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ABSTRACT
Approximately 39% of the clones from a BALB/c mouse genomic library hybridized

with polyadenylated cytoplasmic RNA extracted from anemic mouse spleen. The DNA
sequence of a portion of one such clone revealed the presence of three repetitive
sequence elements within a 700 bp span. All three elements contain putative RNA
polymerase Ill control regions oriented in the same direction and oligo(dA) tracts at their
3' ends. The first element is a member of the murine BI family. A comparison of this
element with other BI family members indicates that the BI family can be divided into
two subclasses besed on commonly held base changes and deletions. The second element
within this 700 bp region may be a member of a new murine Alu family. Its structure is
analogous to other murine Alu-equivalent sequences with respect to overall length, the
presence of a 3' oligo(dA) tract and putative RNA polymerase Ill control regions. The
third element is a murine type 2 Alu-equivalent sequence.

INTRODUCTION
The mammalian genome is comprised of both single copy and repeated DNA

sequences. For the most part the repetitive sequences are 100 to 300 bp long and are
interspersed with single copy sequences 1000 to 2000 bp long (I). Within the same

organism other types of sequence organization may also occur. For example, in satellite
DNA a sequence may be repeated tandemly without the interspersion of single copy
sequences (2). Repeated sequences may also be much longer (>5 kbp) than the more

typical 100-300 bp (3). In addition, very long regions of unique DNA can occur without the
presence of interspersed repetitive sequences (4).

Primate (5-7) and rodent (8-10) genomes contain a major repetitive DNA family with
extensive interspecies homology. The major class of human repetitive DNA has been
designated as the "Alu family" because of the presence of an Alu I restriction
endonuclease site in many of its members. The human Alu sequence is a dimer formed
from two similar direct repeats each approximately 130 bp long. The second monomer

contains a 31 bp insertion (7,10-13). The mouse (8) and the Chinese hamster (10) contain
repetitive DNA families, each approximately 130 bases long, that show considerable
homology to the human Alu sequence (7,10). These are the BI and type I CHO Alu-
equivalent families, respectively.
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In this paper we describe the sequence organization of a 700 bp long DNA segment
in the BALB/c mouse genome which contains three different elements: (i) a BI repeat, (ii)

the murine equivalent of the Chinese hamster type 2 Alu-equivalent sequence and (iii) a
sequence which may represent a new repetitive family.

Following the example of Haynes and Jelinek (9), we will refer to the mouse BI
sequence as a mouse type I Alu-equivalent sequence and the murine analog of the Chinese

hamster type 2 Alu-equivalent sequence as a mouse type 2 Alu-equivalent sequence.

MATERIALS AND METFK)ODS
Enzymes and Labeled Nucleotides. Restriction endonucleases and reverse transcriptase
were purchased from New England Biolabs, Bethesda Research Laboratories or Boehringer

Mannheim. E. coli DNA polymerase I and the Klenow large fragment were from
Boehringer Mannheim. a-32p-dNTPs were purchased from Amersham or New England
Nuclear.

Screening the Mouse Genomic Library. A BALB/c mouse genomic library was obtained
from Mark Davis (Califomia Institute of Technology). The library was constructed by
partially restricting the DNA with Hae Ill or Alu I and joining the resultant blunt end
fragments to EcoRI linkers prior to ligation into the vector X * Charon 4A. The inserts are
15 to 19 kbp in length. The library was screened as described (14) using a 32P-cDNA probe
made to cytoplasmic polyA RNA isolated from anemic mouse spleen (15). After the
initial screening, about 30 clones were selected for further plaque purification. The DNA
from these clones was isolated, digested with Eco RI, separated on a 0.8% agarose gel,
blotted onto nitrocellulose and hybridized to the cDNA probe (16). All 30 clones
contained at least one Eco R I fragment that hybridized to the cDNA probe. One of these
clones, X-M58, contained a hybridization-positive 6.7 kb Eco R I fragment. This fragment
was nick-translated (17) and used to probe the same set of clones as before. This 6.7 kb
Eco R I fragment gave the same pattern of hybridization as was obtained with the cDNA
probe. One clone, XAM3, contained a small (640 bp) Eco RI fragment which hybridized to
both probes. It was chosen for sequence analysis and subcloned (18) into pBR325. Growth
of E. coli HFBIO and the amplification and isolation of plasmid DNA were as described

(19).
DNA Sequencing. DNA sequencing protocols, including fragment isolation and labeling,
were those of Maxam and Gilbert (20) with modifications as described (21).

