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The nucleotide sequence of the long internal reiteration, IR1, of Epstein-Barr
Virus DNA has been determined. The repeat unit is 3,071 base pairs which are
66.8% guanine plus cytosine. There is a CCAAT sequence 39 nucleotides 5’ to a
TATAA, which could indicate a promotor for transcription. The longest open
reading frame is 1,124 base pairs. Also within IR1 is a sequence homologous to the
papovavirus origin of DNA replication. The ori-like sequence is within a long
palindromic region which is 500 base pairs overall. The palidromic region shares
common features with the Alu family members and with eucaryotic transposable
elements. The juncture between the short unique region (U1) and IR1 is also
sequenced. The transition occurs in BamHI-C at 1,214 base pairs before the
BamHLI site in the first repeat of IR1. The transition from IR1 to the rightward
unique region (U2) has been reported to be at 636 base pairs after the BamHI site
in the last repeat of IR1. Thus, relative to the start of IR1 at the juncture with U1,
the last copy of IR1 is a partial repeat which contains only the beginning 1,850

base pairs.

Five classes of direct repeats are now recog-
nized in Epstein-Barr virus (EBV) DNA (Fig.
1A). A variable number of direct repeats of a
500-base pair (bp) sequence, TR, are directly
repeated at both ends of the genome (6-8, 10,
12). Four classes of internal direct repeats divide
the genome into five unique sequence domains.
The overall structure of the genome can be
presented as TR U1 IR1 U2 IR2 U3 IR3 U4 IR4
US TR. IR1, IR2, and IR4 are tandem repeats of
3,000 (3, 10, 11, 16, 34), 123 and 103 (T. Dam-
baugh and E. Kieff, J. Virol., in press) bp units,
respectively. IR3 is approximately 700 bp over-
all and differs from IR1, IR2, and IR4 in that it is
composed of only three different nucleotide trip-
lets (20a).

Each copy of the IR1 repeat has a single
BamHI site (5, 11, 16, 34). The repeat unit,
BamHI-V, the juncture fragment BamHI-C,
bounded by the last BamHI site in Ul and the
first BamHI site in IR1, and the juncture frag-
ment BamHI-X, bounded by the last BamHI site
in IR1 and the first BamHI site in U2 (Fig. 1A),
have been cloned into pBR322 and are part of a
library of recombinant EBV-pBR322 DNAs (5).
The terminal Hinfl fragments of BamHI-V have
been sequenced and contain 35-bp direct repeats
(3). The juncture between IR1 and U2 has also
been sequenced and is 636 nucleotides after the
last BamHI site in IR1 (3). The extent of IR1 in
the BamHI-C juncture fragment is less than the
length of the large Ss¢I fragment of BamHI-V
(3). The juncture between U1 and IR1 is there-
fore less than 2,200 nucleotides before the

BamHLI site in IR1. Since IR1 begins less than
2,200 nucleotides before the first BamHI site
and ends 636 nucleotides after the last BamHI
site, relative to the start of IR1 at the juncture
with U1, IR1 joins U2 in a partial copy which is
at least 150 nucleotides short of being complete
Q3).

IR1 is highly conserved as a repeat element
and as a homologous nucleotide sequence
among the genomes of EBV and the primate
viruses, herpesvirus papio and herpesvirus pan,
which are genetically related to EBV (6, 18, 19,
20, 25). The conservation of IR1 suggests that it
is an important DNA sequence. One function of
IR1 is to encode part of a 3-kilobase (kb) cyto-
plasmic polyadenylated RNA in latently infect-
ed, growth transformed cells (22, 40). IR1 also
encodes cytoplasmic polyadenylated and polyri-
bosomal RNA in latently infected Burkitt tumor
cells (7, 23, 30).

IR1 encodes very few cytoplasmic 3-kb RNA
molecules per latently infected, growth-trans-
formed cell (40). Direct analysis of the RNA is
therefore difficult. Sequencing of the genomic
DNA was undertaken in an effort to develop
additional information about the possible func-
tional characteristics of this region. In this
manuscript, we report the nucleotide sequence
of IR1 and of the U1-IR1 juncture.

