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ABSTRACT Interspersed repeated sequences (Ala and
Kpn) were used as probes to detect a set of Not I restriction
fragments of human chromosome 21 from the hybrid cell line
WAV17. Forty different Not I fgments, raging in size from
<0.05 megabase (Mb) to 7.0 Mb, were Ientied. The total
length of these fragments was 47.3 Mb. This length provides an
estimate of the minimum size of the chromosome and a
minimum number of frments to be ordered to create a
complete restriction map. The average length Not I fIrent s
1.2 Mb. Ala and Kpn fIgments are not always it: a
2.9-Mb fragment isdee with Kpn but not with Alu, and 13
agments, ranging from <0.05 Mb to 5.6 Mb, are detected

with Alm but not with Kpn; the 26 reaing frgments,
covering 75% (35.3 Mb) of the total length, are d tdwh
both repetitive probes. The presence of so many n cnt
fragments and the high variation of the hybrtion gnal
intensities of the frgents suggest a very nonuniform distri-
bution of Kpn and Alu repeats.

Human chromosome 21, the smallest human chromosome, is
an appropriate model for large-scale chromosome mapping.
This acrocentric chromosome contains rRNA-encoding
DNA repeats and contains genes responsible for Down
syndrome (1-3), some forms of familial Alzheimer disease
(4-6), and amyotrophic lateral sclerosis (7).

Previous restriction mapping efforts on smaller chromo-
somes were aided considerably by the a priori knowledge of
all the DNA fragments that needed to be ordered. The
restriction enzyme Not I cleaves the human genome into
fragments with an estimated average size of 1.0 megabase
(Mb) (8, 9). Since human chromosome 21 is estimated to be
%"51 Mb (10, 11), this chromosome should contain roughly 51
Not I fragments. Chromosome 21 Not I restriction fragments,
fractionated by pulsed-field gel electrophoresis (PFGE; refs.
12 and 13), can be identified in human-rodent hybrid cell line
DNA by using human-specific interspersed repeated se-
quences as hybridization probes (9).

Short and long interspersed repeated DNA sequences
(SINEs and LINEs, respectively) are classified by their
length (14, 15). Some studies suggest that there is a comple-
mentary distribution of the SINEs and LINEs in the human
genome (16-18). In human DNA, the major SINE is the Alu
sequence family (19). The human genome contains 300,000 to
900,000 copies of the 300-base-pair (bp) Alu sequence (20-
22). The Alu family represents 3-9% of the haploid genome
(21). The average distance between Alu sequences is 3-10
kilobases (kb), and copies appear to be widely distributed
across the entire human genome (14, 23, 24).
The major human LINE family is the 6.4-kb Li or Kpn

sequence. Many Kpn repeats have deletions and rearrange-
ments, especially at the 5' end, but most of them share a

common 3' end. The number of copies is 50,000-100,000 for
the 3' end and 4000-20,000 for the 5' end (22, 25), with an
average distance between elements of 30-60 and 150-750 kb,
respectively. It is not clear whether the LINE sequences
containing and lacking the 5'-end regions are distributed
randomly (17).
From estimates of interspersed repeat copy numbers we

can calculate that, on average, each megabase of human
DNA should contain 100-300 copies of Alu, 17-32 copies of
the 3'-end Kpn sequence, and 1.3-6.7 copies of the 5'-end
Kpn sequence. Thus, the use ofAlu repeats as hybridization
probes should detect, with high probability, all the chromo-
some 21 Not I restriction fragments. For instance, Poisson
statistics predict that the probability of not finding an Alu
sequence on a 1.0-Mb fragment is <4 x 10-". The proba-
bility of not finding a 3'-end Kpn sequence on a 1.0-Mb
fragment is <6 x 10-8, and the probability of not finding a
5'-end Kpn sequence will be somewhere in the range of
0.001-0.26. Thus, when used in hybridization these probes
should, in concert, detect virtually all the Not I fragments of
human chromosome 21, unless there are peculiar regions
where some repeats are not tolerated.

