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ABSTRACT Small polydisperse circular (spc) DNA was
isolated from mouse thymocytes and cloned into the HindIlI
site of X vector Charon 7. Fifty-six recombinants from this spc
DNA library were analyzed. R repeats, which were originally
found near immunoglobulin genes, were enriched in spc DNA
clones relative to their representation in the chromosome. In
one clone, the R sequence was linked to Bam and MIF
sequences and the contiguous arrangement was truncated
from both ends. In another clone, composite Bam/R and R
repeats existed as a pair in inverted repeat orientation. Trun-
cation occurred from the 5' side without affecting the 3' ends.
In both clones, short direct repeats flanked the repeated
sequences. The possible role of R sequences in transposition
and circular formation is discussed.

Somatic rearrangement of the immunoglobulin genes (1-3)
and T-cell receptor genes (4, 5) is believed to occur in the
course of lymphocyte development. All the possible mecha-
nisms of translocation, inversion, and deletion were pro-
posed for variable region K chain-constant region K chain
(VK-C,) gene joining (6) and the looping-out excision model
was for variable region heavy chain-constant region heavy
chain (VH-CH) recombination (7). An inverted repeat struc-
ture formed between conserved sequences of embryonic
joining (J) and V region DNAs was shown as a possible
looping-out structure (8, 9). Although the details of the
mechanism of gene rearrangement are unknown, extra-
chromosomal circular DNAs may be produced as products
of intramolecular recombination. In fact, we found large-
sized extrachromosomal circular DNAs [3-150 kilobase
pairs (kbp)], which predominated in primary lymphoid cells
(10-12) but not in established cultured cell lines (13, 14).
They appeared at the critical stage in the ontogeny of B
lymphocytes in chicken bursa (15, 16).
To relate extrachromosomal circular DNAs with abortive

recombination in primary lymphoid cells, we constructed a
cloned library of extrachromosomal circular DNAs from
mouse thymocytes and examined the nucleotide sequences
of several DNA molecules. We found that a certain inter-
spersed repetitive sequence was significantly enriched in
these cloned DNAs. Sequencing and computer search for
homology with known major repeat families showed that the
repetitive sequence was a member of the R-repeat family
(17, 18).

MATERIALS AND METHODS
Mitochondrial DNA-free small polydisperse circular (spc)
DNA was prepared from thymocytes of 120 mice (4 weeks
old) as described (12).

HindIII digests of the spc DNA were cloned into A Charon
7 phage as described (19) and are referred to as MT001-122.

The in vitro-packaged phages were plated to form individual
plaques without amplifying the phage DNA library to avoid
cloning of siblings. As a probe in plaque and blot hybridiza-
tions, the cloned HindIII fragments were recloned into the
hybrid plasmid vector pKAT1 derived from pBR322 (14) and
are referred to as p001-122. Plasmid pEH2 (a 2.0-kbp
EcoRI/HindIII fragment of rDNA cloned into pBR322) was
used as a probe of the B1 sequence (ref. 20; Ryo Kominami,
personal communication) and p3.5 (a 3.5-kbp EcoRI frag-
ment of rDNA cloned into pSV-2) as type 2 Alu or M2
sequence (21), respectively. pEH2 carried a 130-base-pair
(bp) sequence with 88% homology with the consensus B1
sequence of Krayev et al. (22). DNA probes were labeled
with 32P by nick-translation (23) to specific activities of
107-108 cpm/,ug. Plaque and Southern blot hybridizations
were done as described by Maniatis et al. (19). Plaque sizes
were similar in every spc DNA clone analyzed so far.
Washing was done with 5 mM NaH2PO4/1 mM EDTA/0.2%
NaDodSO4, pH 7, at room temperature. The DNA sequence
was determined by a combination of chemical degradation
(24) and dideoxy-chain elongation (25, 26) methods.

