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ABSTRACT  An =2-kilobase-pair-long member (Kpn. I-LS1)
of the African green monkey Kpn I family of repeated sequenees
has been cloned, subjected to sequence analysis, and compared to
other family members which are over 6 kilobase pairs (Kpn I-a7)
and 829 base pairs (Kpn I-RET) long. Both Kpn I-LS1 and Kpn I-
RET lack sequences found at the ends of the longer family mem-
ber and their structures resemble those of processed genes. Kpn
I-LS1 sequences are colinear with part of the long family mem-
ber, KpnI-a7. However, although all sequences in Kpn I-RET are
represented in Kpn I-LS1, the two are not colinear; Kpn I-RET
is missing 731 base pairs found in Kpn I-LS1 and one segment
flanking the deletion is inverted. The results demonstrate that Kpn
I family members are not only of different lengths but may also
contain scrambled arrangements of common sequences. Se-
quences in Kpn I-LS1 hybridize to RNA from monkey and human
cells, indicating that some family members are transcribed.

Eukaryote genomes typically contain multiple families of re-
peated DNA sequences that are interspersed among other ge-
nomic segments. In primates, the Kpn I family members are
polymorphic in length and sequence, occur on the order of 10*
times, and have been observed flanking genes and within sat-
ellite DNA (1-8). Several long [>6 kilobase pairs (kbp)] Kpn I
family members have been cloned from both human (1, 5) and
African green monkey (AGM) (6) DNA and their restriction maps
have been defined, including the ordering of the Kpn I, EcoRI,
and HindIIl endonuclease fragments that are produced from
typical family members upon digestion of total DNA. Very sim-
ilar but distinctive maps were found for human and AGM family
members (1, 3, 5, 6). A very short [829 base pairs (bp)] AGM
family member called Kpn I-RET interrupts a cloned stretch of
AGM a-satellite DNA (8). Its structure resembles that of a pro-
cessed gene and it is flanked by 14-bp direct repeats of the in-
terrupted a-satellite sequence, suggesting that it was inserted
as a moveable element.

In this paper we describe an AGM Kpn I family member of
intermediate length called Kpn I-LS1. Kpn I-LS1 was discov-
ered by chance within a 17.5-kbp cloned AGM DNA segment,
ACaOri7 (9), that also contains a segment homologous to the
region around the origin of replication of simian virus 40 (SV40)
and several Alu family members (Fig. 14) (10-12). The struc-
ture of Kpn I-LS1 is compared here with that of Kpn I-RET and
Kpn I-a7, a typical long AGM family member (6). Also, we re-
port that transcripts homologous to Kpn I family sequences have
been detected in both AGM and human cells.
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METHODS

Materials. The recombinant phages ACaa7 (6) and ACaOri7
(9-12) were described previously; the Kpn I family members
included in these clones are called Kpn I-a7 and Kpn I-LS1,
respectively. For convenience we refer to them as a7 and LS1
in this paper and Kpn [-RET (8) is called RET. DNA was iso-
lated (13) and purified (14) from monkey liver. Phage and plas-
mid DNAs were isolated as described (9). Total RNA from AGM
liver and HeLa cells was isolated by the guanidinium isothio-
cyanate method (15) and the polyadenylylated RNA was se-
lected as described (16). Total liver nuclear RNA was isolated
from purified nuclei and was treated with DNase I (17). The
primary human fibroblast cDNA library was kindly supplied by
H. Okayama and P. Berg (18); two cDNA plasmids, pcDK1 and
pcDK2, were selected by screening (19) the library with se-
quences from LS1 (see Results).

Subcloning. DNA fragments were isolated from phage or
plasmid digests by preparative agarose gel electrophoresis and
were ligated into pBR322 directly or after attaching HindIII
linkers (Collaborative Research, Waltham, MA).

Hybridization Analyses. Procedures for labeling plasmid and
genomic DNA and for restriction endonuclease digestion, gel
electrophoresis, transfer to nitrocellulose filters, and hybrid-
ization were as described (6, 8, 9).

Nucleotide Sequence Analysis. The nucleotide sequence de-
terminations were by the Maxam and Gilbert procedure (20) as
modified (21). Computer analysis (22) and alignment (23) of se-
quences were by published methods.