The 640 bp Eco RI fragment contains single restriction sites for both RsG I and Pst I.
These sites are located at opposite ends of the fragment. After labeling with 32p-dATP
the fragment was cut with either Rsa I or Pst I and the largest fragment from each digest
isolated and sequenced. This approach yielded about 130 bp of sequence overlap in the
center of the fragment. The 640 bp Eco RI fragment is adjacent to a 1900 bp Eco RI

2178



Nucleic Acids Research

fragment in X-M3. This 1900 bp fragment was labeled and digested with Pvu I. The

smaller of the two resultant Pvu I fragments is adjacent to the 5' end of the 640 bp Eco RI
fragment and was also sequenced.

All work involving recombinant DNA molecules was performed in accordance with
National Institute of Health Guidelines for recombinant DNA research.

RESULTS
While screening a BALB/c genomic library with cDNA made using cytoplasmic polyA

RNA extracted from anemic mouse spleen, we found that approximately 39% of the

genomic clones hybridized to the probe. Plaque purification and restriction analysis of a
few of these clones indicated that each positive clone contained at least one Eco RI
restriction fragment that hybridized to the probe. A positive restriction fragment from

one of the clones cross-hybridized with the positive restriction fragments from other
clones indicating that repetitive sequences in our polyA probe were most likely respon-
sible for the observed hybridization. We chose to sequence a small 640 bp fragment from
one of these clones (XM3) in order to determine the nature of these repetitive elements.

The sequence of the 640 bp Eco R I fragment and part of the 5' flanking 1900 bp Eco
R I fragment are presented in Figure I. Three structural elements can be discerned as

indicated by the three shaded segments. The first element, which is flanked by an 18 bp
imperfect direct repeat, starts at nucleotide position 38 and ends at nucleotide 203. The

second element begins at nucleotide position 234 (where this element begins to share
homology with the mouse type 2 Alu-equivalent sequence) and ends at nucleotide 454

after the oligo(dA) rich region. The second element is not flanked by direct repeats. The
third element, which is flanked by a 13 bp imperfect direct repeat, starts at nucleotide
506 and ends at nucleotide 700. All three elements have similar overall structures and all
three contain oligo(dA) rich regions which start at nucleotide positions 172, 403 and 683,
respectively. They also contain sequences, underlined in Fig. I, that are homologous to
the two intragenic RNA polymerase IlIl control regions described by Fowlkes and Shenk
(22) and others (23-25) for a variety of genes transcribed either in vivo or in vitro by RNA

pol Ill. These putative pol IlIl control regions are oriented in the same transcriptional
sense in each of our three structural elements. In the 694 bp long region that includes all
three elements, about 93% (644 bp) are accounted for by the three elements and their
flanking direct repeats. The other 7% is accounted for by 12 bp at the 5' end of the middle
element and by 38 bp at the 3' end of the middle element.

The first structural element in Fig. I is highly homologous to members of the murine

type I Alu-equivalent family. A comparison of this sequence with other members of the

same family is shown in Fig. 2. The sequences B la, B lb and B Ic were obtained by Krayev
et al. (8) from random mouse genomic clones that hybridized to snapback double-stranded
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50
.-s ' t ;JTTACCTT1 AAAAAATACA GAAATG -CO GGCAGGTGG CACACGCCTT TAATCCCAGC ACTCGGGAAG CAAAGGCAGG