RESULTS
Cloning of spc DNA. Mouse thymus lymphocytes con-

tained -200 copies of spc DNA per cell (10). Mouse thymus
covalently closed circular (ccc) DNAs were obtained at 96%
purity (by weight) by use of ATP-dependent DNase (12).
Mouse thymus spc DNA, after removal of mitochondrial
DNA by Xho I digestion, ranged in size from 0.6 to 87 kbp,
with a mean length of 16.7 + 13.0 kbp and a median length of
14.6 kbp (12). Mouse spc DNA fragments obtained by
HindIII digestion were ligated into X Charon 7 phage vector.
In all, 10,400 clear plaque-forming units were recovered, and
99 units were selected at random and further characterized
by restriction analysis. Of these phage clones, 56 (MT1-34
and 101-122) were found to have DNA insertions of various
lengths (1.0-7.7 kbp) with a mean and a median length of 3.9
kbp (Table 1). Therefore, the intact spc DNAs must be
fragmented to an average of 1/5th their original length.
Homology to Chromosomal Sequences and Sequence Abun-

dance on Chromosome. We carried out a plaque hybridiza-
tion experiment on spc DNA clones with 32P-labeled total
mouse thymus genomic DNA. Since spc DNA copies are as
low as -200 per cell, genomic DNA was not necessarily
separated from spc DNA. Various degrees of autoradio-
graphic intensity were observed and were classified arbitrar-
ily into four classes (Table 1): class I of highly repetitive
sequences (+++), 2 clones; class II of intermediate repeti-
tive sequences (++), 5 clones; class III of low repetitive

Abbreviations: spc, small polydisperse circular; ccc, covalently
closed circular; bp, base pair(s); kbp, kilobase pair(s); C, V, and J,
constant, variable, and joining regions, respectively, of immuno-
globulin gene.
*Deceased, October 20, 1983.
tTo whom reprint requests should be addressed.
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Table 1. Properties of cloned spc DNA from mouse thymocyte

Size of Plaque hybridization probe
insert, Thymus pEH2

Clone kbp* (genome) (Bi)
MT113 7.7

114 7.7
115 7.7
006 7.4
009 7.4
112 7.3
109 4.8 + 2.5
104 7.2
102 7.0
103 4.9 + 2.1
004 6.2
110 5.8
106 5.6
005 5.3
014 4.8
034 4.7
011 4.7
015 4.6
026 4.6
108 4.6
031 4.5
107 2.9 + 1.5
028 2.7 + 1.6
101 4.3
010 4.1
003 4.0
117 4.0
027 3.9
119 3.9
033 3.7
017 3.4
018 3.4
025 3.1
029 3.1
121 2.5
008 2.5
032 2.5
116 2.3
012 2.2
013 2.2
111 2.2
105 2.1
001 2.0
022 2.0
007 1.9
023 1.9
002 1.8
016 1.8
024 1.8
118 1.5
019 1.5
030 1.2
122 1.2
020 1.1
021 1.1
120 1.0
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++

++

++
++

++

+

++

+

0
0
0
0
0
0
0
0
0
0
0
0
0
+

0
0

0
+

0

0
0
+
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

p104 p104-C p014 p010 p114 pO04 pOO9 pOll pO32 p012
(+ +) (+ +) (+ + +) (+ +) (+) (+) (-) (-) (-) (-)
0 0 + 0 0 0 0 0 0 0
0 0 + 0 ++ 0 0 ++ 0 0
0 0 0 + 0 0 0 0 0 0
o o 0 0 0 0 ++ 0 0 0
0 0 0 0 0 0 ++ 0 0 0
0 0 0 0 0 0 0 0 + 0
0 0 0 0 0 0 0 0 + 0
++ ++ + ++ 0 0 0 0 0 0
0 0 0 0 0 ++ 0 0 0 0
0 0 0 0 0 0 + 0 0 0
0 0 0 0 0 ++ *0 0 0 0
++ ++ 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 ++ 0 0 0 0
+ ++ ++ + 0 0 0 0 0 0
+ ++ + + 0 0 0 0 0 0
0 0 + 0 ++ 0 0 ++ 0 0
+ ++ ++ + 0 0 0 0 + 0
+ + ++ + 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 ++ 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 + 0 ± ++ 0 0 0 0
++ ++ 0 0 0 0 0 0 0 0
+ ++ + ++ 0 0 0 0 0 0
o 0 + 0 0 0 0 0 0 0
0 0 ++ 0 + 0 0 ++ 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 ++ 0 0 0 0 0 0
0 0 + ++ 0 0 0 0 0 0
0 0 0 0 0 0 + 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 + + 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 ++ 0
0 0 0 0 0 0 0 0 0 0
0 0 + 0 0 0 0 0 0 ++
0 0 + 0 0 0 0 0 0 ++
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 + 0 0 0
0 0 0 + 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 + 0
0 0 0 0 0 0 + 0 0 0
0 0 0 0 0 0 0 0 0 0
o o + 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0

