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ABSTRACT We describe a simple and rapid method for
contructing small-insert genomic libraries highly enriched for
dimeric, trimeric,and tetrameric nucleotide repeat motifs. The
approach involves use of DNA inserts recovered by PCR
amplification of a small-insert sonicated genomic phage library
or by a single-primer PCR amplification ofMbo I-digested and
adaptor-ligated genomic DNA. The genomic DNA inserts are
heat denatured and hybridized to a biotinylated oligonucleotde.
The biotinylated hybrids are retained on a Vectrex-avidin
matrix and eluted specifically. The eluate is PCR amplified and
cloned. More than 90% of the clones in a library enriched for
(CA). microsatellites with this approach contained clones with
inserts containing CA repeats. We have also used this protocol
for enrichment of (CAG). and (AGAT). sequence repeats and
for Not I jumping clones. We have used the enriched libraries
with an adaptation of the cDNA selection method to enrich for
repeat motifs encoded in yeast artificial chromosomes.

Microsatellite repeats are highly polymorphic and have been
used to construct coarse scale maps of the human chromo-
somes (1-5). For high-resolution genome mapping it would be
valuable to have these markers at about 0.1-centrimorgan
intervals, or about 30,000 markers distributed throughout the
genome. Hybridization selection is an efficient method for-
rapidly identifying cDNA fragments complementary to se-
quences within large segments of genomic DNA as found in
yeast artificial chromosome (YAC) inserts (6, 7). The hybrid-
ization selection approach could, in principle, be used to
prepare packets of simple repeat-sequence clones represent-
ing a large fraction of those sequences present in the target
YAC DNA.To do this it would be desirable to have librarires
of short genomic fragments, most or all of which contained
simple repeat sequencs.

Several methods have been developed to expedite the
isolation of genomic fragments containing such simple re-
peats and some other sequence motifs (8-11). Screening
genomic short fragment libraries with simple repeat oligonu-
cleotide probes has proven successful for isolation of a large
number of CA repeats (3, 12). However, this approach does
not allow intensive concentration on a single region and
becomes progressively less efficient as saturation is ap-
proached. Here we describe an approach that produces
highly enriched CA dinucleotide repeat libraries of sufficient
quality to make hybridization selection an efficient method
for isolating these sequences from YACs. We also show that
it can be applied to produce tri- and tetranucleotide repeat
libraries and for construction ofjumping libraries.

MATERIALS AND METHODS
Oligonucleotides. The following oligonucleotides were syn-

thesized for these studies.

(a) CA repeat: biotin-ATAGAATAT ( CA ) 1S,
(b) CA repeat: biotin-ATAGAATAT (CA) 22

(c) CAG repeat: biotin-ATAGAATAT ( CAG) 15

(d) AGAT repeat: biotin-ATAGAATAT ( AGAT) 11

(e) Mbo I adaptor: 5'-pGATCGCAGAATTCGCACGAGTACTAC
CGTCTTAAGCGTGCTCATGATGC-5'

(f) Not I affinity oligo: biotin-ATAGATATGTCAGATAACAGAT AACAGAT
(g) Not I adaptor: 5'-pGGCCGGTCTTATCTGTTATCTGTTATCTGTTATCTGACC

CCAGAATAGACAATAGACAATAGACAATAGACTGG-
CCGGp-5'

Construction of Small-Insert Genomic Library. Genomic
DNA obtained from JY, a human B-lymphoblastoid cell line,
was sonicated to obtain fragments of 0.2-1 kb. The fragments
(40-50 ,g) were incubated with 50 units of T4 DNA poly-
merase, 20 units of the large fragment of Escherichia coli
DNA polymerase I, and 1 mM dNTPs in 300 ,ul at 37°C for 30
min. The reaction mixture was extracted with phenol and
chloroform, precipated with ethanol, and dissolved in 10mM
Tris, pH 8.0/1 mM EDTA (TE). The DNA was treated with
50 units of EcoRI methylase and 80 mM S-adenosyl-L-
methionine in 200 ,ul ofreaction buffer for 30 min at 37°C. The
methylated DNA (30 ug) was ligated to 20 ,ug of phosphor-
ylated oligonucleotide containing an internal EcoRI site
(pGCTTGAATTCAAGC). Linker ligatedDNA was digested
with EcoRl and the digest was electrophoresed to purify the
DNA corresponding to fragments of 300-800 bp. This DNA
(80 ng) was ligated to 1 Mg of EcoRI-digested and dephos-
phorylated AgtlO vector (Stratagene). The ligated mixture
was packaged and used to infect E. coli C600Hfl.

