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Suggests a Mechanism for Its Amplification and Interspersion
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Summary. DNA from the kangaroo rat, Dipodo-
mys ordii, contains a 3.3-kb, highly repeated se-
quence that is interspersed throughout the genome
in small tandem clusters. One 3.3-kb unit has been
cloned into pBR322 and the nucleotide sequence
determined. The clone used was shown to be rep-
resentative of the bulk of such sequences found in
the genomic DNA. The sequence contains 10 ho-
mologous subunits each ca. 260 bp in length. Com-
parison of these to one another yielded a 258-bp
consensus sequence containing a 35-bp terminal in-
verted repeat. Two unique stretches also occur. One
of these contains a region that could serve as a pro-
moter for RNA polymerase II1; the other contains
a sequence related to the ARS sequences of yeast.
It is proposed that an ancestral sequence similar to
the consensus sequence was amplified to 10 or more
units, and that, subsequently, two other sequences
were inserted. The properties of these insertions may
have led to the dispersal of the sequence throughout
the genome.

Key words: Repetitive DNA — DNA amplifica-
tion — DNA interspersion — Dipodomys ordii

Introduction

Mammalian genomes contain highly repeated in-
terspersed sequences (Singer 1982). Studies of such
sequences have suggested mechanisms for their am-
plification and dispersal in the genome, such as un-
equal crossing-over, gene conversion, and possibly
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transposition (Dover 1982; Finnegan 1985). Re-
cently it has been proposed that because many of
these sequences contain control elements of RNA
polymerase I1I, they may be amplified and dispersed
via an RNA intermediate that is inserted into a
chromosomal site (retroposon) and then copied by
reverse transcriptase (Rogers 1985a,b). We describe
here a repeated sequence from the kangaroo rat,
Dipodomys ordii, which contains structural features
suggesting a mechanism for its amplification.

The kangaroo rats (genus Dipodomys) have been
shown to have a variable genome. There has been
rapid chromosomal evolution (Stock 1974), and the
satellite DNAs in Dipodomys species show variation
involving the amplification or loss of GC-rich se-
quences. It is clear that massive genomic changes
have occurred in the Dipodomii and that these mo-
lecular changes are correlated with speciation within
the genus (Hatch et al. 1976).

The genome of D. ordii contains a highly repeated
3.3-kb sequence. Sequences hybridizing to this ele-
ment are dispersed throughout the genome (Liu and
Lark 1982). In a previous study we reported that
portions of this sequence are homologous and can
recombine when introduced into bacteria as cloned
inserts contained in phage or plasmid vectors (Keim
et al. 1984). We have now obtained the compiete
sequence of the 3.3-kb unit. The structure suggests
that an ancestral 258-bp sequence was amplified
into a 10-unit tandem repeat. Later, two other se-
quences were inserted into the tandem. We propose
that these insertions possess special qualities that
have resulted in the massive amplification and dis-
persal of the 3.3-kb sequence throughout the ge-
nome.
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Fig.2. Hoechst dye cesium chloride isopycnic equilibrium cen-
trifugation of D. ordii genomic DNA. Genomic DNA from D.
ordii liver was centrifuged to equilibrium in cesium chloride with
Hoechst dye 33258. The gradient was fractionated and the DNA
content of each fraction determined by ethidium bromide fluo-
rescence (LePecq and Paoletti 1966). Two micrograms of DNA
from the sets of fractions (A-N) was digested with BamHI. These
DNASs were separated by agarose gel electrophoresis, transferred
to nitrocellulose, and probed by hybridization to radioactive KR-2
DNA. The autoradiograph is superimposed on the gradient pro-
file. The densities of fractions A and N were 1.729 g/ml and
1.684 g/ml, respectively

Methods and Materials

Cloning. The KR-2 clone was isolated as described previously
[the pBR322 clone described in Liu and Lark (1982)]. DNA was
amplified in Escherichia coli strain 802 (Wood 1966) and purified
by banding on CsCl (Liu and Lark 1982).

Fig. 1. In situ hybridization of the 3.3-kb re-
peated sequence to D. ordii metaphase chro-
mosomes. Metaphase chromosomes were pre-
pared from cultured D. ordii cells as described
in Materials and Methods. A portion of the
slide containing the metaphase spreads was
hybridized with a biotinylated probe prepared
from KR-2 DNA. The metaphase shown in a
and b is taken from this portion of the slide.
The entire slide was then treated with strep-
tavidin-conjugated alkaline phosphatase,
staining of the slide with 5-bromo-4-chloro-3-
indolyl phosphate and nitro-blue tetrazolium
was developed for 30 min, and the entire slide
was then stained with orcein in order to visu-
alize the chromosomes. The contro! meta-
phase in ¢ and d was taken from a portion of
the slide not hybridized to the probe. Dye was
deposited on the hybridized regions of the
chromosome, changing their color and defin-
ing them as darker regions in the photograph.
Examples of nonhybridized regions are shown
in a and b by the arrows; background clumps
of dye have been indicated within the circled
areas. These demonstrate that both prepara-
tions were treated with streptavidin-conjugat-
ed alkaline phosphatase. a and ¢ Phase con-
trast; b and d Bright field. Bar = 20 um