pO23
0

0
(-)
0
0
0
0
0
0
0
0
0
+

0
0
0
0
0
0
0

0+
0
0
+0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0

++
0
0
0
0
0
0
0
0
0
0

All probes were 32P-labeled by nick-translation except the p104-C fragment 5'-end-labeled with 32P. + + +, Very strong; + +, strong; +,
moderate; ±, weak; 0, no detectable hybridization.
*MT109, 103, 107, and 028 contain two inserts.

sequences (+), 11 clones; class IV of very low repetitive Genomic abundance of spc DNA was estimated to be on the
sequences or unique sequences (-), 38 clones. Most class IV order of 105 copies for class I, 104 copies for class II, 103
spc DNA clones showed very weak autoradiographic inten- copies for class III, and <103 copies for class IV in the
sity but significant intensity upon prolonged exposure. genome by comparison with the autoradiographic intensity

Genetics: Fujimoto et al. 2073



Proc. Natl. Acad. Sci. USA 82 (1985)

of the human DNA clones containing Alu
mitochondrial sequence (14).
Homology Among spc DNA Clones. We

presence of a known major repeat family of th
and the unidentified p104 repetitive sequence
clones (Table 1). The B1 probe (pEH2) showel
or weak (±) homology to four clones carryi
sequence of class I to III (MT028, -113, -014,
low repetitive sequence of MT028 and -113 m
as a minor member of the B1 sequence. TI
showed strong homology (+ +) to two clones
or very low repetitive sequence (MT110 and -
homology (+) to four clones with a repeti
(MT014, -034, -015, and -010), and weak ho
MT026. Hybridizations were stronger with th(
p104 (Fig. 1) as a probe. Repetitive sequenc
interspersed in the genome, as indicated by sn
zation in Southern blots (not shown).
Two probes (p014 and pO10) showed homo

with 6 clones with a p104-repetitive se(
(MT104, -014, -034, -015, -026, and -010), b
other clones with repetitive sequences (MT1
-003, and -121), and 9 clones with very
sequences. Of these, 4 clones shared the Bi
These 20 clones hybridizable with p014 or p01
2 clones with very low repetitive sequence
with p104 may have been derived from c
chromosomal regions. The repetitive sequ
clones is referred to as the p014 family. Five c
able with p004 (MT102, -004, -005, -031, and -
another repetitive sequence family (p004 fam
three clones (MT112, -106, and -118) may

MT1 04
B c

H Bg Bg BgBg
o 1 2 3 4 5

:Rsa370 Dde440

S B R DS D

MT026
HB BE EB

H B E

IT 04

- -di'u fl - 2

{, Kpn I, and uncharacterized repetitive sequence. No clone showed ho-
mology to p3.5 carrying M2 sequence (not shown).

tested for the Extensive homologies were also found among the various
e B1 sequence clones with very low repetitive sequences. Six clones shared
in 56 spc DNA homology to the probe p009. Four other probes with very
d moderate (+) low repetitive sequence also showed homology to several
ng a repetitive spc DNA clones.
and -026). The Localization of Repetitive DNA Sequences on Two spc
ay be regarded Clones, MT104 and -026. Various restriction digests of
he p104 probe MT104 and -026 were analyzed by Southern blotting with
with a unique nick-translated mouse brain DNA as a probe. This probe

101), moderate detects repetitive DNA exclusively, because it lacks suf-
itive sequence ficient quantities of unique sequences to allow their detec-
Imology (±) to tion. Fragments containing a repetitive sequence are shown
e C fragment of by bidirectional arrows over the restriction maps in Fig. 1.
Se of p104 was From dot-blot experiments, we estimated the reiteration
neared hybridi- frequency of the repetitive sequence in the C fragment of