RESULTS

The LS1 Segment. Hybridization of **P-labeled total mon-
key DNA and Alu sequences (24) to restriction endonuclease
digests of ACaOri7 (Fig. 1A) identified a region containing highly
repetitive, but non-Alu sequences, starting about 3 kbp away
from the SV40-like segment (data not shown). The region also
hybridized with subcloned probes prepared from previously
characterized AGM Kpn I family members, including a7 and
RET; the cross-hybridizing segments in ACaOri7 are contained
within a maximum of 2.4 kbp, as summarized in Fig. 1 (data
not shown). No hybridization to 32P-labeled total monkey DNA
was detected in restriction endonuclease fragments located im-
mediately adjacent to the 2.4-kbp region. Thus LS1, the Kpn
I family member in ACaOri7, is bounded by low copy number
sequences. Present data do not permit the precise localization
of the left end of LS1; the right end is very close to the right
hand HindIII site (see below). The sequence of 1,784 bp within

Abbreviations: AGM, African green monkey; kbp, kilobase pair(s); bp,
base pair(s); SV40, simian virus 40.
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FiG. 1. Restriction endonuclease map, description of subclones, and
sequence analysis strategy for LS1. Some of the data were described
previously (9-12); however, the map here is given in the opposite di-
rection. (A) Partial restriction endonuclease map of ACaOri7 showing
the regions homologous to the SV40 origin of replication (O), the Alu
sequences (A), and the Kpn I family probes (LS1) (the left boundary of
the Kpn I family member is unknown). The various subclones are in-
dicated as follows (residue numbers correspond to Fig. 2): p7.04 (469-
1,783); p7.14 (218-1,783); p7.15 and p7.16 were subcloned from ACaOri7,
whereas p200 (469-668), p600 (756-1,294), and p400 (1,413-1,783) were
subcloned from p7.04 and p245 was subcloned from the homologous re-
gion of RET (its identity to residues 208-434 in LS1 was confirmed by
sequence analysis; see Fig. 34). The heavy bar shows the region that
was subjected to sequence analysis; encircled numbers correspond to
those in Fig. 2. (B-D) Sequence analysis strategy for p7.04, p7.14, and
p7.15, respectively (wavy lines are pBR322); filled circles indicate 5'-
end labeling and open circles indicate 3'-end labeling, with half-filled
circles indicating sequence analysis of both strands. The arrowheads
show the limit of sequence determination. Bg, Bgl IT; Bs, BstN1; E, EcoRI;
F, Fnu4H1; H, HindIII; M, Mbo II; N, Nco I; R, Rsa I; S, Sal I; Su, Sau3Al;
and X, Xmn L.

LS1 was determined according to the strategy outlined in Fig.
1 B-D and is shown in Fig. 2. It contains 61% AT base pairs,
little more than AGM DNA itself (25), but is asymmetric in that
40% of the bases in the strand shown in Fig. 2 are adenines.
There are within the sequence several direct repeats, sym-
metries, and dyad symmetries that are long enough and good
enough matches to be statistically significant but their biolog-
ical significance, if any, is unknown. Most notably, there is a
61% homology between residues 323-394 and 1,443-1,506.
Several sequences typical of transcriptional control elements
are present on both strands but their arrangement relative to
one another appears to be random. Analysis of the coding po-
tential in all three reading frames on both strands shows nu-
merous stop codons; the longest open reading frame is about
246 bp. One marked feature of the sequence is the 40-residue-
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long A-rich stretch at the 3' end (as written).

Computer searches (22, 23) showed no statistically signifi-
cant homologies between LS1 and Alu sequences (24, 26), 7SL
RNA sequences (27, 28), or any sequence in the Los Alamos
Data Bank for all vertebrates as of December 1982.

Comparison Between LS1 and Other Cloned Kpn I Family
Members. a7 (Fig. 3A) is typical of several long (>6 kbp) hu-
man (5) and monkey (6) Kpn I family members. It includes the
characteristic 1.5- and 1.2-kbp Kpn I fragments (in that order,
left to right) and contains at least 700 bp homologous to the 1.8-
kbp Kpn I fragment mapped to the far left end of many family
members (5, 6). Also, a7 is interrupted by an Alu sequence.
Restriction endonuclease digests of phage ACaa7 were elec-
trophoresed, transferred to nitrocellulose, and hybridized to
32p_Jabeled subclones p245, p200, p600, and p400, which rep-
resent sequences in LS1 (Fig. 1). The results (not shown) in-
dicated that sequences in all four probes are present in a7 in
an order consistent with the arrangement in LS1 (Fig. 3A). The
experiments did not determine the relative positions of p400
and p600 sequences in the 2.6-kbp BamHI/EcoRI fragment of
a7. Placement of the p600 segment (Fig. 3A) is based on nu-
cleotide sequence comparison (see below), whereas the precise
location of p400 remains unknown. The sequences represented
in p400 and p600 with the Alu sequence only account for 1.4
kbp of the 2.6 kbp in the BamHI/EcoRI fragment of a7; thus,
a7 must contain at least 1 kbp of sequence that is not in LS1.
Because none of the LS1 probes hybridized to restriction en-
donuclease fragments from the left end of a7, these too are
missing.