100 * 150
rGGATTTCTC AATCGAGGC CAGCCTGGTC TACAAAGTGA GCTCCAGGAC AGCCAGGGCT ACACAGAGAA ACCCTGTCTC GAAAAACCAA

200 0 250
AAAAAAAATA AAACAAAATA AAAjtAAAAAA TACAGAAA=TNGAAACAACTT TAGAGgTTGG AGAGATTGCT CAGTGGTTAA GAGAACTGGC

300 * 350
TGCTCTTCAA GAGGTCTGAG TTCAGTTCCC AGTATACACA TGOCACCTCG AAACTGTCTG CAGCTCCGGT TCCAGGGAAT CTGACACCCT

400 450
CACACAGACA CACATGCAGG CAAAATACCA ATGCACAATT TTAAAAAATT AAAAAGAAAA ACAATTTTTA AAAATCAACA AAAATAAAAA

500 *
CAAA^A T- A A AG A AGAG AAAGGTCTTCCCTTC7TTT T7PhAACAGr TATGGCT GGTGAGATGG CTCAGTGGTT AAGAGCACCC

550 * 600
GACTGCTCTT CCAAAGGTCC AGAGTTCAAA TCCCAGCAAC CACATGGTGG CTCACAACCA TCCGTAATGA GATCTGACTC CCTCTTCTOG

650 700
TGTGTCTGAA GACAGCTACA ATGTACTTAC ATATAATAAT AAATAAATCT TTAAAAAAAA AAAAAAGAAA pAAACAGGCGT GT ATTATGC

A. -;rCCTTGCAA TC

Figure I
Nucleotide sequence of a portion of the BALB/c mouse genomic clone XAM3 which
contains three closely-linked repetitive elements. The sequence is written in blocks of 10
nucleotides. The three shaded-regions con~taFithe three elements. The two pairs of
direct repeats are boxed. The first four bases of each element are underlined (dashes).
The putative pol Ill control regions are marked with a solid line. The centers of the two
Eco R I restriction sites are marked with vertical arrows. The boundaries of a segment of
DNA that is homologous in all three elements (10) are marked by superscript asterisks.
Restriction sites for Pst I and Rsa I start at nucleotides 328 and 653, respectively.

hnRNA. The sequence by Coggins et al. (26) is located 2.8 kb to the 3' side of the mouse
Bmaj globin gene and was identified by its ability to hybridize to a member of the human
Alu repetitive family under conditions of low stringency. The sequences described by
Monson et al. (27) and Young et al. (28) are located within the intervening sequences of a
mouse procollogen gene and the mouse aC-fetoprotein gene. They were first detected by
hybridization to isotopically-labeled mouse chromosomal DNA.

Within the first 52 bases of the murine type I Alu-equivalent consensus shown in
Fig. 2, there occur structures homologous to an RNA pol III control region, a Hogness-
Goldberg box and the major T antigen binding site (6). These structures are indicated in
Fig. 2 by underlining, superscript dashes and brackets, respectively. The imperfect
Hogness-Goldberg box, noted in B I sequences by Monson et al. (27), occurs immediately
after the putative 3' RNA pol IlIl control region in a 14 base string of residues that is
invariant in all seven mouse type I Alu-equivalent sequences.

The B I sequences con be divided into two subclasses by the presence of base changes
or deletions at nucleotide positions 7, 85, 105, 117, 121, 122 and 133 of the consensus
nucleotide sequence. These positions are indicated in each of the seven sequences by
capital letters. The first three repetitive elements contain the same nucleotide or
deletion at these positions while the rest share a different nucleotide. It would appear
that the two subclasses are descendants of two different progenitor sequences or are
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Figure 2
Comparison of mouse type I Alu-equivalent sequences. The consensus sequence is written
in blocks of 10 nucleotides. The sequences Bla, Blb and Bic are from Krayev et al. (8)
The sequence from Coggins et al. (26) is located in a 7.2 kb Eco R I fragment which
contains the BnmiJ globin gene from the BALB/c mouse. The sequence from Monson et al.
(27) occurs in the intervening sequence of a mouse proa 1(1) procollagen gene. The
sequence from Young et al. (28) is found in the first intervening sequence of the mouse a-
fetoprotein gene. The consensus sequence here was derived from the sequences listed
above. A dash corresponds to a deletion at that position. A period indicates that the
nucleotide is the same as the consensus. The letter N designates the absence of a

consensus at that position. The putative intragenic control regions for RNA polymerase
IlIl are underlined. A 14 base sequence with homology to a T antigen binding site near the
origin of papovavirus DNA replication is flanked by brackets. A 6 base sequence which is
complementary to an imperfect Fogness-Goldberg box is marked by superscript dashes.

associated with some cellular function responsible for the selection and maintenance of

these subclass differences. The existence of different subclasses allows the possibility
that these sequences could be associated with different biological roles, though as yet no

such role has been identified and the possibility exists that these families represent selfish

10 50

Rat type 2 Alu GGGCTGGAGA GATGGCTCAG TGGTTAAGAG CACCCGACTG CTCTTCCAAA GGTCCTGAGT TCAATTCCCA
3rd element in Fig. 1 ......T........A.............A.....
2nd element in Fig. 1 A..T...A..T..AT..G.A.G...-T. ...GT.

Rat type 2 Alu
3rd element in Fig. 1
2nd element in Fig. 1

Rat type 2 Alu
3rd element in Fig. 1
2nd element in Fig. 1

80 100

GCAACCACAT GGTGGCTCAC AAC--------CATCTGT AAAGAG---ATCC GATGCCCTCT TCTGGTGTGT
........C.. ..T ........T..CT ..........