MT104 as 2 x 104 per haploid genome (not shown).
ilogies not only Sequence of Repetitive Element of MT104. A portion of the
quence family sequence of the B and C fragments of MT104 was deter-
lut also with 5 mined (Fig. 2). The sequence strategy is shown in Fig. 1. In
.13, -114, -028, performing the computer search for homology to the mouse
low repetitive major repetitive sequence families, we unexpectedly found
-like sequence. an internal C region of MT104 (303 bp; position, R 170-473)
.0 together with with 92% homology to the 3' region of the consensus R
-s hybridizable sequence of Gebhard et al. (17).. Another repetitive sequence
closely related located close to the left end of the C fragment was found to
ence in these be part of a long Bam/R composite sequence, which extendstene hybridiz- another 268 nucleotides in the 3' direction into the Blones

maycary fragment. Over the 683-bp regions compared (position, Baml028) may carry 298-507; R 1-473), the two sequences share 600 bases or
88% homology. Other common features that we noted werecarry another the presence of a poly(A) addition signal A-A-T-A-A-A (29),
an adenine-rich region at the 3' end, and direct repeats
flanking the repetitive sequence. Since the MIF, Bam, and R
sequences are linked together into a superfamily in this order

H in the mouse genome (18, 27, 30), the present repetitive
.1 elements are truncated forms from the 5' side of the6 7.2(kb) superfamily. These two truncated repeats are arranged as a

pair in inverted repeat orientation (Fig. 1).
Sequence of the Repetitive Element of MT026. By sequenc-

ing of the HB, BE, and EB fragments of MT026, the
contiguous sequence of the MIF/Bam/R superfamily was
assigned to the region of the repetitive sequence (Fig. 2).
Over the 907-bp region (position, MIF 27-1; Bam 1-507; R
1-373), the two sequences share 750 bases or 83% homology.
Unexpectedly, the MIF/Bam/R superfamily sequence was
truncated from both ends. Again flanking, short direct re-

B H peats were found in the 3' flank of the truncated sequence.
- I These are expected to be the target site of the transposition

3 4.9(kb) element (31, 32).

FIG. 1. Restriction maps of two spc DNA clones MT104 and
MT026. Restriction fragments containing repetitive sequences are
indicated by bidirectional arrows with designation of fragments.
Fragment exhibiting homology to the Dde440 fragment is shown by
a heavy bidirectional arrow. H, HindIII; Bg, Bgl II; D, Dde I; R,
Rsa I; B, BamHI; S, Sac I; E, EcoRI. Not all sites for a given
enzyme are shown. Single-headed arrows denote region and direc-
tion sequenced (5' to 3'). Most regions were sequenced by the
dideoxy-chain elongation method (25) with M13 subclones, but
Dde440 regions (asterisks) were sequenced by the chemical degrada-
tion method (24). Composite repetitive sequences are shown on a
single line by thick arrows or a box, and R (open), Bam (hatched),
and MIF (stippled) repeats are distinguished. Arrowhead parts
represent adenine-rich sequences. Arrows showing the sequence are
indicated in the 5' to 3' direction, according to the convention used
for R sequences by Gebhard et al. (17). Pairs of open triangles
designated 0 to ( show the occurrence of short direct repeats
flanking the composite repetitive sequence. The pair of solid trian-
gles shows the presence of a palindrome structure.