Dipodomys ordii Genomic DNA Isolation. Kangaroo rat ge-
nomic DNAs were isolated as described in Liu and Lark (1982).
Briefly, livers were frozen with liquid nitrogen and ground with
a mortar and pestle to a fine powder, which was mixed with 50
mM Tris (pH 8.0), 100 mM NaCl, 100 ug/ml proteinase K, and
0.5% sarkosyl, and digested at 65°C for 1 h. This crude prepa-
ration was phenol/chloroform-extracted three times, chloroform-
extracted one time, and centrifuged to equilibrium on cesium
chloride gradients in the presence of ethidium bromide. The
ethidium bromide was removed with isopropanol, and the DNA
exhaustively dialyzed against 10 mM Tris (pH 8.0) and 0.1 mM
EDTA.

Hoechst Dye Cesium Chloride Isopycnic Centrifugation. Di-
podomys ordii DN A was separated into different satellite fractions
using Hoechst dye 33258 (0.4 ug/ug DNA), which binds to AT-
rich DNAs and decreases their buoyant density. This technique
was described by Keim (1986).

In Situ Hybridization. Cultured D. ordii cells, grown as pre-
viously described (Liu and Lark 1982), were used for preparing
chromosome spreads. Chromosome preparation followed the
protocol of T. Hori (Hori et al. 1985). The cells were blocked
with colcemid for 1 h followed by a 10-min trypsin treatment.
Liberated cells were collected by centrifugation and then swollen
with a hypotonic KCl solution (0.075 M). Swollen cells were fixed
with methanol/glacial acetic acid (3:1) and then spread on glass
microscope slides. The DNA probe was created by nick trans-
lation (Rigby et al. 1977) of KR-2 DNA using biotin-11-deoxy-
uridine triphosphate (Bethesda Research Laboratories). The probe
hybridization and visualization were done according to Engels
(Engels et al. 1986) using streptavidin conjugated to alkaline
phosphatase [Bethesda Research Laboratories’ DNA detection
system (cat. no. 8239)]. Orcein was used as a nonspecific DNA
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Fig. 3. Restriction map of the KR-2 clone. Restriction sites were determined by digestion of the KR-2 plasmid DNA with the
indicated enzymes. All sites are in agreement with the sequence data. With the exception of the sites noted (@), the restriction sites
indicated were used for end-labeling during sequence determinations. The positions of the proposed insertions 1a and 6a (see text)

are indicated by shading

stain (Engels et al. 1986). Chromosomes were observed under oil
immersion using a Zeiss photomicroscope.

DNA Restriction Analysis. Restriction enzymes were obtained
from New England Biolabs, Bethesda Research Laboratories, and
International Biotechnology, Inc., and were used according to the
manufacturers’ directions. DNA was resolved by agarose gel elec-
trophoresis and transferred to a nitrocellulose membrane as de-
scribed by Southern (1975). Molecular hybridization probes were
radioactively labeled by nick translation (Rigby et al. 1977).

DNA Sequencing. All sequences were determined by the tech-
nique of Maxam and Gilbert (1980). Both the 5’ and the 3’ strands
were sequenced using the restriction sites illustrated in Fig. 3.
End labeling of DNA fragments was accomplished as follows: 5/
with T4 polynucleotide kinase (Maniatis et al. 1982), 3’ by po-
lymerization using Klenow fragment (Maniatis et al. 1982), and
by terminal transferase using ddATP alpha P32 (Amersham Cor-
poration). Typically 300 bp of sequence adjacent to the labeled
end were determined.

Computer Analysis. Homology comparisons were made using
a program generously supplied by Dr. John Shepherd (Biocenter,
University of Basel). The coding potential of the KR-2 sequence
was determined by John Shepherd using a method described
previously (Shepherd 1981). The secondary structure of the con-
sensus sequence (Fig. 7) was prepared using a program generously
provided by Dr. M. Zuker (Zuker and Stiegler 1981). A search
of sequence homology within the Genbank library of sequences
was carried out by the National Biomedical Research Foundation
using their search program.