.TGTCTGCAGC.........CC.G TTCC..GGA...T ..CA A C---------

140

CTGAAGACAG CTACA-GTGTA CTTA--TATAAT AAACAAATAA ATCTTTAAAAAAAAAAAC...
................ .... .... CA T.......... AAAAAAAAAAAAAAG

AC CA C GGC AAAT CC TGC CA TTTTAAAAAAT

Figure 3
Comparison of the second and third structural elements in Fig. I with a rat type 2 Alu-
equivalent sequence. The rat sequence is written in blocks of 10 nucleotides, not counting
insertions and deletions. The second and third structural elements pictured above begin at
nucleotide position 234 and 506, respectively, in Fig. I. The rat type 2 sequence starts at
residue 805 in the rat growth hormone gene sequenced by Page et al. (31). The putative
pol Ill promoter regions are underlined.
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DNA (29,30).
The second and third structural elements shown in Fig. I are compared in Fig. 3 to a

rat type 2 Alu-equivalent sequence. The third structural element is 94% homologous for
the first 154 bases to the rat type 2 Alu-equivalent sequence. These two sequences then
share a TAn (n = 1-3) motif for the rest of their lengths before ending with a TCTTT
immediately before the oligo(dA) tract. Other murine type 2 Alu-equivalent sequences
reported recently (32,33) also show this high homology. An equivalent structure for two
Chinese hamster type 2 Alu-equivalent sequences, including a TAn motif and a TCTT or
TCTTTTT immediately preceding the oligo(dA) tract, has also been observed (9).

The second structural element in Fig. I is homologous to both the mouse (77%) and
rat (81%) type 2 Alu-equivalent sequences for their first 93 residues, but then an 8 bp
insertion into the second element marks the beginning of a region of reduced homology as

can be seen in Fig. 3. This second element possesses neither the TAn motif nor the
TCTTT sequence immediately before the oligo(dA) region at the 3' terminus. It may be
noteworthy that the type 2 Alu-equivalent sequence in Fig. 3 contains an insert with
respect to the second structural element (starting at nucleotide 121) with the structure

TCITGTGTGTCTG which shows structural similarities to the sequence GCCIGTGTGTG-
GCCTG that Proudfoot and Maniatis have suggested may function as a boundary for
recombination events (34).

DISCUSSION
The mammalian Alu and Alu-equivalent families are of interspersed repetitive DNAs

typically flanked by direct repeats (I l), as are known procaryotic and eukaryotic
transposable elements (35,36). However, the structural analogy with transposons is not
exact. Alu sequences do not contain the short inverted repeats characteristic of known
transposons, and two groups (37,38) have proposed an RNA-mediated mechanism of
transposition which requires an RNA transcript of the DNA element to be transposed.
This RNA transcript is copied by reverse transcriptase and subsequently integrated into
the chromosome at a new location. Many Alu sequences are templates for RNA pol IlIl
both in vitro (39) and in vivo (9,28) and contain a poly dA tract which has been postulated
(37) to be important in the reverse transcription of the Alu family pol IlIl transcript. If
this insertion process occurs at a staggered break in the chromosome, the integrated
sequence would be flanked by direct repeats as is typically observed. Direct repeats
would not be observed if the insertion occurs at a blunt break in the chromosome (40) or if
the inserted element were the 3' or 5' boundary of a larger element being inserted into a
staggered chromosomal break (10).

The second element in Fig. I has a strong overall structural resemblance to other
Alu-equivalent families as was discussed earlier. Although it shows high homology to the
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rat and mouse type 2 Alu-equivalent sequences for the first 93 residues, rat and mouse

type 2 Alu-equivalent sequences are much more homologous to each other than to the
murine second element. Since this second element contains both RNA pol Ill control
regions and a poly dA tract at the 3' end, the mechanisms described above for
transposition via an RNA intermediate might be expected to have generated an inter-

spersed repetitive family with this sequence as a member.
The mechanism by which interspersed repetitive sequence homogeneity is main-

tained is unclear. Unequal crossing over during meiosis or mitosis (41) which may explain
the evolution of tandemly repeated DNA does not seem adequate to explain either the

amplification, dispersion or sequence homogeneity of the interspersed repetitive families

(13,42). The evolution of interspersed repeats may be more adequately explained by
transposition of the repetitive elements to new locations and by gene conversion to
maintain sequence homogeneity (42,43).

It has been proposed that Alu family members might function as origins of DNA

replication since they contain a 14 base sequence homologous to viral origins of DNA

replication and since transcripts from these sequences could serve as primers for DNA
synthesis (6). It is interesting to note that the type 2 Alu-equivalent family could provide
the RNA primer for DNA replication, but does not possess the 14 base sequence

homologous to the viral origin of DNA replication that is found in type I Alu-equivalent
sequences.
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