DISCUSSION
spc DNA has been isolated and cloned from the BSC-1 line
of African green monkey kidney cells (33), the CHO-K1 line
of Chinese hamster ovary cells (34), and HeLa cells (14). The
best characterized sequence is the BSC-1 spc DNA contain-
ing the Alu repetitive sequence (35-37). In Drosophila
melanogaster, most, if not all, of spc DNA is homologous to
middle repetitive DNA (38). Flavell and Ish-Horiwicz (39)
found extrachromosomal circular DNAs of the copia trans-
posable element in cultured Drosophila cells.
Cloned spc DNA from mouse thymus is fragmented to an

average of 1/5th the intact circular form. The spc DNA clone
homologous to the repetitive sequence, referred to as the
p014 family, was found in 11 of 56 clones, or 1/5th the total
clones. This finding suggests that each circular molecule of
16.7-kbp in average size retains a partial sequence of the
p014-family or R-linked superfamily. Thus, R family se-
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MIF region (Bam 4 kb repeat)

-100 -1
pMRB1-2 GAACACTCCTCCATTGTTGGTGGGAGTGCAGGCTTGTACAACCACTCTGGAAATCAGTCTGGTGCTTCCTCAGAAAATTGGACATAGTACTACCGGAGGA
MTO26 AG-TTT--T-TTT-AAAAATCCCATAAAT-AC-AA---ATTAGTGGAA-A-CTCTCCCAGCA-TGGTGTAAGC---CA-A----C-------TT-C-A--

Q->. ..... . @ -

Bam region (Bam 0.5 kb repeat)

1 100
BaMr 5 TCCAGCAATACCCCTCCTGGGCATATATCCAGAAGATGCCCCAACTGGTAAGAAGGACACATGCTCCACTATGTTCATAGCAGCCTCATTTATAATAGCCMT026 .T---------T--T------------C-C----------TTT-----A----T----------------------------------T-C--------T--

Bam 5
MT026
Rsa370

Bam 5
MT026

101 200
AGAAGCTGGAACGAACCCAGATGCCCCTCMCAGAGGAATGGATACAAAAAATGTGGTACATCTACACATTGGAGTACTACTCAGCTATTAAAAAGAATG
-----------T-----------T-----------.T---------G---T----T-A----------------A--------C----

AGTT-TCTTATAG-C-TTATG--

201 300
AATTTATGAAATTCCTAGCCAAATGAATGGACCTGGAGGGCATCATCCTGAGTGAGGTAACACACTCACAAAAGGAACTCACACAATATGTACTACTGAT
----C---------T--AG------G--AA-T-------AT--------------------C-GA---------*---A---- TG----AC-- -----

Rsa 3 70 -TA--T-C--T-AAGA-A-ACTTCA-- --A-ATCTTT-CTTT--TGGAAC-A-TGATGTTG--TAG-TGG-GCT--- -AAAT--GTCGTAA-TAAGAA----
G-*-

301 400
Bam 5 AAGTGGATATTAGCCCAAGACCTAGGATACCAAGATATAGATACAATCTCCTAAACACATGAAACTCAAGAAAAATGAAGACTGAAGTCTGGACACTAT
MTnfA -------------- T--nA-A--TA ------------**-*4*.. r I .

Rsa370

Bam 5
MT026
Rsa370

-----------------GA-A--TA- --GTG---------G------T-G-A--------------G-----G--C-----ACA----C

401
ACCCCTCCTTAGAAGTGGGAACAAAACACCCTTGGAAGGAGTTACAGAGACAAAGTTTGGAGCTGAGATGAAAGGATGGACCATGTATAG
G-T-----------TA----------T----A------------------------------ CA------AA------CC-G--
------T-------T---A--*---T-----A-----------------------------AT----CA--------------CA-G--

501
Bam 5 CCAGGGA
MT026 -TG----
Rsa370 -------

R region

R consensus TCCATCCCATAATCACCCACCAAACCCANACACTATTGCATATNCNAANAAGATTTTGCTGAAAGGANNCTGATATAGCTGTCTCTTGTG)
MT026 ------T----TA--AT--TA-------g---T----------g-c-Gg------------GC---Ccc----C------C----------
Rsa370 -------------.T----T------GATg----C----A---Ca-t-Gc---CG----G--Cc-----cGC--------- .-----------

101
R consensus AGNGCCTAGCAATACAGAAGTGGATGCTCACAGTCANCTATTGGATGGGTCACACAGGGCCCCCAATGGAGGAGCTAGAGAAAGTACCCS
MT026 -At----G-----C------------A----------t------A----AG----**-------T----A----A---A------------
Rsa370 G-g-----A----C-----------------------a-----------A-----*G------------------------------T---
Dde440 TT--ATA-GAT-TTT-T-GCt--GA-AA-AAATGATG--CAAAAAATT-A---.----------G---