MATERIALS AND METHODS
Hybrid cell line WAV17 is a mouse cell line that contains
human chromosome 21 as its only human component.
WAV17 has an average of three copies of human chromo-
some 21 per cell (ref. 26; data not shown). DNA from this cell
line was purified in agarose blocks (inserts), digested with the
restriction enzyme Not I (10 units ofenzyme per ,.g ofDNA),
and fractionated by PFGE (27, 28). Size standards were
bacteriophage A DNA concatemers, and Saccharomyces
cerevisiae, Pichia, and Schizosaccharomyces pombe chro-
mosomal DNAs (refs. 29 and 30; T.-Y. Zhang, S. Ringquist,
J.-B. Fan, and C.L.S., unpublished data). Southern blotting
and hybridization conditions were as described (27, 28). Two
different Alu probes were used. Plasmid pX-H contains a
2.0-kb Xba I/HindIII fragment that has five different Alu
sequences (31). Plasmid Blur8 has 300 bp ofDNA containing
a single Alu sequence (32). The Alu sequences were analyzed
by using an Alu identification program.1 This program com-
pares Alu sequences with an Alu consensus sequence and six
different Alu subfamilies (34). Three Kpn probes were used
(see Fig. 1 and ref. 35). Tey--C (1.6 kb) contains 1.2 kb of
3'-end Li sequence, Tey-D (1.5 kb) contains 0.8 kb of
sequence adjacent to TeyC, and ALTO (0.45 kb) contains
sequences near the 5' end ofan Li element including features

Abbreviations: Mb, megabase(s); PFGE, pulsed-field gel electro-
phoresis; LINE, long interspersed repeated DNA sequence; SINE,
short interspersed repeated DNA sequence.
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FIG. 1. Location of the Kpn probes (TeyC, Tey-D, OILTR) on an
Li element. Shaded portion indicates an inserted Li element lacking
the 5' end. The figure is a redrawn composite from Rogan et al. (35).

that resemble the long terminal repeat of transposable DNA
elements. Probes were labeled with [32P]dCTP by random
priming (36). Band signal intensities were quantitated directly
from the labeled membrane by using a Molecular Dynamics
400A Phosphorlmager image scanner. Differences in signal
intensity for the same probe hybridized to different mem-
branes are seen due to experimental factors such as the
amount ofDNA loaded, time of exposure, quality ofthe blot,
and specific activity of the probe. These differences were
compensated for by integrating the total amount of signal on
each membrane with a particular probe before calculating the
relative amount of signal assigned to individual bands.

RESULTS AND DISCUSSION
Hybridization ofa PFGE-fractionated Not I digest ofWAV17
DNA, which contains chromosome 21 as its only human
component, with the Alu probe Blur8 (containing a single Alu
sequence) identified a discrete set of bands (Fig. 2). Com-
putational analysis (of the Blur8 Alu sequence) using an Alu
identification program¶ revealed that it is 91% homologous to
the Alu consensus sequence and belongs to the largest Alu
subfamily, Sx (34). Hybridization experiments using Alu
probe pX-H (containing five Alu sequences) detected almost

the same number of bands as probe Blur8. However, two
bands (0.20 and 0.087 Mb) were detected only with probe
pX-H (Table 1). The larger number of bands detected with
pX-H is consistent with the fact that it contains five different
Alu sequences (three, one, and one copy of subfamilies J, Sp,
and Sc, respectively). The pX-H Alu sequences have 68-84%
homology with the Alu consensus sequence (34). The Alu
probes detected a total of 39 Not I bands, ranging in size from
0.014 to 7.0 Mb, with a total apparent length of 44.4 Mb. The
largest size standard used was the 5.7-Mb chromosome I of
Sc. pombe (30); the size of the largest Not I fragment from
chromosome 21 is >5.7 Mb. Digestion of this Not I fragment
with other restriction enzymes revealed its true size of 7 Mb
(R. Oliva, J.S., H. Ichikawa, M. Murata, M. Ohki, and
C.L.S., unpublished data). The average size of the bands
detected with pX-H is 1.1 Mb. Seventy-two percent of the
bands detected with the Alu probe pX-H are <1 Mb.
As expected, the Kpn probes detected a smaller number of

