DNA of pMB2-K was digested with either PstI or SszI.
The antisense strands were labeled from their 3’ ends with

[a-3?P]dCTP using T4 DNA BOI merase. The labeled DNAs
were cut with BamHI and Bglll, respectively. The 699-bp

BamHI-BgllI (Dy ), the 704-bp BglII-PstI (DR), and the 632-bp
BgllI-Sstl fragments (Dg) were isolated by preparative gel
electrophoresis. These fragments spanned the boundaries
between the Notl (Dp) and Pstl repeats (Dgr) and their
left-flanking sequences. Fragments of 340 and 325 bases
were protected from S1 nuclease digestion by hybridization
of cytoplasmic RNA with the BamHI-Bgll probe (Fig. 6).
This indicates that the RNA is terminated at two distinct
sites after the polyadenylation signals in unique sequences
left of the Notl repeats 15 bases apart from each other.

By hybridization with the BglII-Pstl and BglII-SstI
probes, fragments of 155 and 79 bases, respectively, were
protected (Fig. 6). An additional faint band was seen after
hybridization with the Bgl/lII-Ps:I probe but not with the
BglII-Sstl probe, suggesting that it is generated by unspecific
hybridization due to the high G+C content of the PstI
repeats.

Results of the S1 nuclease protection experiments demon-
strated that the RNAs from D; and Dy wete not spliced
within the regions covered by the probes. We did not
attempt to map the entire transcripts by S1 nuclease analysis
because the clusters of tandem repeats will never form
perfect duplexes and tend to anneal out of frame (1, 18).

Open reading frames. The fact that both transcripts are
poly(A)* and are localized at polyribpsomes suggests that
they are translated into polypeptides which might play a role
in the lytic cycle of the virus.

The transcript starting in Dy has a long open reading frame
beginning with an AUG in the spacer segment between Dy
and the NotI repeats. The reading frame extends through the
whole cluster of repeats. A large part of this hypothetical
protein would be coded for by the Notl repeats. Since the
number of base pairs per Notl repeat (125 bp) is not a
multiple of 3, the reading frame would shift from one repeat
unit to the other. Assuming that there are 12.3 Norl repeats
would result in a protein with a molecular weight of about
70,000 with a repetitive structure of four times 125 amino
acids within the molecule. Since the number of NotI repeats
is variable in different EBV strains, different reading frames
might be used for the C termini in different strains. It is
remarkable that all three frames are terminated in front of
the poly(A) addition site. The AUG in front of the long open
reading frame is the second AUG with respect to the cap
site. The reading frame starting at the first AUG codon
would allow for a peptide of 35 amino acids, with the frame
being stopped by a terminator codon (TGA). A second AUG
codon can be used as the initiation site for protein synthesis
if the first AUG codon is followed by a stop codon (23, 27).
Only this second AUG codon fits the rule by Kozak that a
purine residue should be at position —3 (22).

The transcript starting in Dy has a long open reading frame
starting with an AUG codon at position 3302, extending
through the whole Pstl repeat cluster and terminating at the
stop codon at position 614. This open reading frame could
eventually code for a polypeptide with 896 amino acids and
a molecular weight of 96,000. The protein would consist of a
repeated structure of about 25 times 34 amino acids made up
by the Pstl repeats. The last PstI repeat at the 3’ end of the
repeat cluster is one nucleotide shorter than the average
repeat units. Remarkably, because of this, the long open
reading frame is terminated by a stop codon in front of the
polyadenylation signal. The amino acid composition of both
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FIG. 6. (A) Autoradiography of the S1 nuclease protection ex-
periment mapping the 3’ ends. Cytoplasmic RNA of TPA-induced
M-ABA cells (lanes m) and yeast tRNA (lanes t) were hybridized to
the following probes: a BamHI-Bgll fragment (699 bp), a BgllI-Pstl
fragment (704 bp), and a Bg/l1-Sst1 fragment (632 bp). Samples were
analyzed as for the mapping of the 5’ ends. The protected fragments
(in bases) are marked by arrows on the left side. A marker lane (M)
is designated on the right side. (B) The probes are schematically
shown by horizontal bars below the restriction enzyme maps (b,
BamHI,; bl, Bgll; bll, Bglll; n, Notl; p, Pstl; and sl, Sstl) of the
relevant regions. The parts protected from S1 nuclease digestion are
shown as thin horizontal lines below the probes.

hypothetical proteins is shown in Table 1, which shows that
there was a high proline and arginine content.

A number of proteins are known which have a repeated
amino acid structure. Most of these, like collagen (24, 42),
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TABLE 1. Amino acid composition of the hypothetical proteins
coded by the regions carrying the Notl and Pstl repeats

Composition (%) of the region
carrying the following repeats:

Notl Pst1

Alanine 15.7
Arginine 14.1
Asparagine
Aspartic acid
Cysteine
Glutamine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline 2
Serine

Threonine

Tryptophan

Tyrosine

Valine

Amino acid
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silk fibroin (28, 37), melting-point-lowering serum protein in
arctic fish (43), and zein, the storage protein of maize (16),
are composed of short repeat units of only a few amino
acids. Two examples of repetitive proteins with somewhat
larger repeat units have been described recently. The gene
product of Balbiani ring 2 of Chironomus tentans is com-
posed of a structure of about 70 amino acids repeated at least
25 times (39) and the circumsporozoite protein of Plasmo-
dium knowlesi of a structure of 12 amino acids repeated 12
times (33). Compared with these proteins, the structure of
the putative EBV polypeptides would still be remarkable.

