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ABSTRACT The complete nucleotide sequence of a hu-
man Kpn I element inserted into a-satellite DNA is presented.
This sequence reveals several features of interest. First, a large
block of DNA normally associated with Kpn I elements has
been deleted. Second, the order of the remaining sequences is
permuted in a manner that cannot be accounted for by simple
inversion. Third, a significant open reading frame of 675 bases
is detected.

The organization of the human genome follows the short-
period interspersion pattern with moderately repetitive se-
quences usually about 300 base pairs (bp) long scattered
among single-copy DNA (1-3). There are, however, some
longer interspersed repeats, with the Kpn I family the best-
studied (4). Kpn I elements from African green monkeys
(AGM) and humans have been independently discovered
and defined by a number of groups (5-10). They have been
found near structural genes (5) and inserted into satellite
DNA (10). Electron microscope heteroduplex studies com-
paring randomly cloned Kpn I elements suggest that their
sequences are generally colinear and at least somewhat well-
conserved, within the detectable limits of this technique (5).
But whole-genome Southern blots and restriction analyses of
individual elements have shown extensive restriction site
polymorphism and significant size differences among ele-
ments (5, 8, 11, 12).

This laboratory has isolated and characterized human
DNA segments carrying unusual monomeric domains of a-
satellite sequence (13). Of particular interest are the nonsa-
tellite sequences that have been found occasionally inter-
rupting the long tandem arrays of satellites (10, 13, 14). Be-
cause satellite sequences undergo continual rectification by
unequal crossover (15) and gene conversion, it seems possi-
ble that the interrupting sequences represent mobile ele-
ments that have inserted into satellite relatively recently in
evolutionary time. In this study I focused on a part of the pa7
clone, which has been shown to carry a nonsatellite se-
quence inserted into a-satellite DNA (13). The invading se-
quence is shown here to be an unusual Kpn I element.
The Kpn I elements are abundant (about 30,000 copies per

haploid genome) and particularly interesting structurally. No
terminal repeats have yet been found, making them unlike
most transposable elements (16, 17), and their variable con-
structions include deletions and inversions (11). In this paper
the complete nucleotide sequence of an element inserted into
human a-satellite DNA is presented. The sequence reveals
the presence of a large sequence permutation, thereby de-
scribing yet another type of polymorphism found in the Kpn
I family of primate dispersed repetitive elements. Moreover,
a large open reading frame is found, suggesting a coding
function.

MATERIALS AND METHODS
Enzymes and polynucleotide linkers were purchased from
New England BioLabs, and isotopes were from New En-
gland Nuclear.

DNA Sequence Determination. DNA sequence was deter-
mined by using the partial chemical cleavage method of
Maxam and Gilbert (18). DNA was labeled at the 3' end with
the Klenow fragment ofDNA polymerase 1 and at the 5' end
by polynucleotide kinase.

Subcloning. The 4.0-kilobase (kb) Sal I-EcoRI DNA seg-
ment carrying a Kpn I element with flanking a-satellite DNA
was purified from the previously described pa7 clone (13)
and ligated into pBR322 DNA cut with Sal I and EcoRI.

In order to facilitate the sequence determination, two ex-
periments designed to introduce restriction sites at useful lo-
cations were performed. In the first experiment the subclone
was opened at the Bgl II site and then treated for various
periods with the exonuclease BAL-31. Progress of the diges-
tion was followed by gel electrophoresis. Cla I linkers were
blunt-end-ligated to the ends and cleaved by Cla I, and the
molecules were recircularized by ligation. After transforma-
tion of Escherichia coli HB101 and selection on ampicillin
plates, random colonies were used for "miniprep" (19) and
restriction analyses to determine the exact locations of the
introduced Cla I sites. A second experiment used the same
overall plan, only the initial cleavage was with Sal I, and
then Xho I linkers were added.

Other. DNA purification (19), Southern blot (20), nick-
translation (21), and hybridization (22) have been described.