MATERIALS AND METHODS

Viral DNAs. Plasmids pDK10 (BamHI-C), pDK51
(BamHI-V), and pDK14 (BamHI-V), which contain
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FIG. 1. (A) Overall structure of EBV DNA (6-8, 32) and (B) strategy for sequencing the BamHI-V DNA
fragment. DNA fragments were 3’ or 5’ end labeled after cleavage by various restriction enzymes. The length of
the arrows represents the number of nucleotides determined from a set of sequencing reactions.

BamHI fragments of EBV (B95-8) DNA cloned into
the BamHI site of pBR322, were grown in X1776
under P1 EK2 conditions (5). A cosmid-EcoRI-A clone
of EBV (W91) DNA was grown in HB101 under P1
EK2 conditions (32). BamHI-C is the juncture frag-
ment between the last BamHI site in U1 and the first
site in IR1 (Fig. 1A). BamHI-V is the fragment formed
by cleavage at the BamHI sites of adjacent tandem
repeats of IR1 (Fig. 1A). EBV EcoRI-A contains part
of Ul and U3 and all of IR1, U2, and IR2 (Fig. 1A).

Separation of restriction enzyme fragments. Restric-
tion enzymes were obtained commercially (Bethesda
Research Laboratory, New England Biolabs, or P-L
Biochemicals, Inc.) and used under conditions speci-
fied by the manufacturers. Digests of cloned EBV
DNA were separated on 5% polyacrylamide gels in a
buffer consisting of 100 uM Tris-borate (pH 8.3) and 1
mM EDTA. DNA fragments purified from polyacryl-
amide gels were used for nucleotide determination,
strand separation, or further enzyme digestion.

DNA sequence analysis. DNA fragments were either
5' end labeled with bacterial alkaline phosphotase,
[*?P]ATP and polynucleotide kinase or 3’ end labeled
with 32P-labeled cordycepin and terminal transferase
(26). Enzymes were purchased from P-L Biochemi-
cals, and radiochemicals were purchased from Amer-
sham Corp. The end-labeled DNAs were purified,

strand separated, or recut with another restriction
enzyme and sequenced by chemical degradation (26).
The nucleotide sequences were analyzed on an Am-
dahl computer, using previously derived programs (24,
31).

RESULTS

Nucleotide sequence of BamHI-V DNA. Both
strands of BamHI-V from clone pDK14 were
sequenced throughout, using 5’ or 3’ end-labeled
DNA, strand separated or recut with a restric-
tion enzyme, and the chemical degradation
method. The sequencing strategy for the entire
region is shown in Fig. 1B and involves the
determination of over 100 nucleotide sequences.
This large number was in part necessitated by
the high guanine plus cytosine content of
BamHI-V (66.8%), which resulted in compres-
sion artifacts of some sequences which were
particularly high in guanine and cytosine. Every
nucleotide was determined from at least two sets
of sequencing gels. Overlapping sequences were
determined through every part of IR1 to avoid
the possibility of omitting a small fragment. The
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FIG. 2. Nucleotide sequence of IR1 from BamHI-
V of pDK14. The nucleotide sequence is shown 5’ to
3’, from the unique BamHI site in one copy of IR1 to
the unique BamHI site in the rightward next copy
(orientation as shown in Fig. 1). Potential transcrip-
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entire BamHI-V sequence is 3,071 bp. The se-
quence is described in Fig. 2, 5’ to 3’ in the map
orientation indicated in Fig. 1 (Fig. 2). All coor-
dinates in this manuscript are relative to the
coordinates shown in Fig. 2. Previously, the size
of BamHI-V was inaccurately estimated to be
3,360 bp because of erroneous determination of
the size of the largest Hinfl fragments (3).