Results

More than 10° copies of the 3.3-kb sequence rep-
resented by KR-2 are found within the genome of
D. ordii (Liu and Lark 1982). The copies must occur
in tandem arrays, because enzymes that cut the se-
quence at a single restriction site (e.g., HindlII or
BamHI) generate the 3.3-kb fragment from animal
genomic DNA (Liu and Lark 1982). This fragment
appears, however, to be distributed throughout most
of the genome, because in situ hybridization shows
that the KR-2 clone hybridizes to all chromosomes

and that hybridization is not confined to a particular
region of each chromosome. Figure la and b pre-
sents the results of in situ hybridization using a bio-
tinylated KR-2 probe and subsequent development
with alkaline phosphatase. (A control, nonhybrid-
ized, metaphase is shown in Fig. 1c and d. The
metaphase in Fig. 1¢ and d was taken from the same
slide as that in Fig. 1a and b, but from a region that
was not hybridized to the biotinylated probe. This
region, however, was treated with streptavidin-con-
jugated alkaline phosphatase and orcein stain.) Hy-
bridized regions appear as regions of greater contrast
in both phase contrast (Fig. 1a) and in bright field
(Fig. 1b) microscopy. Arrows indicate examples of
regions to which the probe did not bind; such regions
are rare.

The KR-2 sequence appears to be distributed in
small clusters, because the 3.3-kb fragment can be
generated by restriction enzyme digestion of all frac-
tions of DNA separated according to their AT/GC
content (Fig. 2). In this experiment, DNA was cen-
trifuged to equilibrium in CsCl-containing Hoechst
33258 dye, which decreases the buoyant density of
AT-rich DNA and thus enhances the separation of
different fractions of genomic DNA. [The DNA of
D. ordii contains a large proportion of GC-rich sat-
eliite DNA (Hatch et al. 1976).] Fractions were di-
gested with BamHI and the presence of the 3.3-kb
fragment noted. (The presence of 6.6- and 9.9-kb
fragments is due in part to incomplete digestion and
in part to infrequent loss of BamHI restriction sites;
see below.) The sequence of one 3.3-kb fragment
was obtained from the clone KR-2 [Liu and Lark
(1982); referred to as KR-1 by Keim et al. (1984)].
Figure 3 presents a restriction map of this insert,
including the sites used for obtaining the sequence.

Because the sequence was derived from a single
clone, it was important to ascertain whether it was
representative of the more than 10° copies present
in the animal. A preliminary study (Keim et al.
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Fig. 4. Analysis of D. ordii genomic DNA with restriction en-
zymes. Genomic DNAs from two populations (L, Little Sahara;
P, Pelican Lake) were digested with one or two restriction en-
zymes. These DNAs were separated by agarose gel electropho-
resis, transferred to nitrocellulose, and probed by hybridization
to radioactive KR-2 DNA. The sizes of fragments were deter-
mined by comparison to DNA standards (not shown) and cor-
respond to the sizes predicated from the sequence of KR-2 (see
Fig. 3)

1984) already had compared about 700 bp of the
KR-2 sequence with the same region in two other
clones. In addition, genomic DNA isolated as a 3.3-
kb restriction fragment was sequenced directly
(Maxam and Gilbert 1980) and compared to the
clones. In all, 2400 bp of sequence were compared
and differences were detected at 16 positions. On
the average, one nucleotide change was observed
per 150 nucleotides of sequence (0.7%). The KR-2
3.3-kb sequence contains a number of restriction
sites, of which several (e.g., BamHI and HindIII)
had already been shown to be present in the majority
of the 3.3-kb sequences found in the genome (Liu
and Lark 1982). Figure 4 presents examples of re-
striction digests of D. ordii genomic DNA obtained
with Pstl or HindII in conjunction with several
other enzymes. In each case, the data show that the
fragments obtained are consistent with the sequence
of KR-2 shown in Figs. 3 and 5. In addition to
BamHl1, Hindlll, Pst1, Pvull, Sphl, Bglll, and Sst,
other restriction sites that occur in KR-2 corre-
sponded to sites found in the majority of the gen-
omic DNA 3.3-kb fragments. These included A4Aalll,
Sall, Stul, and Tagql. The Asp718 site found in KR-
2 1s polymorphic within the genomic DNA, and
about 50% of the genomic sequences lack an Asp718
site. The remainder contain the site found in KR-
2. KR-2 lacks a BstEIl site, which is found adjacent
to the BamHI site in the majority of genomic 3.3-

kb sequences. With the exception of this Bst¢EII site,
the correspondence of restriction sites found in KR-
2 with restriction sites found in the genomic DNA
1s further evidence that the sequence of the KR-2
clone is representative of the 3.3-kb repeat as it
occurs throughout the DNA of the animal.