Amplification of Short Genomic Fragments Without Clon-
ing. Genomic DNA from JY cells was completely digested
with Mbo I. The digested DNA (5 ,g) was ligated to an Mbo
I adaptor oligonucleotide (15 ,ug) in 300 ,ul, with 4000 units of
T4 DNA ligase. Free linkers were separated in a 1.2%
SeaKem GTG agarose (FMC) gel and the ligated DNA was
extracted from the gel. Ten nanograms of the linker ligated
DNA was amplified in a single-primer PCR using an adaptor
oligonucleotide as primer.

Affinity Capture of Di-, Tri-, and Tetranucleotide Repeat
Motifs. First-round capture. The amplified Mbo I-digested
genomic DNA or the PCR-amplified inserts from the small-
fragment genomic phage library were denatured by heating in
a boiling water bath for 10 min followed by quick chilling in
an ice bath. Hybridization was carried out in 500 ,ul contain-
ing 10-15 ug of denatured genomic DNA and 5 ,g of
biotinylated oligonucleotide in 0.5 M sodium phosphate, pH
7.4/0.5% SDS at 50°C for 16-18 hr. The hybridization mix-
ture was made up to 10 ml with 100 mM Tris, pH 7.5/150mM
NaCl (buffer A). It was then mixed with 150 mg of Vectrex-
avidin (Vector Laboratories) that had been preincubated in
buffer A with sonicated denatured salmon sperm DNA (100
,g/ml) for 30 min and then washed extensively with buffer A
to remove unadsorbed salmon sperm DNA. After the hy-
bridization mixture was mixed with Vectrex-avidin for 30-45

Abbreviation: YAC, yeast artificial chromosome.
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min at room temperature, the supernatant was removed by
centrifugation. The matrix was successively washed three
times with 10 ml of buffer A at room temperature, once each
with 5 ml of buffer A for 20 min at 50°C and 65°C, once with
0.lx buffer A for 20 min at 65°C, and finally with TE at 65°C
for 20 min. The washes were concentrated to about 100 ,ul on
a Centricon-30 (Amicon), and an aliquot from each concen-
trate was amplified by using AgtlO sequences flanking the
EcoRI site as primers or a single oligonucleotide primer from
the Mbo I adaptor, depending on the source of initial DNA
used for hybridization. The amplified DNA was electropho-
resed in a 1.2% agarose gel and blotted onto a Hybond
membrane (Amersham). The filter was probed with 32p_
phosphorylated repeat oligonucleotide by hyubridization at
50°C (13), and the filters were exposed for autoradiography.
Second-round capture. The first-round affinity-captured

material was PCR amplified and hybridized with biotinylated
repeat oligonucleotide as before. The hybridization mixture
was incubated with Vectrex-avidin and the specifically re-
tained fragments were released at appropriate stringency.
The wash fractions were concentrated, PCR amplified, and
blotted on Hybond nylon membrane.

Construction of Small-Insert Library Enriched for Repeat
Motifs. The eluate fractions showing enrichment for a par-
ticular repeat motif were PCR amplified and digested with
EcoRI. The purified DNA (10-15 ng) was ligated to 0.5 ,ug of
EcoRI-digested and dephosphorylated AgtlO arms. The li-
gated DNA was packaged into phage heads and used to infect
C600Hfl bacteria.
PCR Amplification. All PCR amplifications were carried

out in a Perkin-Elmer thermal cycler, model 9600. The
reactions were carried out in 50 ,ul with 10 ng of template, 100
ng of each primer, 1 unit of AmpliTaq (Cetus) DNA poly-
merase, 2.0 mM MgCl2, and 0.2 mM dNTPs. All the ampli-
fications were carried out by mixing AmpliTaq buffer, tem-
plate, primers, and AmpliTaq and incubating them in the
machine at 82°C before adding dNTPs. Typical temperature
cycling involved 35 cycles of 94°C, 30 sec; 55°C, 30 sec; and
72°C, 2 min. Amplification of the phage plaques was carried
out by picking individual plaques, suspending them in 50 ,l4
of 0.1 M NaCl/0.05 M Tris, pH 7.5/0.01 M MgSO4, incubat-
ing them for 4-6 hr, and using 1 ul of this phage suspension
as template for PCR.