The identical 35-nucleotide (CCAGGCCA-
GCCGGAGGGACCCCGGCAGCCCGGGCAG)
direct repeat at 91 and 2,868 and a similar 35-
base sequence at 194 (3) were previously identi-
fied. There are three other long direct re-
peats, a 16-bp repeat and two 14-bp repeats.
The 16-bp repeat CCCGGGCTTCAGGCCC has its
5’ end at 1,771 and 1,810. One 14-bp repeat
GCCTCCCCGGGTCC has its 5’ end at 76 and
2,855. The other 14-bp repeat TCCCCGGGCTTCAG
is at 1,769 and 2,929. The 14-bp repeat at 76 is 1
bp before the 35-base repeat at 91, and its
counterpart at 2,855 is 2 bp before the 35-base
repeat at 2,868. The 14- and 35-bp perfect re-
peats could therefore be considered as imperfect
direct repeats of 51 bases which contribute to
the hybridization between the ends of BamHI-V
which was previously reported (3). The direct
repeats are shown schematically in Fig. 3.

There are 12 perfect dyad symmetries of more
than 10 bp that are separated by various num-
bers of nucleotides (Fig. 3). Six of these dyad
symmetries are between bases 2,211 and 2,710.
The longest dyad symmetry is 20 bases,
(GCTGGCCCCGAGGAGGCGCC at 2,269 to
2,288 and CGACCGGGCTCCTCCGCGG, at
2,654 to 2,635) and is part of the 6-dyad symme-
try cluster.

Comparison of BamHI-V clones. pDK14 and
pDKS51 are independently isolated clones of
EBV B95-8 BamHI-V in pBR322 (5). Double
digestion of both DNAs with BamHI-HinfI gives
the same DNA fragments when analyzed on 1%
agarose or 5% polyacrylamide gels (Fig. 4). The
nucleotide sequence of both strands of the
pDKS51 BamHI-V and Hinfl-h and Hinfl-i frag-
ments were determined and are identical to the
same fragments of pDK14. BamHI-V was also
isolated from a clone of EBV W91 EcoRI-A
fragment in MUA3 (32). The nucleotide se-
quence of 130 nucleotide from each 5' BamHI
labeled end was identical to the sequence of
pDK14 except for a G at 11 and a C at 3,041
(data not shown).

Juncture of Ul-IR1. BamHI-C contains the
U1-IR1 juncture and part of IR1 before the first

tional signals CCAAT, TATAAA, and TATA are
indicated by boxes. The sequence homologous to the
papovavirus ori is underlined. The order of the dinu-
cleotide (AG) is not certain.
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FIG. 4. Comparison of pDK14 and pDK51 cloncs.
DNAs from both clones were cleaved with Hinfl and
BamHI and electrophoresed in a 5% polyacrylamide
gel in a 500 mM Tris-borate (pH 8.3) and 10 mM EDTA
buffer. The letters indicated Hinfl fragments of the
BamHI-V insert. The Hinfl-h and Hinfl-i fragments of
both clones were sequenced.

BamHI site in IR1. Enzymes which cut BamHI-
C between the beginning of IR1 and the first
BamHLI site should yield the same size fragment
from BamHI-C and BamHI-V. Previous data
indicated that BamHI-C contains less than 2,200
bp of IR1 (3). To more precisely map the transi-
tion, BamHI-C and BamHI-V DNA were puri-
fied, 5’ end labeled, and digested with SstI. Sstl
does not cleave within the IR1 portion of
BamHI-C, but does cleave BamHI-C in U1 and
BamHI-V in the part of IR1 missing from
BamHI-C (3). The end-labeled fragments of
BamHI-V and BamHI-C were isolated and incu-
bated with MobII (Fig. SA) or with Avall (Fig.
5B) for short intervals so as to achieve limited
digestion. The extent of conservation of IR1 in
BamHI-C was evaluated from the similarity in
size of the partial digestion products of BamHI-
C and BamHI-V, both of which were labeled at
their right ends. The data suggest that BamHI-
C and BamHI-V share at least the same restric-
tion endonuclease sites for 1,172 bp (Avall site,
Fig. 5SB) from their respective rightward BamHI
restriction site.