bands than the Alu probes. All the bands detected using the
Kpn probes were coincident in size with the bands detected
using Alu probes, with one exception-a 2.9-Mb band (Table
1). The 3'-end Kpn probe Try-C detected 27 bands ranging in
size from 0.14 to 7.0 Mb with a total apparent length of 38.2
Mb and an average size of 1.4 Mb (Fig. 2B). Almost all of the
large Not I bands were detected with both Alu and Kpn
probes. Of the 12 different bands >1.0 Mb, 11 bands were
detected with Alu probes and 11 bands were detected with
Kpn probes; 10 bands were detected with both probes. The
Kpn probes hybridized to a 2.9-Mb fragment that was not
detected with the Alu probes (Fig. 3), and the Alu probes
detected a 5.6-Mb band not seen with the Kpn probes.
However, there is less coincidence with LINE and SINE
probes for Not I bands <1.0 Mb. For instance, while the Alu
probes detected 28 such bands, only 16 of them were seen
with the Kpn probes. These results are consistent with the
lower copy number of Kpn sequences. The probability of
missing aNot I fragment <1.0 Mb with a Kpn probe is clearly
higher than the probability with an Alu probe. For example,
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FIG. 2. Not I fragments detected with Alu and Kpn probes. (A) Alu-containing Not I bands detected by hybridization with Blur8. (B)
Kpn-containing Not I bands detected by hybridization with Tet-C. Not I-digested DNA from mouse hybrid cell line WAV17 (containing human
chromosome 21) and mouse cell line A9 was fractionated by PFGE and hybridized as described. Pulse times of 60 sec (A, lanes IV and B, lanes
IV), 120 sec (A, lanes III and B, lanes III), 800 sec (B, lanes II), or 6600 sec (B, lanes I) and pulse time programs of 4500, 3600, 2700, and 1800
sec (A, lanes I), or 2700, 1800, and 900 sec (A, lanes II) were used. The field strengths were 10 and 9 V/cm at 11TC [90 mM Tris/64.6 mM boric
acid/2.5 mM EDTA, pH 8.3 (TBE buffer) temperature] (lanes III and IV), and 3.3 and 2.6 V/cm at 80C (TBE buffer temperature) (lanes I and
II). Separation ranges were 3.0-6.0 Mb (lanes I), 1.0-3.0 Mb (lanes II), 0.5-1.0 Mb (lanes III), and 0.05-0.5 Mb (lanes IV). Size standards are
Sc. pombe, Pichia, and S. cerevisiae chromosomal DNAs, and bacteriophage A DNA concatemers.
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Table 1. Sizes (Mb) of Not I bands detected with the different
Alu (pX-H, Blur8) and Kpn (TEy-C, Tey-D, ULTR) probes

Clone

pX-H Blur8 Tey-C TEy-D OLTR
7 7 7 7

Total
Mb
No. of bands

Average
length, Mb

4

Clone pX-H cont
contains a single Alu
Kpn sequence. Clor
cent to the 5' end of
near a Kpn 5' end.

Poisson statistics
Alu sequence in
probability of not
0.19. Although atI

be missing Kpn sex
observed is more
instance, for Kpt
6.8-7.8 fragment!
served.
The Kpn probe

fragments than 1

sequences are lei
Probe TErD dete4
Mb with a total le

5.6 5.6
5 5 5
3.4 3.4 3.4

2.9
2.7 2.7 2.7
2.3 2.3 2.3
2.1 2.1 2.1
1.7 1.7 1.7
1.4
1.3

1.4 1.4
1.3 1.3

5
3.4
2.9
2.7

1.7

I-k B
:@!