The complete sequence of the 829 bp in RET has been re-
ported (8) and is compared schematically to LS1 and a7 in Fig.
3A. The entire sequence of RET is present in LS1 but 731 bp
of LS1 (residues 651-1,381, Fig. 2) are missing from RET and
the segment on one side of the deletion is inverted in RET.
Thus, residues 208-650 of LS1 are 86% homologous to residues
446-1 of RET and homology is again detected from residue 1,382
through the end of LS1 where it matches (77%) residues 449—
829 of RET.

A part of the nucleotide sequence of a7 was analyzed to de-
termine if it is colinear with LS1 or with RET in the region of
the deletion and inversion in RET. The a7 sequence is shown
in Fig. 2 and the pertinent comparisons are outlined in Fig. 3B;
the partial sequence of a7 is colinear with residues 313-807 of
LS1 (87% homology). Because a7 is similar to other family
members (6) we conclude that RET is the unusual member.

We also compared (22, 23) the sequence of LS1 with that of
known portions of human Kpn I family members (refs. 2 and
7 and A. Nienhuis, personal communication). As expected from
the positions of these segments on restriction endonuclease maps,
we found no extensive long homologies to LS1. However, two
previously unidentified human DNA segments that were cloned
at random (29) from bulk repeated DNA are homologous to LS1.
Residues 1,427-1,767 in LS1 are 73% homologous to the 325
bp of pPD16 and residues 389-650 are 73% homologous to the
non-Alu portion of BLUR 14 (29). Thus, both of these cloned
human segments represent portions of Kpn I family members.

Hybridization of LS1 Sequences to Digests of Total AGM
DNA. Approximately 4 kbp of the sequences in a7 are missing
from LS1, including segments at both the left and right side of
the a7 map (see Fig. 3A). To confirm the conclusion that many
family members are longer than LS1 on both sides, we hy-
bridized subcloned portions of LS1 to endonuclease digests of
total AGM DNA. The probe p245 (Fig. 4, lane D’) hybridizes
to all of the typical genomic Kpn I fragments (1.2, 2.8, 3.4, and
4.6 kbp) except the 1.5-kbp fragment. In contrast, p7.04 (Fig.
4, lane A’) hybridizes to none of them. Because p7.15 (Fig. 14,
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Fic. 2. The nucleotide sequence of the portion of LS1 indicated by the black bar in Fig. 1A. The sequences read 5’ to 3' left to right and top
to bottom. The sequence of a part of a7 (see Fig. 3A) is shown on the line below (dots indicate identical bases); it was obtained by cleaving ACaa7
(6) with BamHI, labeling 3’ termini, and cleaving with EcoRI to obtain the desired fragments. P is a pyrimidine, X is undetermined, O is a deletion,

and V is an insertion.

top), which contains the junction between LS1 and unrelated
cellular sequences, also did not hybridize to the 1.5-kbp frag-
ment in a7 (not shown), we conclude that the Kpn I family se-
quences in LS1 cannot extend more than about 50 bp into the
1.5-kbp Kpn I fragment.

Our attempt to demonstrate that many family members in-
clude sequences that are missing at the right side of LS1 was
not satisfactory. In earlier work, probes from the right-hand
portion of a7 gave only a smear of hybridization to AGM DNA
digested with various endonucleases (6). Similarly, p7.04 gave
only a smear with Kpn I (Fig. 4, lane A’) and HindIII (not shown)
digests. In the course of studying additional enzymes we found
that endonuclease Msp I produces discrete repeated genomic
fragments, some of which include Kpn I family sequences; frag-
ments that are abundant enough to be seen on stained gels (al-
though they may not be easily visible in Fig. 4, lanes B and E)
are 1.6, 1.9, 2.2, 3.6, and 4.2 kbp long. Of these, the 2.2- and
4.2-kbp fragments hybridize to p7.04 (Fig. 4, lane B’) and p245
(Fig. 4, lane E’) as well as to p200, p600, and p400 (not shown).
The regions included in the 2.2- and 4.2-kbp fragments en-
compass most, if not all, of the sequence in LS1. All probes also
hybridize to a smear of larger Msp I fragments. We do not know
if the 1.6- and 3.6-kbp Msp I fragments are related to the Kpn
I family but the 1.9-kbp fragment hybridizes to other Kpn I family
probes (unpublished data). Notably, much less of the bands in