RESULTS
This study is based on the premise that sequences found in-
serted into satellite DNA represent putative transposable el-
ements. This laboratory previously has identified such non-
satellite sequences inserted into human monomeric a-satel-
lite DNA, and one cloned segment in particular, named pa7,
was shown to carry two related nonsatellite sequences ar-
ranged in inverted orientation (13). A 4.0-kb EcoRI-Sal I re-
striction segment of pa7 with one of these regions of interest
was subcloned into the plasmid pBR322 in order to facilitate
a more detailed analysis of its structure.
Homology to the Kpn I Family of Elements. To determine if

the inserted nonsatellite sequence belongs to the Kpn I fam-
ily, the following experiments were performed. The sub-
cloned restriction segment of pa7 was cleaved with various
restriction enzymes, blotted by the Southern technique, and
hybridized to "consensus" subclones of the human Kpn I
family that were generously provided by J. Maio and co-
workers (23). A "normal" Kpn I element may contain up to
five internal Kpn I restriction sites, giving four conserved
segments after Kpn I cleavage. Such internal Kpn I segments
have been cloned from total human DNA, and their se-
quences have been aligned with respect to the element desig-
nated Kpn /3 as shown in Fig. lA (23), indicating that Kpn /3,
which is found about 3 kb beyond the human 3-globin gene
(5), is rather normal in sequence arrangement. A detailed de-
scription of these probes can be found in Shafit-Zagardo et
al. (23). Southern blots indicated that the inserted element in
the pa7 clone is homologous to three of the "consensus" Kpn
I subclones and, therefore, is a member of the Kpn I family.
Furthermore the results suggested that this element, desig-

Abbreviations: kb, kilobase(s); bp, base pair(s); AGM, African
green monkey.
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FIG. 1. Relationship between Kpn A and the Kpn /3 element
found near a human /3-globin gene. (A) Comparison of Kpn A and
Kpn /8 sequences. The short vertical lines in Kpn 83 demarcate the
position of sequences present in various Kpn I "subclones," which
are aligned and numbered as described by Shafit-Zagardo et al. (23).
For Kpn A, the solid line represents the Kpn A sequence, and the
surrounding dots are a-satellite DNA; the positions of a few refer-
ence restriction sites are shown, and the results of cross-hybridiza-
tion Southern blots are summarized. Note that the (1.5)54 sequences
are absent in Kpn A, and the remaining sequences are present in a
different order from that in Kpn /3. The letters A, B, C, and D are
included to aid comparison and do not relate to any previous nomen-
clature of Kpn I elements. (B) Southern blots showing homology of
Kpn A to the Kpn I family. Three identical Southern blots of the
purified 2.7-kb EcoRI-EcoRV DNA segment subsequently digested
with Hae III/Hha I and, after the gel electrophoresis and blot, hy-
bridized with the various Kpn I subclones as shown. Note that the
(1.8)11 probe hybridizes predominantly with the 660-bp Hae III-
Hha I segment, but it also hybridizes weakly with both of the other
segments, showing that the (1.8)11 sequence extends somewhat be-
yond the Hae III and Hha I sites.

nated Kpn A [A for alphoid (a) satellite], carries an interest-
ing arrangement of sequences.

First, the (1.5)54 Kpn I subclone probe failed to hybridize,
showing that these sequences are absent from Kpn A; this
result is consistent with prior reports demonstrating that in-
ternal deletions can occur in Kpn I elements (12). Second,
and perhaps more interesting, the sequences that are present

appear to be permuted or scrambled relative to the "normal"
consensus arrangement exemplified by Kpn /. For example,
when the purified 2.7-kb EcoRI-EcoRV segment of Kpn A is
digested with Hae III and Hha I, three DNA fragments are
generated. Fig. 1B shows the results when these DNAs are
separated on gels, Southern blotted, and hybridized to the
subcloned Kpn I probes; in Fig. 1A the results of these and
other cross-hybridization experiments are summarized. The
most striking observation is that the Kpn A element contains
a rearrangement of sequence, with the right-hand end, as
normally written [probe (1.8)11], located within the central
portion of the element.
DNA Sequence. The complete nucleotide sequence of Kpn