Mb 4 W Mb

3 l 3 1 -

..~
.l. 2.5

3.4
2.9

2.1

1.3 1.3
1.1 1.1 1.1 FIG. 3. A 2.9-Mb Not I fragment detected with a Kpn probe but
0.97 0.97 not with an Alu probe. (A) Hybridization with the Alu probe pX-H.0.82 0.82 0.82 (B) The same membrane hybridized with the 3' Kpn probe TE-tC.
0.78 0.78 0.78 Size standards are Pichia and S. cerevisiae chromosomal DNAs. The
0.75 0.75 0.75 slight hybridization of the Alu probe to the A9 sample was probably
0.68 0.68 0.68 0.68 due to contamination of this particular sample with WAV17 DNA.
0.65 0.65 0.65
0.61 0.61 Mb (Table 1). The Kpn 5'-end probe qLTR detected only four
0.54 0.54 0.54 Not I bands, ranging from 1.3 to 3.4 Mb with a total length of
0.49 0.49 0.49 9.7 Mb and an average size of 2.4 Mb (Table 1). Interestingly,
0.45 0.45 0.45 one band (2.1 Mb) was detected with all probes used in this
0.43 0.43 0.43 study except probe Te-D. All bands detected by TEy-D and
0.40 0.40 0.40 0.40 fLTR were also detected with Tsy-C. The small number of
0.37 0.37 0.37 0.37 fragments seen with 1Ris in agreement with the expected
0.35 0.35 0.35 low frequency of the 5' end of Li. In all, 40 Not I bands were
0.34 0.34 detected with the three Kpn and the two Alu probes, with a
0.33 0.33 0.32 0.32 total length of 47.3 Mb and an average size of 1.2 Mb.
0.32 0.32 0.27 Twenty-six Not I bands (65%) were detected with both
0.27 0.27 0.23 0.23 families of repeats (Kpn and Alu). The intensity of hybrid-
0.23 0.23 ization detected in Not I bands by using various probes is
0.20 spread over a wide range. The frequency ofAlu (Table 2) and
0.19 0.19 Kpn (Table 3) sequences, as measured by intensity of hy-
0.17 0.17 0.16 0.16 bridization signal per megabase ofDNA, varies by >20-fold.
0.16 0.16 0.14 The results shown here reveal a nonrandom distribution of
0.14 0.14 the interspersed repeats in chromosome 21 with a preference
0.087 for repeats to cluster in specific fragments of the chromo-
0.053 0.053 some. For instance, one 2.9-Mb Not I fragment did not
0.043 0.043 contain an Alu repeat, and 13 Not I fragments (from 0.014 to
0.014 0.014 5.6 Mb, with a total length of 9.1 Mb) did not hybridize to the

Kpn repeat. Previous studies on Kpn or Alu repeats also
A4.4 44.2 38.2 26.1 9.7 report nonrandom or even complementary distributions.
9 37 27 13 4 Soriano et al. (16), using density-gradient centrifugation,

separated four major components of human DNA with a
1.1 1.2 1.4 2 2.4 G+C content varying from 37% to 49%. The Alu repeat
ains five different Alu sequences. Clone Blur8 occurred more frequently in the heavy, G+C-rich, compo-
sequence. Clone Tr-C contains a 1.2-kb 3'-end nents, whereas the Kpn repeat was more represented in the
te Try-D contains a 0.8-kb Kpn sequence adja- light components. This distribution is consistent with the fact
'TerC. Clone OLTR contains 0.45-kb sequences that Alu and Kpn elements contain 56% and 42% G+C,

respectively. In situ hybridization experiments show prom-
inent clustering of Alu and Kpn repeats in Giemsa-stained

estimate the probability of not finding an light and dark bands, respectively (17, 18, 37). These results
a 0.1-Mb fragment is <10-4, while the are consistent with the observation that Giemsa light bands
finding a 3'-end Kpn sequence is 0.036- are richer in G+C content than Giemsa dark bands (38).