The data in Fig. 4 also show that 3.3-kb fragments
are present in all of the preparations digested with
two enzymes. These fragments were present despite
all precautions taken to ensure that the DNA had
been completely digested. We believe that these
fragments represent sequence variation in which the
loss of a restriction site, corresponding to either one
of the two enzymes, has occurred. (The loss of the
BstEII site from KR-2 is probably an example of
such a change.) Such sequence variation is similar
to variation observed in other repeated DNA, e.g.,
the a-satellite of the African green monkey (Thayer
etal. 1981; Lee and Singer 1982) or others reviewed
by Miklos (1985). Densitometer scans of autoradio-
graphs that had been exposed for shorter times al-
lowed us to estimate that 4.5% of the DNA was
found in the 3.3-kb fragments, corresponding to a
variation frequency of 0.37% per nucleotide (assum-
ing that each of the six nucleotides in each of two
sites has an equal probability of change).

The sequence of the 3.3-kb fragment from KR-2
is presented in Fig. 5. The main features of the se-
quence are the presence of 10 homologous subunits
of ca. 260 bp each (indicated as [1] to [10] in Fig.
5) and two nonhomologous regions, believed to be
insertions within subunits 1 and 6 (indicated as in-
sertions la and 6a in Figs. 3 and 5). Inserts la and
6a showed no homology to each other or to any
other part of the sequence (comparative data not
shown).

The homologous regions were identified by com-
puter and aligned (Fig. 6) after correcting for several
small (1-5-bp) insertions or deletions. By comparing
the subsequences to one another, a consensus se-
quence was established (Fig. 6). It contains a pair
of almost perfect inverted terminal repeats (ca. 35
bp each), and the secondary structure of the con-
sensus sequence [generated by computer using a
folding program of Zuker and Stiegler (1981)] in-
dicates that a stem of about 40 bp can be formed
utilizing pairing of G with T. A search through the
Genbank data base failed to reveal any sequences
related by homology to the consensus sequence.

In Fig. 7 the consensus sequence is compared to
the 3.3-kb sequence from Fig. 5 (using a homology
comparison program provided by Dr. John Shep-
herd). It can be seen (Fig. 7A) that the 10 repeated
subunits are separated into two groups by two unique
regions (inserts la and 6a). [The presence of the
inverted terminal repeats also can be detected (Fig.
7B).]
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AGGCCTGGGCGTTGTCCCTCAGCTCTTCAAAGTCAAGGCCAGCGCTCTACCTTGAGCTATAGCGCAACTTCCGGTTTTCTGGTGGTTTATIGGAGATAGGTGTCTCACCT

221 ) mmmmm—- e ittt e bdn b e S nntntuteinde ittt END INSERT-lal
TCTCTCCTGCCCGGGCTTGCTTGCTTGCAACCGTGTTCCTCAGATTTCCGGCTCCTGAGTAGATAGGATTACAGCTGTGAGCCACCACTCCCTTCTTACTCTT
i) 1 J
TGCATCCTGAGTTCCTAAACACTTGTGACCTCTCTCACAATGAAAAGAAAAAAATTTCACCTGTTATTTTAGACAGAATGAGGCACTTTCAATATAGCTAGGATGCAGAG

441) 111102
CAAAGCTTCTTGGGAAAGCTGGGTGTTGTGAATTTCTCTCTGGAGGGGTGTCTCTTCCTTGGGGAAGGTGTAGAGCCCTCCTTCCCGGAGGGCCTTAAGACTGTTCTAGG
551)
GGTCCCATATTCTGAGTACTCTATCTTATCGTTTGTACCTGCGCTCTCTAACACTGGTCACTTCTTCCAGAATTGGAAGAACAAAGTTTGGACGGTTTACTGTGGATAGT
661)
GCAAGGGTCATTAAGCCCTGCTAAGATTCAGAGCACAGTTGACTCGGACAGATCATGCTTTCTATTTCTACTAAGTGGCTTGTCTTGCTTTCGGGAAAAGTTGAGAGCAC

771) 21103
TCAGAACTTGCAGACCTTAATACAATTTTCTTTATGTTCTCCAAATTCTGAGTACTCTCTCTTGTTGTTTGCATCCTGTGCTCCCAAACCCTCCACAGCTCTCTCAAATT
881)
TGAAAGTAAAACGGATTGTCCACGGGATGGTGACACCAAGAGGTGCTTTGACTCATGTCAGGGTGCGCACAGGGGCTGCTAGTAACCGACTGATATTGTCTATTTCTTTT

991) 314
CGGTGGTTGTTCTTTTCTTGGTCGACGGTATAGAGCATTCAGATCCTTGGCGCCATGAAACAATTTTGTTTTAAGTTCCCCAAATTCTCAGTGCTCTATCTTGTCGTTTT
1101)
CATCCTGAGCATGCCTAACACTGGTCAGCCCACCCTGAACTGCAAGGGAAAAATTCTCACTTGTTACTGTGGACAGTGTAAGGGGCTTGAAGCCCTGCTAGGCTGCAGACC