question appears upon digestion of AGM DNA with Hpa 11
compared to Msp I (Fig. 4, lane C’), indicating that many of
the corresponding C-C-G-G sequences are methylated (30).

Transcription of Kpn I Family Sequences. We have de-
tected transcripts that hybridize with sequences in LS1 by sev-
eral different methods. First, labeled total monkey liver nu-
clear RNA hybridizes to the monkey segment in digests of p7.04
(Fig. 5A). Similarly labeled poly(dT)-selected total liver RNA
and poly(dT)-selected cytoplasmic RNA from CV-1 cells also
hybridized (data not shown). Second, RNA sequences homol-
ogous to sequences from residues 469-1,104 and from residues
1,227-1,784 in LS1 were detected in equal abundance by the
contact hybridization method (not shown) (31). Third, HeLa cell
RNA between about 400 and 9,000 nucleotides long hybridizes
to p7.14 (Fig. 5B, lane 1). The hybridizable material disap-
peared upon treatment with RNase (Fig. 5B, lane 2) but not
with DNase (Fig. 5B, lane 3). Finally, two cloned plasmids,
pcDK1 and pcDK?2, that hybridized with the sequence cloned
in p7.14 were isolated from a cDNA library prepared with total
poly(dT)-selected RNA of primary human fibroblasts (18). The
plasmids were cleaved with Xho I, which releases the insert
along with about 210 bp of flanking vector sequence (18). Hy-
bridization of the segment cloned in p7.14 to the inserts in pcDK1
and pcDK2 is shown in Fig. 5C; the calculated sizes of the in-
serts are approximately 800 and 250 bp, respectively.
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Fic. 3. Comparison of LS1, RET, and a7. (A) Schematic diagrams.
Similar markings indicate homologous regions as determined by nu-
cleotide sequence comparison or hybridization of cloned probes to re-
striction endonuclease digests. Underlined black bars are sequenced
regions. The residue numbers correspond to the sequence of LS1 (Fig.
2) and RET (8), respectively. The arrow indicates the opposite direction
of a portion of the RET compared to o7 and LS1 and the triangle (v)
indicates the position of the Alu sequence in a7 (unpublished data). The
filled segments at the ends of a7 and RET indicate junctions with a-
satellite. (B) Sequences close to the discontinuity in RET. All sequences
are shown 5’ to 3'. The sequence of RET is given twice to show (a) ho-
mology with LS1 and (b) contiguous sequence of RET itself. Overlines
mark sequences in LS1 or RET that do not appear in both family mem-
bers. B is BamHI; other nuclease symbols as in Fig. 1.

DISCUSSION

Only a few members of the Kpn I family have been charac-
terized in any detail thus far. Random selection of family mem-

ABCA'B'C’

kbp T
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Fic. 4. Hybridization of subclones of LS1 to restriction endonucle-
ase digests of AGM DNA. Each digest represents 10 ug of DNA elec-
trophoresed on 1% agarose. Lanes A-E are ethidium-stained gels,
whereas lanes A'-E’ are the corresponding autoradiograms (exposure
times: lanes A-C, 9 hr with screen at —70°C; lanes D and E, 2 days at
23°C). Lanes: A, Kpn I digest with p7.04 probe; B, Msp I digest with
p7.04 probe; C, Hpa Il digest with p7.04 probe; D, Kpn I digest with p245
probe; and E, Msp I digest with p245 probe.
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Fic. 5. Hybridization of subcloned regions of LS1 to monkey and
human transcripts. (4) Total nuclear RNA from monkey liver was di-
gested briefly with alkali, end-labeled with [y->?PJATP and polynu-
cleotide kinase, and used as a probe (2 X 107 cpm/ug) against: lane 1,
p7.04 digested with Rsa I (see Fig. 1B); lane 2, p7.04 digested with Rsa
I and HindIII (see Fig. 1B); and lane 3 (control), p7.06 (11), which con-
tains an Alu sequence, digested with Acc I. (B) Total RNA from HeLa
cells was electrophoresed on a 1.3% agarose/methylmercury gel, trans-
ferred to nitrocellulose, and hybridized with p7.14; the position of the
rRNA on the ethidium bromide-stained gel is indicated: lane 1, un-
treated sample; lane 2, treated with RNase before electrophoresis; and
lane 3, treated with RNase-free DNase I before electrophoresis. (C) DNA
from pcDK1 (lane 1) and pcDK2 (lane 2) was digested with Xho I, elec-
trophoresed on 1% agarose, transferred to nitrocellulose, and hybrid-
ized with the partially purified insert of p7.14. The insert was contam-
inated with pBR322 vector, thus accounting for the residual hybridization
to the 3-kbp vector (pcD) fragment.