Sequencing of Phage Clones. The individual phage clones
were amplified as mentioned before and 1 ,ul of the amplified
DNA was sequenced with a 32P-phosphorylated primer by
using a BRL double-stranded DNA cyclic sequencing kit.

Hybridization Selection of (CA). Clones Corresponding to
Specific YACs. The cDNA selection approach of Parimoo et
al. (6) was adapted for selecting (CA)" clones specific to a
particular YAC. The YACs used in this study were supplied
by David Schlessinger (Washington University, St. Louis).
An X chromosome-specific YAC mapping to the F9 locus,
yWXD311 (14), was separated by pulsed-field gel electro-
phoresis and the gel piece corresponding to DNA of 600 kb
was cut out. This was incubated in buffer with HindIII, and
after digestion the DNA was electroeluted. The YAC DNA
was denatured and spotted onto a 2 mm x 2 mm piece of
Hybond as described (6).
The Hybond ifiter piece was prehybridized at 65°C in 50 IlI

containing 5x standard saline phosphate EDTA (SSPE)/
0.5% SDS and quencher DNAs [yeast DNA, E. coli DNA,
human rDNA, human Cot-1 DNA, and poly(dIdC)], as
described (6). In addition to the above quenchers, we in-
cluded (CA)15 oligonucleotide at 0.1 ,ug/gl. After 20 hr of
prehybridization the nylon filter was briefly washed with 2x
SSPE/0.5% SDS and put in a hybridization solution contain-
ing heat-denatured PCR-amplified insert DNA from the
(CA),-enriched library at 10 Mg/ml and all the quencher
DNAs except poly(dIldC). Hybridization was carried out at

65°C for 30 hr. The nylon disc was washed with 2 x standard
saline citrate (SSC)/0.1% SDS at room temperature three
times, 2x SCC/0.1% SDS at 65°C three times for 20 min, 1 x
SSC/0.1% SDS at 650C once for 20 min, 0.2 x SSC/0.1% SDS
at 65°C once for 20 min, O.lx SSC/0.1% SDS at 65°C twice
for 20 min, and 0.1 x SSC at room temperature twice. Finally,
the disc was immersed in 40,ul of water in a 0.5-ml tube after
removal of all the residual SSC from the disc. The tube was
heated in a PCR machine at 95°C for 5 min. Twenty micro-
liters of this eluate was used as template for amplification
with phage sequences as primers. The amplified DNA (0.25
,ug/ml) was subjected to a second round of selection hybrid-
ization as mentioned above. A second set of primers nested
with the previous set of primers (6) was used for this
amplification.
To prepare a (CA)n clone library specific to a given YAC,

the selected DNA was amplified, digested with EcoRI, and
ligated to EcoRI-digested AgtlO arms. A representative num-
ber of clones from this selected library were PCR amplified,
radiolabeled by priming with random hexanucleotides (15),
and used to probe filters containing DNA from various YACs.

Affinity Capture ofNot I Jumping Clones. The feasibility of
affinity capture for isolating Not I jumping clones was
assessed by using known DNA samples-namely, a plasmid
DNA, a cosmid DNA, and phage DNA containing a Not I
site. The DNA from pKS plasmid (Stratagene), an anony-
mous cosmid clone (-45 kb) containing two Not I sites, and
concatamerized AgtlO3 containing a single Not I cloning site
(16), were digested with Not I. The digestedDNA (0.2 ,ug/ml)
was circularized around a phosphorylated Not I adaptor (0.4
,ug/ml) with T4 DNA ligase (1600 units/ml; New England
Biolabs) in 5 ml of ligase buffer at 4°C for 24 hr. The ligation
reaction was terminated by heating the mixture at 65°C for 20
min and concentrated in a Centricon-30 device. The DNA
was digested with 20 units ofMbo I at 37°C for 2 hr and ligated
to 3 ,ug of the Mbo I adaptor in 100 ,ul with 1600 units of T4
DNA ligase. An aliquot containing 5 ng of the ligated DNA
was amplified in a single-primer.PCR.
The amplifiedDNA (10 or 1 ng/ml) was heat denatured and