1211) 4)41s
GTTGTCGCCTGTGATAGAACCATGCTGTCTATTTCTCTTTCCTGGCTTGTATCTCCTTTGAGGAATTGTAGAGCCTTCAGAACTTGGGCAATATTGTTTACCTCACCAAA
1321)
GGTCTGAGTGCTCTATGTTGGCGTTTACAACCTGAGATCTCAAAGACTTTTCAACCCTCCCAGTGGTAAGGAGAAAAACGGAACCTCTGATTGTAGACAGGATGAGACAC
1431)
TTTCTGTCTTGCTATTACGCAGACCAGAGCTTATCGGAACGATTGGTGCTGTCAATTTCTCTATAGAGGCGTGTCACTTCTATGGGGAAGGATTAAACCCTTCATTGCTTG

1541) 511t6 JINSERT 6A<~--ARS HOMOLOGY---=---=--= P L T P
GGGECCTTAAAACTGTTCTAAAGTCCCCGTGTTCTGAGTGCTCCATCTTTIC G TITTTAAATTTATTTATTTGTICATTTATTTTTTTTACAAAACAATGTACAGACG

1651 ) mmmm e mmmmmm m e o o e
GGTTCCAATTACATGTGCAACATGATGAGTACATTTTTTATAAAGTATTGTAACGTCGTCTTTGTTTCCCATTCCCACCTTTTCCCATCCTCCTCCTTTCCTCCCCCACA

T e R
GTCCTCCCCTCTCCCATACCCCCACCACTCACAAACCAATGTTGTAAAGTTCGTTITGGACATAACGAATTGTCCATCGTATTTTTGCTATGGETCCACCTGTATCCCTA

1871)====-= T T
TTGAAACGAATTGTTTTCCCCCTTCCCCTCCACAAATTATACCGACATGAAATACAGTGAAACAGTTGTTATAAAATGGTGGAGAGACTTACAAAGTAAAAAAGAAATGA

1981 ) mmmmmm e o m i m m oA e e e e — e mmme—ceeo e
TCTTATGAATGTGTCATAAACAATCGCTTGAAAACAAATAAAAAAAACTTTCGAATACATATATTAGGGTTCAGTTCATTAACATCACCTTATCTGACTTTCTCTGCTTT
2091)

INSERT6 _alEND
ACTCAAAE:éhCGTTTGCATGCTGAACTCGCTAACACTGCTCAGTTCTCCCAGAATTGGAAGAAAAAATTGGACTGGTTCCTGTGCATGGACACTATAAGTGGCTTTCAA
2201)
CCTAGCTATTATGCAGACCGGAGAAACCTGGGTTAGAAAGAAGCAGTCTACTTGTATTTAGAGGCTTACCTCTCCTTTGAGGAAGATGTAGATCATTGAGAAATTGACCC

2311) 6111(7
CTGAAAAACAATTTTGTTTTAGGGCGCCGAATTTCTTTGTTGCTCTATCTAGTCGTITTGCATCCTGTGCTCTCAAACACTTTTCAGCTCTCCCAGAATTGCAAGGAATAT
2421)
AATTGGACCTGTTATTGTTGACAGTATGTGGAACAGGATGTAGATTAGGGCTTAGTGAGAAAGGTCGGCGCTGTCCATATATCTTTGGAGGCTTGTCTCTCCATTGGGGA

2531) 71118
ACGAGTAGAGCATCCTCACTTTGGGACCTTAAAACTGTTTTAAGGTCACCAATTTCGGAGTGCTCTCTAATGTCGTTTGCATCCTGAGCTGACTAACACAGATCAGCTCT
2641)
CCCAAAATTGGATGAAACAAATTGGACTGGGCTCTGTGGACAGTGTGAGTGGCATTAAGCCCTGATGGATGCAGACCAGAGTTGCCTGGGCGAGAAAAATGCAGTCTATT

2751) 811{9
TCTATTTAGCGGCTTTTCTCTCCTTTGGGGAAGGTGTAGAGCACTCAAAACTTGGGGACCTTAAAACAATTGTTTTAAGGTCCCCAAGTTTTGAGTGCTCTTTCTTGTTA
2861)
TTTGCATCCTGTGCTCCCAAAACCTCCTCAGCTCTCCCAAATATTTCAAAGAAATCTTTTGACCTATGGCTGATGATACAGAGAGGGCCTGTGAACCAAGCCAGGATGCA