least afew ofthe smaller Not I bands should Moyzis et al. (24) analyzed the distribution of Alu repeats
quences, the number ofsuch bands actually appearing in the GenBank sequence data base and observed
than expected from Poisson statistics. For local domains that they termed rich and poor in Alu sequence
i-containing fragments of 0.2 Mb or less, density. These authors also showed, by in situ techniques,
s are expected and 2 fragments are ob- that centromeric heterochromatin regions are at least 50-fold

underrepresented in Alu sequences. The 7.0-Mb chromo-
Te-D detected a lower number of Not I some 21 Not I fragment is located in the centromeric region
Cey-tC, probably because the internal Li (R. Oliva, J.S., H. Ichikawa, M. Murata, M. Ohki, and
ss conserved than the 3'-end sequences. C.L.S., unpublished data). It has one of the lowest frequen-
cted only 13 bands, ranging from 0.16 to 7.0 cies of Alu repeats (see Table 2), with a 2.8-fold (213/75)
ngth of 26.1 Mb and an average size of 2.0 underrepresentation ofAlu as compared with the average Not
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Table 2. Quantitation of Alu repeat hybridization signal detected
with probe pX-H in Not I bands in chromosome 21 from WAV17

Factor

1.00
1.00
1.00
1.00
3.20
3.20
3.20
3.20
3.20
3.20
3.20

37.20
37.20
37.20
37.20
37.20
37.20
10.60
10.60
10.60
10.60
10.60
10.60
10.60
1.51
1.51

1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25

RI Frequency
524 75
274 49
294 59
750 221
338 125
137 59
410 195
340 200
140 100
184 142
467 425
94 97

203 248
557 714
208 277
118 174
375 577
154 252
96 178
79 161
80 179
85 197
28 70
70 189
18 52
22 65
76 228
56 174
33 123
20 87
31 154
23 124
25 142
50 315
18 129
15 173
11 199
11 245
16 1129
Average 213

Intensity is the total number of arbitrary counts detected in a band
using a PhosphorImager. Factor is the correction used to have the
identical number of counts in all the membranes. Fragments 7-3.4
Mb were measured on the same membrane and other results were
scaled to this membrane. RI (relative intensity) is the intensity of
each band scaled by the factor needed to correct for different total
amounts of counts seen in the membranes used. Frequency is the
relative intensity per megabase of each band.

I band (Table 2). This is much less than seen by in situ
methods, but it is still quite significant. In contrast, the
7.0-Mb band has a nearly average frequency of occurrence of
Kpn repeats (Table 3). Hence, it appears that Kpn repeats
occur relatively more frequently than Alu repeats in the
centromere of chromosome 21.
The frequency of appearance of both Alu and Kpn repeats

varies by almost 25-fold in individual Not I bands. In prin-
ciple, such large differences in particular Not I bands could
be due to comigration of multiple Not I fragments in PFGE.
Indeed, the 3.4-, 2.1-, and 0.043-Mb Not I bands are known
to contain more than one Not I fragment (refs. 39 and 40; D.
Wang, H. Fang, and C.L.S., unpublished data). The
0.043-Mb band contains the ribosomal DNA repeat; it is
estimated to consist of at least 13 copies by partial digestion
experiments (unpublished data). Each of these other bands
contains at least two DNA fragments detected with single

Table 3. Quantitation of 3'-end Kpn repeat hybridization signal
detected with probe TE-tC in Not I from WAV17 human
chromosome 21
Mb Intensity Factor RI Frequency
7 91 1.00 91 13
5 58 1.00 58 12
3.4 81 1.00 81 24
2.9 10 4.56 47 16
2.7 8.3 4.56 38 14
2.3 3.5 4.56 16 7
2.1 25 4.56 113 54
1.7 9.4 4.56 43 25
1.4 3.8 4.56 17 12
1.3 11 4.56 50 38
1.1 11 4.56 48 44
0.82 0.6 11.40 6.9 8
0.78 2.2 11.40 25 32
0.75 0.5 11.40 6.0 8
0.68 1.3 11.40 15 23
0.65 1.1 11.40 13 20
0.54 0.4 2.66 1.2 2
0.45 0.7 2.66 1.9 4
0.43 1.0 2.66 2.5 6
0.40 1.2 2.66 3.1 8
0.37 2.8 2.66 7.5 20
0.35 0.6 2.66 1.6 4
0.32 3.7 2.66 10 31
0.27 0.8 2.66 2.0 8
0.23 0.6 2.66 1.6 7
0.16 0.6 2.66 1.6 10
0.14 0.7 2.66 1.9 14