A, along with flanking a-satellite DNA, was determined by
the procedure of Maxam and Gilbert (18). The sequence
strategy and a partial restriction map are shown in Fig. 2. In
Fig. 3 the sequence of the element and some flanking satel-
lite DNA is presented.
The junctions between the Kpn A and the flanking DNA

are of particular interest because mobile elements are usual-
ly terminated by direct or inverted repeats, and they usually
generate short target-site duplications upon insertion (17).
An advantage to working with elements inserted into satel-
lite DNA is that it becomes easier to define the boundaries
because the appearance of satellite DNA sequence marks
the end of the element. Therefore, I compared the sequence
in Fig. 3 with known monomeric a-satellite DNA sequence
(13) by using the Stanford Seq program. The result was
clear. The first 114 bp of sequence in Fig. 3 are homologous
to bases 1-114 of the monomeric a-satellite DNA sequence
determined by Potter and Jones (13). Moreover, at the end of
the Kpn I element, this homology resumes at base 3567 of
Fig. 3, with the next expected base of the a-satellite DNA.
That is, it appears that the satellite DNA has been precisely
interrupted by this block of Kpn A DNA, with homology
breaking at one base in the satellite sequence and then con-
tinuing at the other boundary with the next base.
With the boundaries thus defined, I was surprised to ob-

serve the absence of any apparent target site duplications at
these junctions. However, there is no visible change in the
satellite DNA sequence aside from the interruption.

In performing the computer search for homology to a-sat-
ellite DNA, I unexpectedly found an internal Kpn A region
extending from base 2123 to 2171 with 75% homology to
bases 51-94 of the monomeric a-satellite DNA (13). I then
searched the published 1.9-kb sequence of Manuelidis (9),
which represents a portion of the Kpn I element deleted in
Kpn A. Here there was yet another region of highly signifi-
cant homology, including bases 1841-1877 of the Manuelidis
sequence and bases 249-287 of the monomeric a-satellite
DNA, with a 75.6% match. It should be emphasized that
these homologies between Kpn I and a-satellite DNAs have
E values of <0.01, where E is the expected number of match-
es of this significance or greater that one would find in com-
paring random sequences of the same length.
Permuted Sequence. To understand better the arrangement

of the sequences in Kpn A, I compared them to known Kpn I
sequences. In particular I found it useful to compare the se-
quences of Kpn A to the sequence of the AGM Kpn I-LS1

100

Eco RV Hae III Hha I

Pvu II Pvu 11 vSal Eco RI

FIG. 2. Kpn A restriction endonuclease map and sequence strategy. Each arrow represents the length of sequence determined in one
independent experiment. e, 3' end-labeled; 0, 5' end-labeled.
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GCCCAGTTTT GAAACACATT TTTGGTAGAA TCT(GCAAGTT GATATTTGGA CTGCTTTGAG GCCTTCATTG GAAATGGGAA TAACTTCACC ATAAATACTT
gagcagttt& gaaacagft ttttaagtA tctgcaaatg Latatttgga gtgctttgag gc--tcattg gaaaaggaaa tatcttca-c ataaaaacta

0
110 120 130 140 150 160 170 180 190 200

GTCAGAAGCA CCTG GGGGA GGAGCCAAGT TTGCCAAATA GGAACAGCTC CAGTTTACTG CTCCCAGCAT GAGCGACACA GAAGTCGGGT GATTTCTTCA
ggcaASagca cctg

210 220 230 240 250 260 270 280 290 300
TTTCCATCTG AGGTACTGAG TTCATCTCAC TAGGGAGTGC CAGACAGTGG GTGCAGTTCA GTGGGTGCAT GCACTGGGTG AGCTGAATCA GGGCAAGGCA

310 320 330 340 350 360 370 380 390 400
TTGCCTCACT TGGGAAGCAC AATGGGTCAG GGAGTTCCCT TTCCTAGTCA AAGAAATGTG TGACAGATGG CACCTGGAAT ATTGGGTCCC TCCCACCCGA