é:;;éGAGCTACTAGAGACTGAAATATGCTGTCTATTTCTCTTTTGTCTCTTGTCTCTTCATTATGGAACGTGGAGACTATTCACAACTGAGGCGACCACAAACA:%%é;O
ég:;%AAGGTACCCAACTTCTCAGGGCTCTATCTTGTCGTTTTCATCCTGAGCTCCCTAACACTGCTGAGCAATCCCAGAATTGCAAGGAAAAAATTGGCACTGGTTAAT
gézé:cAGTGTGAGGAGGTTGAAGCCCTGCTAGGATGCAGACCGAAGATGCCTGGGATACACCGATGCTGTCTAACTCTCCTTACTGCCCTGTATTACCGTTGGGGAATA
iégiéAGCATTTGGATCC
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Fig. 5. The nucleotide sequence of KR-2. The sequence of KR-2 is written 5' to 3’ as shown in Fig. 3. The 10 258-bp related
subsequences are delineated by 1§ [. Inserts la and 6a are marked ——-. The RNA pol III promoter sequence, poly A tail, and ARS
homology are highlighted (ww). The direct terminal repeats associated with inserts 1a and 6a are noted | GCTCT |or [CTT] In addition,

the region homologous to a sequence flanking human asn-tRNA is denoted a8

Insert la is flanked by direct repeats of five base
pairs (GCTCT). One of these direct repeats is found
in the consensus sequence, whereas the other is
unique to subsequence [1] and has been placed with-
in the insert (see Fig. 5). In addition, the comple-
mentary strand of insert 1a contains a promoter for
RNA polymerase III (Ciliberto et al. 1983) adjacent
to a poly A tail. This is noted in Fig. 4 (bp 63 to
201). A search through the Genbank data base in-

dicated homologies only in the region containing
the RNA pol III promoter and the poly A tail. In
this region some similarity to the Alu family was
found. In addition, a striking match (41 out of 46
bp) was found (bp 271 to 317) with a sequence that
occurs as a flanking region of a minority class of
human asparagine tRNA (Ma et al. 1984). The sig-
nificance of this homology is not clear.

Insert 6a is flanked by a direct repeat of the tri-
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[5]
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[6) {insert 6a
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19]
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[10])
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(3]
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(8]
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C.A.G TCT.eTuausse «eC.GAT AveesTe v+ AGA.G.CCTG=.G..C.AAGC = v e nnn C.TAG..... A.TA.A..C
{10}

.............. CA CuTiAA. G GuvunreneeeGunes A, 06,0 eeaCTGCT-vtennnsoeseaGAL AL anneea T

Fig. 6. Consensus sequence of the

.[éc]Tc G..T...Ga C.GuA..GGuunnnnn P ..CTTC..CGC.A..G 6--=== 258_bp subunits. A consensus se-
ceeT=Cuvnw- | I AC A Teeernonas R S AAG.TG.v'vun. Coivevnnnnnas CAvAuroans Teieae quence of the 258-bp subunits was
{31 . .
CoeCTuee AT e v e rennenns T.uCG.Teumess . TCTLTTC. ... TCC.C.G.A T.C..u.Cu=..A.G determined by comparison of the 10
té] individual subsequences [1-10]. The
e eACC e e CCTeunnn.. Avvvennnn. P P [ R . L.
[5] consensus is shown above the indi-
—[-é.]TT Gevennns Avevenens D S S S AT. . A.CoCuu o e TTGu v vennn Geevvennne ==~ vidual sequences. Dots(.)indicate
C.AALLALLA. C..G.A A AC. vevnenns Avenn. Aviinnn. TeeeeGuovueAure s ACCC.TGA e e enenn agreement with the consensus; dis-
7
E-l ........... CocAAionn. [ Aiennennnann Aveviennnmas CTC.uunn | S --- agreements are noted as A, C, G, or
18] T. (—) indicates a deleted nucleo-
C AAAL LA . [ Tt ettt e et reaaaaanaas CoviArinnunnnns Aveirnnvennns . .. )
19) tide. The position of inserts 1a and
?i('),]‘“ ................... L P R ToA. AT eeeennan [ SO Covunn ..CGA.CAC..... 6. 6a are indicated (l), as are the ter-
CaCCieeannanns ACev.eCuueCT.C.CuuiA TAL.Cuurrnnnn L TG.oT..CA.eTCALGG.Cuuunaas minal inverted repeats (mm)

nucleotide CTT, one copy of which is found in the
consensus sequence while the other is unique to sub-
sequence six (again included in insert 6a in Fig. 5).
In addition, it contains a region homologous to au-
tonomously replicating sequences (ARS) of yeast and
Drosophila (see Fig. 5). Within this region, an 11-
bp sequence occurs (Fig. 5, bp 1619 to 1630 inclu-
sive) in which 10 of the 11 bases match the con-
sensus sequence for an essential element common
to most ARS sequences from yeast (Broach et al.
1982). A search of the Genbank data base revealed
homologies with ARS regions of yeast and Dro-
sophila extending beyond the 11-bp ARS consensus
described above. The significance of the features of
inserts la and 6a will be discussed.