201
R consensus AGGGNTCTGCAACCCTATAGGTGGAACAACAATATGAACTAACCAGTACCCCCAGAGCTCNTGTCTCTAGCTGCATATGTATCAAAAGATC

MT026 ----g--------TT.------A-------------.--------------A.--------G.t*-----------G-------G--G-C----

Rsa370
Dde440

R consensus

MT026

Rsa370
Dde440

--A-a---A-------G------C-------T---A---------------*TG-- t--A---------------------------
----a-----------G--------------T-----G.----------*----G---Gt--A--------------A------------

301
GCCATCACTGGGAAGAGAGGCCCATTGGACTTGTAAACTTTATATGCCCCAGTACAGGGGAACGCCAGGGCCAAAAAGTGGGAGTGGGTGG

6- _ 5_- 4- * 3-_- 2a1_+1--2-35
A------A-------- T-G-*T-----G--AA-C -------------T--T--*-T-TCACAA---CAAAAA-O. .
-----------A------------------A--C-------------------------------------------T-----A-------
--------,---A --------- C- --------- --TA--------------G------------A

401
R consensus TNGGGAGGGGAGGGTATGGGGGACTTTTGGGATAGCATTTGAAATGTAAATGAGGAAAATATC AA

- 7
MT026 -tTCT---A-GAACCC---T-TCT--G---CCC--ACAGAAGGCC-CTTGCCCTCCCTGATGGGC-CGTGG-GACTGGAGCTGTGTGCTCC(O _
Rsa370 -gT--G------ G-A--A-G----------------G----- T-----------CG-z - AAATAAGAGGAAA

GT --- - G -
0de440 Z&=GT---T--A---------- TG.----G--------TT---C--~~-- TGAAAAAAAAAATTTAAA(

quences appeared in the cloned spc DNA at much higher
frequency than 2 x 104 per haploid genome or 150-kbp
interval on average. For confirmation of the presence of the
pO14-family sequence in covalently closed spc DNA, par-
tially purified spc DNAs were fractionated by CsCl/EtBr
density gradient centrifugation and hybridized to 32P-labeled
DNA probe. This gradient dot-blot experiment with p104
and pEH2 revealed two peaks of hybridization, which cor-
responded in position to covalently closed spc DNA and the
linear chromosomal fragment (not shown). Hybridization
intensity in ccc DNA was stronger with the probe of p104
than with pEH2. The R-linked superfamily sequence may
play a specific role in formation of circular DNA from the
thymocyte chromosome.
R-sequence families have homologous RNA polymerase

II-dependent transcripts in mouse liver cells (40). At the 3'
end of the R sequence of spc DNA, a run of deoxyadenine

T- FIG. 2. Repetitive and flank-
500 ing sequences of MT026 and

;ACTGCCTTAT MT104 clones from mouse thy-.---TCC-C
--A--- mus spc DNA. Our data on

MT026 and the region including
Rsa370 and Dde440 from MT104
are compared with those for
pMRB1-2 (27), Bam5 (28), and R
consensus (17). Sequences are
aligned to give maximal homol-

100 ogy. Dashes indicate that bases in
AGACTATGCC given positions are unchanged;
--G------- asterisk indicates that the base is
---A-- missing; insertions are indicated

200 by an inverted V. A variant nucle-
AAGGAGCTAA otide is named N in the consensus

=------- sequence and the corresponding
---------- position is shown by a lower case

300 letter. Direct repeats flanking
;GCCTAGTCG composite repeat are underlined
7- b with interruption at nonhomolo-

gous positions and designated
---------- (D® to ( in pairs. Inverted repeats

of special interest are marked
400 by numbered superscript ar-

OGTAGGGGAG rows. Boxed nucleotides show a
--o6 poly(A) addition signal (29). G-A-
-C-GTTAATT G-C-T, T-G-G-G-G, and T-T-G-
---------- G-A-A-A-T-G-T found in the IgH
-c------- S region and JT flank are shown

by double underlines. Dde440-
500 sequence homologous to the kal-

likrein intron is between the two
GGTCCAGCA open triangles. MIF/Bam/R se-

quence of MT121 was truncated
to the position Bam214 from the

GGTAAAATT 3' side.