410 420 430 440 450 460 470 480 490 500
ATACTGTGCT TTCTGATGGG CTTAAAAAAT GGTGCACAGG AGATTATATC CTGCACTGGC TCAGAGGGTC CTACGCCCAT GGAGTCTCAC TGATTGCTAG

510 520 530 540 550 560 570 580 590 600
CATAGCAGTC TGAGTTCAAC TGCAGGGCAG CAGCGAGGCT GGGAGATGGG CACCCGCCAT TGCCCAGGCT TGCTTAGGTA AACAAAGCAG CCGGGAAGCT

610 620 630 640 650 660 670 680 690 700
CGAACTGGGT GGAACCCAAC ACAGCTCAAG AAGGCCTGCC TGCCTCTGTA GGCTTCACCT CTGGGGGCAG GGCACAGACA AACAAAAAGA CAGCAGTAAC

710 720 730 740 750 760 Pvu II Bgl II 780 790 800
TTCTGCAGAC TTAAATGTTC CTGTCTGACA GCTTTGAAGA GAGCCATGGT TCTCCCAGCA TGCAGCTGGA GATCTGAGAA CCGGCAGACT GCCTCCTCAA

810 820 830 840 850 860 870 880 890 Pvu
GTGGGTCCCT GACCTGACCC CCGAGCAGCC TAACTGGGAG GCACCCCCCA ACAGGGCACA CTGACACCTC ACACGGCAGG CTATTCCAAC AAACCTGCAG

II 910 920 930 940 Eco RV 960 970 980 990 1000
CTGAGGGTCC TGTCTGTTAG AAGGAAAACT AACAAACAGA AAGGATATCC ACACCAAAAA CACATCTGTA CATCACCATC ATCAAAGACC AACAGTAGAT

1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
AAAACCACAA AGATGGGGAA AAAACAGAAC AGAAAAACTG GAAACTCTAA AAAGCAGAGT GCCTCTCCTC CTCCAAAGGA ATGCAGTTCC TTACCAGCAA

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CGGAACAAAG CTGGATGGAG AATGACTTTG ACGAGCTGAG AGAAGAAGGC TTCAGACGAT CAAATTCCTC TGAGGTATGG GAGGACACTC AAACCAAAGG

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300
CAAAGAAGTT GAAAATTTTG AAAAAAATTT AGAAGAATGT ATAACTAGAA TAACCAATAC AGAGAAGTGC TTAAAGGAGC TGATGGAGCT GAAAACCAAG

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400
GTTTGAGAAC TATGTGAAGA ATGCAGAAGC CTCAGGAGAT GATGTGATCA ACTGGAAGAA AGAATATCAG TGATGGAAGA TGAAATGAAT GAAATGAAGC

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
GAGAAGGGAA GTTTAGAGAA AAAATATAAA AAGAAATGAG CAAAGCCTCC AAGAAATATG GGACTATGTG AAAAGACCAA ATCTACGTCT GATTGGTGTA

1510 1520 1530 1540 1550 open 1560 1570 1580 1590 1600
CCTGAAAGTG ACGGGGAGAA TGGAACCAAG TTGGAAAATA CTCTGTATAA TCCAGAATAT ACAATGAACT CAAACAAATT TACAAGAAAA AAACAAACAA

LS1 864.....5C G .T..... A--...-

1610 1620 1630 1640 1650 1660 1670 1680 1690 Rae III
CCCCATCGAA AAGTGGGCAA AGGACATGAA CAGACACTTC TCAAAAGAAG ACATTTATGC AGCCAAAAAA TACATGAAAA AATTCTCACC ATCACTGGCC
...... .... T......T .........A ......... A C.G. C.AG..AG.--- G. .T.... T-

TATCGCATCAAAAAGGAGGCA
1710 1720 1730 1740 1750 1760 1770 1780 1790 1800

ATCAGAGAAA TGCAAATCAA AACCACAATG AGATACCATC TCACACCAGT TAGAATGGTG ATCATTAAAA AGTCGGGAAA CAACAGGTGC TGGAGAGGAT
.CT ..........A........................... C.......... ....G..... . ......... C.A . - A ...C C.