The strange properties of the hypothetical gene products
thus raises the question of whether the RNAs are indeed
translated into protein. So far we have been unable to detect
proteins of the respective size in various producer and
nonproducer cells after TPA induction. In addition, RNA
from TPA-induced Raji cells selected by hybridization to
fragments with the repeat clusters did not reveal any in vitro
translation products (19, 36a). Therefore, the possibility
remains that these inducible transcripts are not translated
and act as regulatory RNAs.

Polyadenylation signals. Termination of the D; (2.5-kb)
and Dg (2.8-kb) transcripts occur in the left-flanking se-
quences of the repeat clusters. The polyadenylation signal
AATAAA (35) is present for both mRNAs (D, and Dg,
position 568, Fig. 3) at a distance of 260 and 53 nucleotides
from the repeat clusters, respectively. The concensus se-
quence YGTGTTY'Y has been found 15 to 35 bp downstream
of herpes simplex virus (HSV) and other eucaryotic mRNAs
(32). The sequence TGTGGTTTT is found 24 and 30 bp
downstream of the polyadenylation site in Dg and D,
respectively. A similar sequence TGTGTTGT is additionally
found 21 bp downstream of the poly(A) addition signal in Dy ,
possibly reflecting the second 3’ end of the RNA shown in
Fig. 6. The positions of these signals correspond to the
overall lengths of both RNAs.

Sequence elements in the duplicated region compared with
those in other eucaryotic genes. The region upstream from the
cap sites of the RNAs in D, and Dg was analyzed for
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sequence elements also observed in other eucaryotic genes.
Since EBV is a herpesvirus it is most obvious to make a
comparison with the known genes of HSV. With regard to
their regulation the HSV genes fall into three classes:
immediate early (o), early (B), and late (y) genes. For their
own transcription B genes require the presence of a func-
tional immediate early () gene product. The most prominent
feature of B genes is an AC string 100 to 120 bp upstream
from the cap site, which is not found in a or y genes (6). The
role of these elements in defining a gene as a B gene is not yet
clear, however. Similar AC strings were also found 155 to
100 bp upstream from the cap site of the transcripts starting
in Dy and Dg (Fig. 3).

An element with the sequence TAATGARAT is found
upstream from HSV immediately early genes and is present
in one to three copies at positions between —115 and —485
(29, 41). This element is distinguished from an enhancer
element by its orientation dependence. Very similar motifs
are found at positions —123 to —131, —329 to —337, and
—102 to —110, —308 to —316 in the duplicated regions (Fig.
3).
In the rabbit B-globin gene another element has been
identified at position —83 to —111 by site-directed mutagen-
esis and generation of deletion mutants, which is required for
maximal transcription. This element consists of an imperfect
tandem repeat of 14 to 15 bp. Comparative analysis of globin
genes from different species has allowed the establishment of
the consensus sequence CCNCACCCTG (9). Similar ele-
ments are also found in the HSV thymidine kinase gene and
in the simian virus 40 early region.

In D, and Dg an imperfect repeated element of 9 bp was
found in four copies (position —152, —139, —106, and —77),
with 1 bp exchange each, which were separated from each
other by 4, 24, and 21 nucleotides, respectively. All four
repeats are very close to the consensus sequence proposed
by Dierks et al. (9). The last one was the same distance from
the CAAT box as that observed in the human B-globin gene
(6 bp).

Comparison of the upstream regions in D; and Dy with
those of the inducible genes of strain B95-8 (12, 13) did not
reveal obvious similarities.

To analyze further the function of these regulatory ele-
ments it will be necessary to study their role in transcription
after in vitro mutagenesis. Since both transcription units are
silent in cells carrying EBV latently and are only transcribed
on induction of a lytic or abortive cycle of the virus, these
genes behave like B rather than « genes. This suggests that
the sequence elements shared between HSV a genes and
these transcription units do not represent enhancer elements
and are involved in regulation of the activity of these genes
in general. Using constructs of Dg and the chloramphenicol
acetyl transferase gene, we are now attempting to identify
the regions required for inducibility and optimal activity.

An evolutionary model for the generation of D; and Dg. The
finding that the repeat clusters are closely related and
juxtaposed to almost completely conserved regions raises
the questions of how they may have evolved. An evolution-
ary model also must account for the fact that the Notl
repeats are separated from the homologous region D, by 538
bp, whereas the PstI repeats from Dy are separated only by
the dinucleotide AT. The starting point for an evolutionary
model was the observation that a sequence located at the
border from the spacer region to the homologous region Dy
is present in inverted orientation within the Norl repeats
(two mismatches within 14 nucleotides) bracketed by the
decanucleotide GTGGGGGGTG in the same orientation.

J. ViroL.

Inverted repeats flanked by sequence duplications are fea-
tures of inserted elements (4). Therefore, it is proposed that
as a first step in the evolution, an element carrying the
complete spacer region and the rightmost part of the se-
quences of the Notl repeats was inserted into the ancestral
viral genome. As a second step the whole region, including
the spacer, the homologous region, and most of the se-
quences of the Notl repeats excluding the leftmost part,
would have been duplicated and inserted far into the viral
genome. The pentanucleotid CTGGA, which flanks the
homologous region Dg on the right, is also found in the same
orientation in the PstI repeats. Therefore, this sequence
could have been the target sequence for integration. After
the duplication, both regions should have evolved differ-
ently. The Notl repeats should have been generated by
amplification of sequences, including the left part of.the
formerly inserted region. The spacer would thus represent
the nonamplified part of the insertion.

In the right duplicated region the sequences inserted
between the duplicated decanucleotide GTGGGGGGTG
should have been deleted at almost the same sites at which
integration occurred. After this deletion the PsrI repeats
should have evolved by sequence amplification. The origin
of the dinucleotide AT separating the PstI repeat cluster
from the homologous region Dy is unknown. These two
nucleotides may be selected for one particular reading
frame, which is the only one with a stop codon in front of the
polyadenylation signal.
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