Sequence of the U1-IR1 transition. Bgll cuts
both BamHI-V and BamHI-C 9 bp to the left of
the Avall site which is 1,172 bp before the
BamHI site (Fig. SC). The Bgll fragment of

J. VIROL.

BamHI-C, which is 1,181 bp to the left of the
BamHI site, was 3’ end labeled, purified, and
sequenced. Except for a base difference, indicat-
ed in Fig. 6, the IR1 nucleotide sequence of
BamHI-C and BamHI-V are identical for 28
bases, including the left portion of the Bgll
recognition site (GCCNNNNNGGC). Thus, the
transition from U1 to IR1 occurs 1,214 nucleo-
tides 5’ to the first BamHI site in IR1 (Fig. 7).

DISCUSSION

The data summarized in Fig. 7 illustrate that
the transition from U1 to IR1 occurs in BamHI-
C, 1,214 bp before the first BamHI-V fragment,
and the transition from IR1 to U2 occurs in
BamHI-X, 636 bp after the last BamHI-V frag-
ment. Therefore, relative to the start of the first
copy of IR1 at the juncture with U1, the last IR1
is 1,221 bp short of being complete. There is no
apparent structural specificity for the deletion in
the last (or first copy) of IR. There are no direct
repeats or dyad symmetries within IR1 at either
juncture. There is no extensive homology be-
tween the adjacent Ul and U2 sequences or
between these sequences and the sequences
within IR1, such as frequently occurs at junc-

A Mbo I B. AvaIl
c v vV e
Base pairs & - ~ Base pairs
—1163,1172
974 ~I075
937 ®- s — 842,855
514 « 8 - 532
® - 370
- 188,202
- 106
C
BomHEV SstI x i b, ) BamHI
| X i
BamHI-C Sstl e 1Lt 2l BomHI
2000 1500 !O?Q 500 . base

L

' pairs
L Ava I site
& Mbo I site

1 Bgl I site and sequencing direction

FIG. 5. Mapping the U1-IR1 juncture by compari-
son of partial digestion products of BamHI-C and
BamHI-V (37). The right ends of BamHI-V and
BamHI-C were obtained after 5’ end labeling and
digestion with SstI. The BamHi end-labeled fragments
were subjected to partial digestion by (A) Mboll or (B)
Avall. The size of fragments was determined by their
electrophoretic mobility and the known nucleotide
sequence of BamHI-V. (C) Summary of partial diges-
tion results and the strategy employed for the determi-
nation of U1-IR1 juncture.
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8. Bam HI V

40 30 20 10 =
TTT TAGAACCACA GCCTGGACAC ATGTGCCAGA CGCCTTGGCC

FIG. 6. Nucleotide sequence to the left of the Bgll
sites in BamHI-C and BamHI-V. The DNAs were 3’
end labeled at the Bgll site and sequenced by the
chemical degradation method. The leftmost portion
(GCC) of the Bgll site (GCCNNNNNGGQC) is shown.
Nucleotides common to BamHI-C and BamHI-V are
underlined.

tures of repeat and unique DNAs and at sites of
insertion of transposable elements (15; J. Sha-
piro and B. Cordell, Biol. Cell, in press).

Single-base differences might be anticipated
among some or all of the IR1 copies in EBV
DNAEs, since low-level variation in restriction
endonuclease sites has been observed to occur
in other parts of EBV DNA (6, 8, 17, 32).
Variation among the copies of a repeat sequence
of a single isolate would be expected to be
unstable and should be eliminated or spread
through all copies (36). No differences were
found in the IR1 portion of BamHI-V and
BamHI-X which was previously sequenced (3)
or among the BamHI-V Hinfl-h and Hinfl-i
fragments of two different clones of B95-8
BamHI-V (pDK14 and pDKS51). The IR1 portion
of BamHI-C and BamHI-V were found to differ
by a single base (Fig. 2), and the terminal 260
nucleotides of BamHI-V of W91 DNA has two
single-base differences from B95-8 BamHI-V.
The differences observed could reflect base dif-
ferences between the first and repeat copies of
IR1 (BamHI-C and BamHI-V difference) and
differences among isolates (W91 and B95-8 dif-
ference), or could reflect changes introduced
during cloning into pBR322 and growth in Esch-
erichia coli.