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900
GTGGAGAAAT AGGAACACTT TTACACTGTT GCTGGGACTG TAAACTAGAT CAACCATTGT GGAAGTCAGT GTGGCGACTC CTCAGGGATC TAGAACTGGA
. G....TG...C.A.A....T...T .. A.A..A -----.---------------

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
AATACCATTT GACCCAGCCA TCCAATTACT GGGTATATAC CCAAAGGACT ATAAATCATG CTGCTATAAA GACACATGCA CATGTATGTT TATTGCGGCA
------.... A. C. .C .CC . A.T.T. T G.A. .. C.A...

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
CTATTCACAA TAGCAAAGAC TTGGAACCAA CGCAAATGTC CAAAAATGAT AGACTGCATT AAGAAAATGT GGCACATATA CACCATGGAA TACTACGCAG
T. T. AC..TT ..A.. T... .T....
2110 2120 2130 2140 2150 2160 2170 2180 2190 2200

CCATAAAAAA TGATGAGTTC ATGTCCTTTG TAGGGACATG GATGAAATTG GAAATCATCA TTCTCAGTAA ACTATCGCAA GAACAAAAAC CCAAACACCG
..........GA. C. GC. C.C. GG.A. .....0. T

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
CATATTCTCA CTCATAGGTG GGAATTGAAC AATGAGATCC CATGGACACA GGAAGGGGAA TATCACACTC TGGGGACTGT TGTGGGGTTG GGGCAGGAGG
..G...... .... A... ........ .......A.A. ..G.A...A..A. TC.CAA...... .CMG.

2310 2320 2330 2340 2350 Hhal 2370 2380 2390 2400
GAGGGATAGC ATTGGGAGAT ATAACTAATG CTAGATGACA AGTTAGTGGG TGCAGCGCAG CAGCATGGCA CATGTATACA TATGTAACTA ACTTGCACAA

.. .. . A ... C.C ............ G.G.GA.... .AA.C ..C. G TG. A. C... GT
ATGTGGGATTTAAAGTC

2410 2420 2430 2440 2450 2460 LS1 1784 2480 2490 2500
TGTGACCATG TACCCTAAGA CTTAAAGTAT AATAAAAAAA ATAAAAAATA AAAAACATTC AAAAAAACTT CAACAACCCT TCATGCTAAA ACCTCTCAAT
.CCA..C4 AG .-. A .A.TGCTG. .....A-.G.T...

2510 2520 2530 2540 2550 2560 2570 2580 2590 2600
AAATTAGTTA TTGATGGGAC GTATGTCAAA ATAATAAGAG CTATCTGTGA CAAACCCACA GCCAATATCA TACTGAATGG GCAAAAACTG GAAGCATTCC

2610 2620 2630 2640 2650 2660 2670 2680 2690 2700
CTTTGAAAAC TGGCACAAGA CAGGGATGCC CTCTCTCACC ACTCCTATTC AACATAGTGT TGGAAGTTCT TGCCAGGGCA TTAGGCATGA GAAGGAAATA

2710 2720 2730 2740 2750 2760 2770 2780 2790 2800
AAGTGTATTC AATTAGGAAA AGAGGAAGTC AAATTGTCTC TGTTTGCAGA CGACATGACT GTATGTCTAA AAAACCCCAT TGTTTCAGCC CAAAATCTCC

2810 2820 2830 2840 2850 2860 2870 2880 2890 2900
TTAAUCT(;AT AAGCAACTTC AGCAAAGTCT CAGGATACAA AATCAATGTA CAATAATCAC AAGCATTTTT ATACACCAAT AACAGACAAA CAGAGAGCCA

29i( 292ov 493u 94U 293U 2960 2970 2980 2990 3000
AATCATGA(C GAACTCCCAT TCGCAAtTGC TTCAAAAAGA ATAAAATACC TAGGAATCCA ACrTGCAAGG GATATAAAGG ACCTTTTCAA GGAGAACTAC

LSI5GP..A. . .C.. ..CG.G.C G.
3010 3020 3030 3040 3050) 3060 3070 3080 3090 3100

AAACCACTGC TCAAGGAAAT AAAAGAGGAA ACAAACAAAA GGAAGAACAT TCCATGCTCA TGGGTAGGAA GAATCCTTAT CATGGAAATG GTCATACTGC
. T .C. C..T .. . TC....A ..A.. A... TOAAA..A C.C.T.A.