residues was found just after the poly(A) addition site
A-A-T-A-A-A. This is indicative of the transcription-retro-
transcription mechanism proposed by Gebhard et al. (17).
The retrotranscription may start from the poly(A) tract at the
3' end and stop prematurely within the R or adjacent
sequence. Evidence for R translocation via retrotranscrip-
tion is the short direct repeats flanking the R sequence,
which may be duplicated at a target site for insertion (28, 31).
A rearranged sequence of the R element probably caused by
transposition has been reported (17, 18). Truncation of the R
sequence found in genomic DNA occurs from the 5' side but
never from the 3' side. In the spc R sequence, however, we
observed truncation from the 3' side. Mouse interspersed
repetitive sequences, including the R superfamily, can be
isolated from DNA or heterogeneous RNA (double-stranded
RNA-A and double-stranded RNA-B) as either intramolecu-
lar or intermolecular base-paired duplexes (41, 42). As
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shown in the Rl/R2-containing fragment 5' to JK (17), the
C\A/CAB-containing fragment 3' to CK1 (43) and the MT104
fragment, R sequences were arranged as a pair in inverted
repeat orientation. The pair of inverted R sequences was
convergent in the first case and divergent in the latter two
cases. Truncation from the 3' side of R repeats may arise by
excision of a looped-out structure formed in a pair of
divergent inverted repeats. This sort of recombination may
generate a new inverted repeat structure. In fact, long
stretches of inverted repeat were observed in the region
(position, R 293-408) close to the 3' truncated end. Permuted
rearrangement of the Kpn I element (44), human long inter-
spersed repeats closely related to the MIF/Bam/R
superfamily, may also be explained by excision of the
circular form.

Although R sequences were originally found near immu-
noglobulin genes, they have been detected throughout the
genome-for instance, near endogenous virogenes (IPA and
AKV) and in the f3-globin and H2 regions (45). In performing
computer search for homology between the Dde440-R se-
quence and the vertebrate portion of the NIH nucleic acid
sequence data bank at Los Alamos, we found a significant
homology 190-bp long with an 84% base match between the
Dde440-R sequence (position, R 309-498) and the third
intron of a mouse kallikrein gene (position, 6458-6647) (46).
The homologous region of the kallikrein gene was flanked by
two pairs of short direct repeats, G-T-G-G and T-A-T-( )-
C-C. Thus, a putative transposable sequence flanked by
short direct repeats was not confined to the consensus
repetitive sequences.
R sequences were frequently found near immunoglobulin

light chain genes, 5' to VJ1, 5' to Cx3, 3' to Ck1, 5' and 3' to
V\2, 5' to CA2, 3' to Cx4, 5' to VKn, 5' to JK and 3' to C, (17,
43). Although R sequences were found at the flanking
regions of the VH gene (30) and the intervening segments
between Cc and Cyl (unpublished results), their presence
near immunoglobulin heavy-chain genes has not been exten-
sively studied. However, R sequences share short common
sequences, such as G-A-G-C-T and T-G-G-G-G, with the
immunoglobulin class switch regions (47) and the JT flanking
region of the T-cell receptor gene (4). A prevalent sequence
of S.,2b, T-T-G-G-A-A-A-T-G-T (47), was also found close to
the 3' end of the R sequence. According to Ohno (48), the 5'
noncoding sequence of each immunoglobulin CH is made up
of multiple copies at various stages of degeneration of one
primordial 20-bp-long sequence: (A-G-C-T-G)-(A-G-C-T-G)-
(A-G-C-T-G)-(G-G-G-T-G). We found 38 nonoverlapping
repeats of these primordial pentamers and single or two-base
derivatives in a 304-bp stretch of the Dde440-R sequence.
These short homologous repeats may serve as preferred
recombination sites with R sequence transposed near immu-
noglobulin (or T-cell receptor) gene and the unique sequence
located between them may be mobilized and abortively
rearranged.
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