Recently, we have begun to characerize DNA from
other species of Dipodomys. Using different portions
of the KR-2 clone as probes to examine the DNA

of Dipodomys merriami, we have been unable to
detect homology to insert 6a or the 258-bp repeated
subunits. However, we have found evidence for re-
peated interspersed DNA homologous to insert la
(Keim, unpublished data).

Discussion

The kangaroo rat, D. ordii, contains a highly re-
peated (more than 10° copies per genome) 3.3-kb
sequence (Liu and Lark 1982). The 3.3-kb repeated
sequence of D. ordii appears to be interspersed
throughout the genome in small clusters. Thus, it is
distributed over most of the chromosomal material,
as judged by in situ hybridization (Fig. 1); D. ordii
DNA of widely differing densities contains the 3.3-
kb sequence (Fig. 2); and partial digestion with re-



71

1320 A Direct repeat
990+ Insert
e60F 7 LT et e

asof - .

11 with 2 mismatches

- Fig. 7. Homology between the 258-bp con-
i sensus sequence and the KR-2 sequence. The

1320
B. Reverse match

Basepairs consensus (258bp)
N

RN S ~

T N

11 with 2 mismatches

KR-2 sequence was compared directly to the
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therefore repeated. The diagonal lines with
positive slope in A are indicative of direct re-
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Fig. 8. A model of replicative duplication of the consensus
DNA sequence. The 258-bp consensus sequence contains a set
of terminal inverted repeats, which suggests this mechanism of
replicative duplication. The sequence (A) can form a stem-loop
(B) by pairing its inverted repeats. The stem acts as the primer
for further synthesis using the appropriate strand as template (B).
The stem-loop itself is copied, completing the duplication (C).
This process could be repeated using a “dimer” stem-loop (D),
which would duplicate a pair of 258-bp sequences

striction endonucleases liberates single copies, some
dimers and trimers, and only small amounts of higher
multimers (Liu and Lark 1982).

The structure of the KR-2 clone appears to be
representative of the majority of this class of re-
peated sequences, based on a limited sequencing of
genomic DNA and of two other clones (Keim et al.
1984) and on the arrangement in the genomic DNA
of the restriction endonuclease sites found in the
KR-2 clone. An RNY analysis (Shepherd 1981) of

-4 proposed insertions 1 and 6a (see text)

the sequence (carried out by Dr. John Shepherd)
indicated a lack of any preferred reading frame, sim-
ilar to the absence of preferred reading frames in
ribosomal RNA genes. This suggests that no trans-
latable information is encoded in the sequence.

The KR-2 sequence has the following interesting
characteristics. It contains 10 subsequences ([1-10])
that are strongly related by sequence homology and
two subsequences (inserts 1a and 6a) that are unique.
A comparision of the 10 similar subsequences yields
a consensus sequence that contains terminal in-
verted repeat sequences 35 bp in length (Figs. 6 and
7B).

These data suggest that the 3.3-kb sequence arose
by tandem amplification of some ancestral sequence
similar to the consensus sequence. After amplifi-
cation, two sequences were inserted (inserts la and
6a in Fig. 4) and subsequently the 3.3-kb unit was
spread throughout the genome, reaching a copy
number of more than 103 copies per genome. We
would like to speculate on how this process oc-
curred.

Tandem Amplification of the Ancestral Sequence

When the individual subsequences ([1-10]) (in Fig.
6) are compared with the consensus sequence, the
odd sequences [1, 3, 5, 7, 9] have features in com-
mon that differentiate them from the even [2, 4, 6,
8, 10] (see Table 1). The odd series have less ho-
mology to the consensus (59-79 mismatches) than
do the even (39-56 mismatches). In 67% of the cases
in which the same substitution is found in two or
more subsequences, the substitution occurs only in
the odd or only in the even series. In only 33% of
the mismatches are substitutions in an even also
found in an odd series. (In general, base substitu-
tions are more frequently transversions than tran-
sitions.) Using common substitutions it is possible
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Table 1.
sequence from D. ordii

Relationships between the 258-bp consensus sequence and the 10 individual repeated subunits found within the 3.3-kb

Subsequence
Even Odd
(8] (4] [0] (6] [2] (7] (5] (1 91 [3]
No. of errors 39 44 55 56 56 59 65 66 71 79
No. of errors
Common with
Odd 14 16 27 24 25 31 45 54 39 36
Even 27 32 32 35 35 29 12 22 22 21
Relatives
Ist (61 [10] (4] [2] [4] (51 [1] [5] [3] {91
2nd (2] (2] (71 (8] [6] [10] (71 [31 (1 (1