bers from both human (1, 5) and AGM (6, 8) genomes has turned
up family members that are more than 6 kbp long as well as
shorter ones. Most or all segments within the long members are
repeated about 10* times in both primate genomes but none
appears to be repeated within the long members themselves (1,
3-6). We report here that transcripts homologous to Kpn I fam-
ily sequences occur in human and monkey cells. A previous re-
port described the inclusion of Kpn I family sequences in tran-
scripts that were synthesized by RNA polymerase III in vitro
upon initiation at an upstream Alu sequence (32). Altogether,
too little is now known about transcription to warrant discussion
at this time.

More structural information is required before serious con-
sideration can be given to questions concerning the genomic
amplification, dispersal, and maintenance of long family mem-
bers. However, the structures of the shorter members, RET (8)
and LS1 (this paper), raise distinctive questions. Both lack se-
quences from each end of the long family members. At the 3’
end, as written, both terminate in homologous segments, in-
cluding an A-rich stretch (see Fig. 3A); LS1 contains more of
the 5’ side of long Kpn I family members than does RET. Also,
a 731-bp long internal portion of LS1 is absent in RET and a
segment on one side of the deletion is inverted. Comparison
with a7, a typical long family member, suggests that it is RET
that is unusual; &7 and LS1 are colinear in this region.

There are several ways to account for this situation. Kpn I
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family members might be constructed from discrete elements
that are joined in a scrambled fashion at different genomic lo-
calities, analogous to the scrambled clusters of short repetitive
elements in chickens (33) and Drosophila (34); the mechanism
by which such clusters form remains obscure. Another possi-
bility is that all family members might have been typical long
units at first, with some being shortened by deletions both at
the ends and within the element itself. An inversion might arise
if a deletion occurred between two neighboring family mem-
bers with opposite orientations and other mechanisms are also
possible; however, site-specific inversions of the sort associated
with Salmonella flagellar phase variation (35) and the G seg-
ment of phage Mu (36) are unlikely, given the absence of in-
verted repeats at the two ends of the inverted segment in RET
(8). Recently, unusual deletions and inversions were observed
within DNA regions associated with immunoglobulin heavy chain
genes (37, 38); multiple recombinational events were proposed
to account for these rearrangements and these depend on spe-
cific short repeated sequences within joining and switch re-
gions. There are, close to position 650 of LS1 [the inversion
point in RET (Fig. 3B)], three repeats of sequences similar to
one part of the V-J joining sequence (5'-A-C-A-A-A-A-A-C-C).
However, because Kpn I family members are polymorphic, the
precursor of RET may have had quite a different sequence in
this region.

Other possibilities involve RNA intermediates or a combi-
nation of reactions at both the RNA and DNA level. A mech-
anism involving transcription followed by reverse transcription
and insertion back into a new position in the genome has been
proposed to explain the dispersal and abundance of Alu se-
quences (39, 40) and processed pseudogenes (40, 41). The de-
tection of transcripts homologous to LS1, the presence of A-
rich stretches at one 3' end of both LS1 and RET, and the fact
that RET is flanked by direct tandem repeats of the target site
(8) make it possible that RET and LS1 are processed genes. The
left-hand end of LS1 has not yet been defined so we do not
know if it too is flanked by target-site duplications. This class
of models, which we favor, implies that at least some Kpn I fam-
ily members include active transcription units and raises the
possibility that the large deletion in RET represents the loss of
an intervening sequence. However, splicing of introns is not
known to lead to inversions so we would need to postulate an
independent inversion event, perhaps at the DNA level. Thus,
the unusual structure of RET could be the end result of a com-
plex series of recombinational events, whereas that of LS1 might
represent a simpler processed gene.
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