General schemes for eucaryotic transcription-
al signals have been outlined (1, 4). A sequence,
CCAAT-39 bp-TATAAA, similar to the proto-
type occurs at 1,098 bp (Fig. 2 and 3). A TATA
sequence occurs at 1,662 bp, but is not preceded
by CCAAT and is less likely to be part of a
functional promoter. There is no polyadenyla-
tion signal, —AATAAA—, in IR1 (1). The first
potential translation initiation codon (AUG) 3’
to the TATAAA is at 1,193 bp. A termination
codon (TAA) occurs immediately after the
AUG. Therefore, this AUG is unlikely to be
used. The first AUG after either TATA se-
quence which is not immediately blocked by a
termination codon is located at 1,668 bp. The
only long open reading frame is in the second
frame and extends from 2,421 to 474 bp (Fig. 2
and 3).

291

Potential donor and acceptor sites (Fig. 3)
were designated based on the splice junction
catalog compiled by Mount (27). The donor
sequences (D and D) are identical to at least one
known junction sequence and the acceptor se-
quences (A and A) are similar to the consensus
(T/C), N(T/C)AGG sequence (Fig. 3). Two
mRNAs could be encoded by IR1 utilizing the
putative promotor at 1,098 bp, the AUG at 1,668
bp, the long open reading frame and splice
sequences to circumvent termination (Fig. 3).
One of the RNAs would use only the second
frame. The other would use parts of both the
second and the third frames. However, to com-
plete a 3-kb RNA, at least one additional splice
is required into the U2 region. Recent studies of
the RNA encoded by IR1 and U2 in latently
infected cells indicate that it is transcribed from
left to right in the orientation shown and is
spliced (van Santen and Kieff, manuscript in
preparation).

The origin of EBV DNA replication is not
known. In productive infection, viral DNA is
believed to be replicated by a virus-specified
polymerase, since viral DNA synthesis is inhib-
ited by drugs which have little effect on cell
DNA synthesis (38, 39). In latently infected
cells, EBV DNA appears to be replicated by
cellular DNA polymerase, since viral DNA syn-
thesis is resistant to usual inhibitors (38, 39) and
viral DNA is synthesized during the normal S
phase (14). Since, in latent infection, viral DNA
is probably replicated by cellular polymerase,
the origin of EBV DNA replication might be
expected to be similar to origins of cell DNA
synthesis. A 19-nucleotide sequence, GGAGG-
CAGAGGGTCGGCCT, at 2,402 to 2,421 in IR1
is similar to the sequences which occur at the
origins for SV40 (13, 33, 35) and BK virus (41)
DNA synthesis (Fig. 8). The papovavirus ori
sequences are homologous to sequences in the
*‘Alu family’’ of interspersed repeated cell DNA
sequences, which may be origins of cell DNA
synthesis (15, 21, 28; M. Singer, Int. Rev. Cy-
tol., in press).

BamHI-C BomHI-V Bomki-V  Bami-x
— : 5
: ;
1244 b {sgeve
o ut | IR IR IR1(D)| U2
3071 bp  :1221 bp;

FIG. 7. Summary of the organizational features
around IR1. BamHI-C consists of the right end of U1
and the left portion of the first IR1. BamHI-V is the
fragment generated by cleaving adjacent IR1 repeats
with BamHI. BamHI-X consists of the end portion of
IR and the beginning of U2 (3). IR1 (D) is the last and
incomplete copy of IR1; its length is 1,850 bp, not
1,221 bp as indicated in the Figure.
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Sv40 5 CTACTTCTGGAATAGCTClAGAGGCCGAGG ceejccTe 3
BK 5 CTACTTGAGAGAAAGGGTIGGAGGCAGAGG ceojccTe 3
EBV §' TGGGGTAAGTC GAGGCAGAGG\ CcGoeCTA 3
,
G-T

FIG. 8. Homology of EBV IR1 nucleotides 2403 to
2421 to SV40 (13, 33, 35) and BK (41) virus ori regions.