The 10 subunits are designated in brackets as in Figs. 5 and 6. Errors denote differences between individual subsequences and the
consensus sequence. Common errors are identical base substitutions that occur in different individual subsequences at the same
position. (The numbers of identical substitutions found in individual subsequences and all other odd or even subsequences are noted.)
Finally, these common substitutions have been used to determine nearest relatives on the assumption that closest relatives will be

those that share the largest number of identical substitutions

to identify those subsequences that are most closely
related. When this is done (Table 1), it is found that
the closest relatives of evens are evens and of odds
are odds. In addition to the relationships summa-
rized in Table 1, a 5-bp deletion occurs at the junc-
tion of subsequences [1] and [2], [5] and [6], and [7]
and [8] (Fig. 6), suggesting that these pairs of sub-
sequences are related by descent.

These data suggest that the separation into even
and odd subsequences occurred at an early stage and
that this separation was maintained. We suggest that
an ancestral sequence similar to the consensus se-
quence was duplicated by the mechanism shown in
Fig. 8. During DNA replication, the inverse repeats
at the two ends of the sequence on one strand paired,
looping out the sequence in such a way that its com-
plement could be used as a template to extend the
3’ end of the looped-out strand. This would result
in duplication of the sequence in one strand, and
subsequent copying of the loop (repair) would result
in a completion of the duplication on both strands.
One half of this duplex underwent fewer changes
than the other (possibly because it was maintained
under selective pressure, while the other was free to
undergo change). We believe that these two copies
of the original sequence were, respectively, the pro-
genitors of the even and odd series of subunits char-
acterized in Table 1.

The observed pattern of subsequence relation-
ships is not consistent with unequal crossing-over
beginning with the duplex described in Fig., 8C.
However, these relationships can be explained by
an additional cycle of replicative duplication, as pro-
posed in Fig. 8D, followed by replicative duplication
and/or unequal crossing-over. Amplification may
have continued to reach a total length of more than
10 of these subunits.

Spread of the 3.3-kb Unit through the Genome
of D. ordii

We believe that the 10 subunits were spread recently
throughout the genome as the result of acquiring
two insertions, la and 6a. We have already noted
that insert 6a contains the sequence of one of the
essential elements associated with autonomously
replicating sequences from yeast. [In addition, it
bears a homology (20 bp with three mismatches)
with a sequence from African green monkey cells
believed to contain a replicative origin (Zannis-
Hadjopoulos et al. 1985).] The formation of circular
autonomous replicating unit may have occurred as
a result of acquiring an origin of replication, carried
within insert 6a, and excision of a ca. 3-kb element
comprised of this insert and the 10 tandem subunits
([1-10)]). An active origin of replication would have
allowed this sequence to be maintained and to spread
by recombination, resulting in its insertion into sites
of homology located throughout the genome. Such
homology was provided, we believe, by acquisition
ofinsert 1a creating a 3.3-kb sequence similar to the
one we have studied. Insert 1a contains an RNA
polymerase III promoter together with a poly A tail
of the type (CAx)y. Using the retroposon mecha-
nism described by others (see review by Rogers
1985a), insertion 1a could have spread through the
genome. Wherever this sequence was located, the
3.3-kb plasmid could then insert by homologous
recombination. In addition, multiple nested inser-
tions could occur in one position, creating tandem
repeats of the 3.3-kb unit. Our recent finding that
D. merriami contains interspersed repeated DNA
sequences homologous to insert 1a supports the idea
that the spread of insert 1a may have occurred prior
to the dispersal of the 3.3 kb throughout the genome.



There is about 0.7% variation between nucleo-
tides observed in sequence analysis of genomic DNA
and three different clones of the 3.3-kb repeat (Keim
et al. 1984). Loss of restriction sites for Pst1, PVull,
BamHI, HindlIll, Sstl, Bgll1, or Sphl (in Fig. 4, the
relative proportion of 3.3-kb fragments that remain
uncut by one of the two enzymes) suggests a fre-
quency of base change of about 0.4%. If nucleotide
changes have accumulated at about 0.35%/million
years, as suggested by Helm-Bychowski and Wilson
(1986), then the 3.3-kb repeats may have dispersed
through the genome 1-2 million years ago. The fossil
evidence indicates that the Dipodomii underwent
speciation 1-2 million years ago, or in early Pleis-
tocene (Stock 1974). Thus, the amplification and
interspersion of the 3.3-kb sequence may be cor-
related with the emergence of D. ordii as a species.
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