3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
CCAAGGTAAT TTATAGATTC AATGTCATCC CCATTAAGCr ACCAATGACT TTCTTCACAT AATTGGAAAA AACTACTTTA AAGTTCATAT GGAACCAAAA
.A.C.. T ... AT. .T. C. T G.. . A. G.G. T. A.

(Fig. 3 continues on the next page.)
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3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
AAGAGCCCAC ATTGCCAACT CAACCCTAAG TCAAAAGAAC AAAGCTGGAG CCATCACGGT ACCGCACTTC AAATTATACT ACAAGGCTAC AGTAACCAAA
....... TGT G.A.G....A .T.... CT.c ..... ..T.T.. T.C. . ...... ............................

3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
ACAGGATGGT ACTGGTACCA AAACAGCGAT ATAGATCCAT GGAACAGAAG AAAGCCCTCA GAAATAACGC TGCATATCTA CAACTATCTG ATCTTTGACA
C. A. AT.. .--.C.A.A G .. .. A. CAT.C. C.. .A. A...

3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
AAACTGAGAA AAACAAGCAA GGAGOAAAGG ATTCCCTATT TAATAAATrG TGCTGGGAAA ACTGGCTAGC CATATGTAGA AAGCTGAAAC TGGAACCCTT
.C... C. .. T... C ...G. T .TC .A A.C.

3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
CCATACACCr TATACAAAAA GTAATTCAAG ATTGATTAAA CACTTAAATG TTAAACCTAA AACCA1AGAA ACTGCTTTTT GATGTGTGCA TACAATTCAC
T.TC.0G...A .................. ...................... agaa acttctttgt gatatgtgca ttgaactcac

LS1 64S
3610 3620 3630 3640 3650 3660 3670

AATGTTGAAC CrTTCTTTTG ATTGAGCAGT TTTGAAACAG TCTTTTTGTA GAATCTGCAA GTGGGTATTT GGAGCG
atigctaaac ctttcttttc attgagcagt tttgajacQ_ tctttttaja gaatcttcaa gtggatattt ggagca.

FIG. 3. Complete base sequence of Kpn A, with flanking a-satellite DNA sequence. The vertical lines (at bases 114 and 3566) mark the
boundaries between Kpn A and a-satellite DNA. The sequence in small letters represents a monomeric a-satellite DNA sequence determined
by Potter and Jones (13) and used here for comparison to help determine the Kpn A boundaries. Bases that do not match are underlined,
deletions are marked with a dash, and insertions are indicated with an inverted V. The overlined sequence within Kpn A, extending from base
1551 to base 2225, is the large open reading frame. Two large blocks of homology with the sequence of Lerman et al. designated Kpn I-LS1 (11)
are also shown, with dots indicating where the bases are the same in the two sequences. Only two Kpn I restriction recognition sites are present
in Kpn A, beginning at bases 3314 and 3258.

element determined by Lerman et al. (11) and to the se-
quence determined by Potter and Jones (13), which is essen-
tially a human subset of the AGM Kpn I-LS1 sequence. The
results are summarized in Fig. 4. The right-hand end of Kpn
A was found at an internal position in both of the elements it
was compared to, as expected from the Southern blot cross-
hybridization data with the "consensus" Kpn I subclone
probes. Conversely I also found that internal sequences of
Kpn A are at the right hand termini of the other two ele-
ments. This rearrangement of the Kpn A sequence did not
involve a simple inversion and, therefore, requires a more
interesting explanation.
Lerman et al. (11) have compared LS1 with the apparently

"normal" a7 Kpn I element by Southern blot hybridizations
and some sequence analysis. They concluded that the LS1
element carries a "normal" arrangement for the sequences
present, which in turn suggests that it is Kpn A that is re-
arranged and not vice versa. This is further indicated by the
comparison of Kpn A with the human Kpn I 3' sequence
(element Kpn 3') (summarized in Fig. 4), where again the
same type of rearrangement is suggested for Kpn A.