Several of the dyad symmetries in EBV DNA
cluster in the 2,211 to 2,700 region, which in-
cludes the ori homologous site (Fig. 3). The
possible secondary single-strand structures

0302 O 01 0203
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around this region were evaluated. Perfect dyad
symmetries greater than 10 bp in this region are
shown in Fig. 9A. Four of the dyad symmetries
would form a nearly perfectly matched stem,
one side of which extends from 2,269 to 2,332 bp
and the other which extends from 2,591 to 2,654
bp. If imperfect dyad symmetries are consid-
ered, the structure becomes a giant hairpin ex-
tending from 2,205 to 2,458 bp on one side and
2,463 to 2,714 bp on the other (Fig. 9B). At the
extremity of the dyad symmetry is a 9-bp direct
repeat with 5’ ends at 2,205 and 2,707 bp. Part of
direct repeat (D1, Fig. 9) is also part of the final

% of homology
2458 (q) 2463
16 > 88.9
2441 5._209

[—2488

2430
9
2421 >— 2697

(5 D
2416) [—2506

ori '
2402~ [34

2383 2541

2349 2872

2298
2 290<

3]

]

o)
>
>

0302 0203

FIG. 9. Secondary structure around the ori homologous region anticipated from dyad symmetries. (A) Perfect
dyad symmetries. The number of base pairs in each symmetrical region is indicated as follows: f, 11; g, 20; h, 13;
k,11;1i, 11; and j, 12. (B) Secondary structure of this region when imperfect dyad symmetries are considered. D1
indicates the 9-bp direct repeat flanking the entire region, and D2 and D3 are each 3-bp direct repeats

immediately adjacent to D1.
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11-bp perfect dyad symmetry which flanks the
hairpin (Fig. 9). Adjacent to the 9-bp direct
repeat are two nucleotide triplets which are also
directly repeated at both ends of the dyad sym-
metry (Fig. 9).

As suggested above, the IR1 dyad symmetry
is similar to the Alu family of interspersed re-
peated DNA sequences in its homology to papo-
vavirus origins of DNA replication (15, 21, 28,
33, 41; M. Singer, in press). The Alu family
sequence is approximately 300 bp, whereas each
side of the IR1 dyad symmetry is 240 bp. The
Alu family sequence usually occurs as inter-
spersed direct repeats or as inverted repeats
separated by intervening unique sequences, but
also occurs as head-to-head palindromes (600 bp
overall [9] compared with the 500-bp IR1 dyad
symmetry). The Alu family sequence is partly
composed of two long direct repeats. No similar
direct repeat has been discerned within each
side of the IR1 dyad symmetry. The IR1 dyad
symmetry also resembles transposable elements
by having inverted repeat sequences at the ends
(Shapiro and Cordell, in press). The dinucleo-
tidesS'TG . ..... CA 3’ are frequently found
at the ends of eucaryotic transposable elements
and are not a feature of the IR1 dyad or of the
Alu family (Shapiro and Cordell, in press).

The two sides of the dyad symmetry are likely
to have originated from a common sequence
since the palindrome is highly conserved. Since
IR1 has a similar size in the related herpesvirus
papio and herpesvirus pan DNAs (18-20, 25),
the evolution of the palindrome must have pre-
ceded the divergence of the old-world primate,
EBV-related viruses. The similarities of the
dyad symmetry to Alu family sequences sug-
gests the possibility that this part of the IR1 may
have evolved from a cellular sequence.

The high degree of conservation of the EBV
IR1 palindrome at the stem 63-bp region (Fig.
9A) suggests that either there is ongoing base
pairing between the components of the palin-
drome or the two 63-bp regions are rigidly fixed
in nucleotide sequence, such as might occur if
the sequence is a recognition site for a regula-
tory protein. We favor the latter possibility. The
dyad symmetry cluster could give rise to local-
ized cruciforms (29) near the central axis (Fig.
9B) but to melt out the entire region and form the
structures shown in Fig. 9 is thermodynamically
impossible.
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ADDENDUM IN PROOF

The large dyad symmetry described in IR1 (Fig. 9)
would be expected to have a profound effect on the
secondary structure of the RNA transcribed from this
region. Shorter dyad symmetries which are also gua-
nine- and cytosine-rich act as terminators of transcrip-
tion of SV40 late RNA and may be involved in the
attenuation of transcription or in the modulation of
translation or RNA processing (N. Hay, H. Skolnick-
David, and Y. Aloni, Cell 29:183-193, 1982).
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