Average 17

See Table 2 for explanation of terms.

copy probes located in different regions of the chromosome.
These multiple fragments add an additional 6.1 Mb to the
minimum size ofchromosome 21. However, it is unlikely that
comigration is the major reason for differences in the fre-
quencies of the repeats in the bands, because then the size of
chromosome 21 would be much larger than expected from
estimates of the total size of the human genome (see below).
The 26 bands that hybridize with both Alu and Kpn probes

represent 65% of the total number of bands. The length of
these bands is 35.3 Mb, representing 75% of the total length
of the bands. Hence, the data presented here do not support
the notion of a purely complementary Alu and Kpn distribu-
tion on human chromosome 21. Extensive overlap ofAlu and
Kpn repeats is seen on fragments containing up to 75% of the
chromosome length. This overlapping distribution of many
Alu and Kpn repeats is in agreement with evidence that these
repeats are associated in human cloned DNA sequences (41,
42). Miyake et al. (42) even propose the formation ofAlu/Kpn
mobile elements during evolution. Alu and Kpn sequences
appear to be codistributed on a large fraction of chromosome
21, but our results do not indicate whether these sequences
are actually near neighbors.
The total apparent length of the Not I bands detected with

the repeated DNA probes reveals a minimum size of human
chromosome 21 of 47.3 or 53.5 Mb when a minimum number
of overlapping fragments are considered (see above). This
size is larger than the 43 Mb previously determined by
summation of 33 independent Not I fragments on the q arm
detected by using single copy probes (43) and is much larger
than that spanned by existing physical maps [e.g., 9 frag-
ments covering 8 Mb (44) or 15 fragments covering 8.9 Mb of
the distal long arm (D. Wang, H. Fang, and C.L.S., unpub-
fished results) and 7 fragments spanning 20 Mb of the
proximal long arm (39)]. A more accurate size of chromo-
some 21 awaits further experiments to detect other comigrat-

Mb
7
5.6
S
3.4
2.7
2.3
2.1
1.7
1.4
1.3
1.1
0.97
0.82
0.78
0.75
0.68
0.65
0.61
0.54
0.49
0.45
0.43
0.40
0.37
0.35
0.34
0.33
0.32
0.27
0.23
0.20
0.19
0.17
0.16
0.14
0.087
0.053
0.043
0.014

Intensity
524
274
294
751
103
42
125
104
43
56
146

2.5
5.5

15
5.6
3.2

10
4.1
9
7.4
7.5
8
2.6
6.6

12
15
61
44
26
16
25
19
20
40
14
12
8.4
8.4

13
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ing Not I bands. There is also a low probability that some
additional Not I fragments will be found that do not contain
Alu and Kpn interspersed repeats. For example, Poisson
statistics estimate that the probability of not finding either an
Alu ora Kpn sequence in a fragment of0.1 Mb is <3.7 x 10-6.
Therefore, such fragments are likely to be very small. The
same experimental approach can be applied to estimate a
minimum size for other chromosomes cloned in hybrid cell
lines. Furthermore, a comparison of fragments detected with
single copy sequences with fragments detected by repeats
will reveal those fragments that are not yet assigned to single
copy sequences (39). Such fragments must be contained in
restriction map gaps and need to be the focus of mapping end
game strategies.
Could the apparent size of 53.5 Mb for chromosome 21 be

an artifact arising from partial digestion? This is unlikely,
because most single copy probes and Not I linking clones
detect single and double Not I bands in WAV17, respec-
tively. These results indicate that few if any Not I sites are
partially methylated. Bird (45) compared the occurrence of
restriction enzyme sites with CpGs in CpG islands at 19
human genes. He concluded that Not I cuts 3 times more than
predicted, in accordance with earlier indications (33). Not I
usually cuts in CpG islands. Inter-island sites are rare and are
usually blocked by methylation. Thus, Not I cleavage will
seldom be partial, and it is likely that chromosome 21 is really
at least 53.5 Mb, 5% larger than previous estimates. It is too
early to determine whether the entire human genome is larger
than expected or whether chromosome 21 is anomalous.
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