In contrast with the permuted configuration at the right
end of Kpn A, our sequence comparisons suggest that the
left end of Kpn A carries the "consensus" sequence normal-
ly found at this position. Two sequences at the left ends of
Kpn I elements (J. W. Adams, A. Cline, and A. Nienhuis,
personal communication) are homologous to the left end of
Kpn A for 233 bp, demonstrating that at least this arrange-
ment is fairly common.

It is important to note that most of the Kpn A sequence as

Kpn A

Kpri LS1

Kpn A

Kpn 3'

FIG. 4. Summary of sequence comparisons. The Kpn A (Fig. 3)
sequences are compared to the Kpn I-LS1 sequence of Lerman et al.
(11), and to the sequence of the Kpn 3' element determined by Potter
and Jones (13). The numbers mark the boundaries between the
blocks of homology. The short thick lines at the ends of Kpn A rep-
resent flanking a-satellite DNA sequence. The sequences deter-
mined for Kpn I-LS1 and Kpn 3' only include the right-hand portion
of a full element. In both cases, their right-hand termini are found at
an internal position in Kpn A. Note that the numbering of Kpn 3'
increases from right to left because the published sequence (13) is
the inverse complement of those reported for Kpn A and Kpn I-LS1.

shown in Fig. 3 represents previously unreported Kpn I ele-
ment sequence. This includes over 1000 bases near the left
end and the 453 bases (2471-2923) between the two blocks
with homology to Kpn I-LS1 sequence.
Although some of the Kpn A sequences are permuted rela-

tive to the other elements, the blocks of similar sequence
shown in Fig. 4 retain excellent homology (>90% for hu-
man-human and ==85% for AGM-human). However, the
computer failed to find any regions within the Kpn A se-
quence showing extensive self-homology or symmetry. That
is, there were no regions of inverted or direct repeat se-
quence showing 75% or greater homology.

All three registers of both strands of the sequence were
searched for open reading frames, and the longest found was
675 bp beginning with base 1551 and ending with base 2225,
as shown in Fig. 3. This demonstrates a real potential to en-
code protein.

DISCUSSION
Transposable elements are multifunctional mobile DNA se-
quences that have been isolated and studied in a variety of
bacteria and eukaryotes (17). In recent years our progress in
understanding these sequences has been rapid in those sys-
tems that can be genetically manipulated. In humans, how-
ever, a system of inherent interest, their study is difficult. In
order to partially circumvent this problem, my strategy has
been to isolate human transposable elements by using satel-
lite DNAs as traps.

Satellite DNA represents a fairly homogeneous medium
that continually corrects itself (and removes invading se-
quences) by the rectification processes of unequal crossover
(15) and gene conversion. Therefore any sequences inter-
rupting satellite DNA might well represent mobile elements
that were inserted in recent evolutionary time. I and others
have previously reported the isolation of satellite DNA seg-
ments carrying such nonsatellite sequences (10, 12-14).

In this report I present the complete nucleotide sequence
of an invading element, Kpn A. Because of its small size and
the lack of apparent restriction site similarity, I was some-
what surprised when sequence comparisons and Southern
blot hybridizations with known Kpn I element subclones as
probes demonstrated that I was dealing with a Kpn I ele-
ment. A typical full-length Kpn I element is likely to be over
6 kb compared to the 3452 bp of Kpn A.
The sequence of Kpn A reveals several points of interest.

First, the satellite DNA is cleanly interrupted, with no ap-
parent deletion or duplication of target sequence. This con-
trasts with most transposable elements (17) and is unlike an-
other case (12), where the insertion of an element designated
Kpn I-RET generated a 14-bp target-site duplication. The ab-
sence of target-site duplication is not, however, entirely
without precedent. For example, some Alu elements are not
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flanked by them, whereas the others are flanked by duplica-
tions of variable size (24).

Second, a large block of sequence found within the con-
sensus Kpn I element has been deleted from Kpn A. This
was shown by Southern blot hybridizations in which the
(1.5)54 subclone probe failed to hybridize to Kpn A and by
sequence comparisons in which there was no homology with
the 1.9-kb sequence of Manuelidis (9). This extends the work
of Thayer and Singer (12), where deletions within Kpn I ele-
ments were first demonstrated at the sequence level.

Finally, the base sequence reveals an interesting permuta-
tion. In Kpn A I find DNA that is normally terminal is now
central and vice versa. This rearrangement is of particular
interest because it is not generated by a simple inversion.
That is, the direction of the sequences in Kpn A remains
normal, and only the order of the sequences is changed.

It is interesting to note that one of the breakpoints in-
volved in the formation of Kpn A is extremely close to a
breakpoint found in Kpn I-RET. The right hand end of Kpn
A, base 3566 in Fig. 3, is not a normal Kpn I family terminus
and, therefore, presumably acquired this position by a DNA
break. As shown in Fig. 3, this corresponds to base 645 of
LS1. Thayer and Singer have shown that Kpn I-RET carries
a deletion of LS1 sequences extending from base 651 to base
1381 (12). The close proximity of the Kpn A breakpoint
(LS1, base 645) and the Kpn I-RET breakpoint (LS1, base
651) suggests that this region might be particularly active in
producing altered Kpn I elements.
A careful comparison of Kpn I-LS1 and Kpn A sequences

suggests possible mechanisms for generating some of the ob-
served sequence differences. In the block of sequence ex-
tending from LS1 864 to 1784, corresponding to Kpn A 1545-
2470, there are three significant insertions/deletions of 21,
31, and 17 bp. In two of these cases, I find short sequence
homologies at the boundaries that could generate deletions
by undergoing recombination. For example, after Kpn A
base 1619 (LS1 931), I find LS1 has an extra 21 bp not pre-
sent in Kpn A. At the boundaries, the sequence G-G-C-A is
repeated, and a recombination between these repeats would
produce the observed deletion, leaving behind one copy of
the repeat as seen in Kpn A. The situation is similar at Kpn A
base 1876, where 31 bp appear that are absent in LS1. At the
left boundary of LS1 is the sequence T-A-G-C and at the
right boundary of the deleted sequence we find T-A-C-C.
Again, recombination between these imperfect repeats could
generate the observed difference. Alternatively these dele-
tions could be the result of "slipped mispairing" during DNA
replication (25). In any case, the presence of such short se-
quence homologies flanking deletion hot spots in E. coli has
been well-documented (26), and the sequence comparisons
of Kpn I elements suggest that similar molecular mecha-
nisms are at work here.
The mechanism by which Kpn I elements disperse to new

sites is unknown, but as Lerman et al. (11) have pointed out,
structurally they resemble the various mobile DNA se-
quences that are terminated by an oligo (dA) region of nu-
cleotides. The processed genes with their introns cleanly re-
moved and with their ends variably truncated, perhaps by
incomplete reverse transcription, constitute one such cate-
gory of element (27-29). The Alu sequences, with an internal
promoter and efficient self-priming system, appear to be es-
pecially well adapted to movement in this manner (30, 31),
and the F family of mobile elements in Drosophila provides
yet another example of oligo (dA)-terminated mobile se-
quences (32). Because long transcripts of Kpn I elements
have indeed been detected (8, 11, 33), this mode of transposi-
tion would seem plausible, although it remains to be demon-
strated.

In conclusion, the sequence presented in this paper further
describes additional polymorphisms in the Kpn I element
structures. If the Kpn I elements are eventually found to be

"scrambled clusters" as described in Drosophila (34) and
chicken (35), then this sequence data will help to define the
subunits. In any event, the rearrangements present in Kpn A
indicate a remarkable structural plasticity in this family of
sequences.

Joseph Maio generously gave purified insert DNA from his Kpn
clones. A. Nienhuis provided unpublished data. This work was sup-
ported by Grants GM30816 and CA00852 from the National Insti-
tutes of Health.
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