hybridized to the biotinylated Not I affinity oligonucleotide (5
,ug/ml) in the presence of human genomic DNA (10 ,ug/ml)
obtained by PCR amplification of Mbo I-digested and adap-
tor-ligated human genomic DNA in 100 ,l of 0.5 M sodium
phosphate, pH 7.4/0.5% SDS at 65°C for 18-24 hr. The
hybridization mixture was incubated with a suspension of 100
mg of Vectrex-avidin as described. The matrix was washed
with 100 mM Tris, pH 7.5/150 mM NaCl three times at room
temperature and once at 50°C for 20 min. The retained
fragments were eluted by incubating the matrix with 10 mM
Tris, pH 7.5/15 mM NaCl at 65°C for 20 min. The eluate was
concentrated in a Centricon-30 and an aliquot was amplified
in a single-primer PCR.

RESULTS
Construction of a Short-Fragment Genomic Library. A

library corresponding to 15 x 106 plaque-forming units was
prepared from sonicated JY DNA as described above. The
library was characterized by amplifying 100 randomly chosen
plaques. The insert sizes ranged between 200 and 700 bp.
Overall, the library has inserts with an average size of about
500 bp and contains 2.5 genomic equivalents of inserts.

Affimity Capture for Enrichment of (CA)n, (CAG)., and
(AGAT). Repeats. The affinity capture protocol is shown in
Fig. 1. The conditions for affinity capture were standardized
by hybridizing biotinylated (CA),,, (CAG),,, or (AGAT),, repeat
oligonucleotides to their nonbiotinylated complementary oli-
gonucleotides at 50°C. After hybridization, the mixture was
incubated with Vectrex-avidin matrix. The matrix was then
washed with 150 mM NaCl at 50°C and with 15 mM NaCl at
50°C and 65°C, successively. (CA)15 repeat hybrids were not
dissociated by 15 mM NaCl at 65°C, whereas (CAG)15 repeat
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FIG. 1. Affinity-capture protocol. The first line represents ge-
nomic DNA containing several Mbo I sites, which are subsequently
shown as M. R represents EcoRI overhangs obtained by addition of
EcoR linkers to sonicated and methylated genomic DNA, followed
by digestion with EcoRI. The repeat motifs are designated as (XX)n.

hybrids could be eluted with 15 mM NaCl at 65°C and
(AGAT)ji repeat hybrids were dissociated in 150mM NaCl at
65°C. Thus for (CA),, repeats, the matrix was washed with 15
mM NaCl at 65°C for 30 min, and the retained fragments were
eluted with water at 65°C. The eluted DNA was amplified with
an Mbo I adaptor oligonucleotide and processed for a second
round of capture by hybridization with biotinylated (CA)22
repeat oligonucleotide. The captured DNA was eluted with
water at 65°C, amplified with Mbo I adaptor primer, digested
with EcoRl, and cloned in AgtlO.
For affinity capture of (CAG), and (AGAT),, repeats, we

used DNA inserts recovered from the phage DNA of soni-
cated JY library for hybridization with biotinylated oligonu-
cleotides as described above. After the hybridization mixture
was incubated with Vectrex-avidin, the matrix was washed
with 150 mM NaCl either at 65°C or at 50°C for specific
retention of (CAG),, or (AGAT),, hybrids. The affinity-
captured DNA enriched for (CAG),, repeats was eluted with
water at 65°C, ampified with primer set A (6), digested with
EcoRI, and cloned in AgtlO. The first-round affinity-captured
DNA enriched for (AGAT),, repeats was amplified with
primer set A and processed for a second round ofenrichment
as described in Materials and Methods.

Evaluation of Library Enriched for (CA). Repeats. We
randomly picked 20 plaques from the first-round enriched
(CA)15 library, amplified the insert by PCR, and blotted them
onto Hybond membrane. The filter was probed with a
32P-labeled (CA)15 oligonucleotide at 50°C and washed with
0.1 x SSC at 650C for 20 min. Fifteen out of 20 clones were
strongly positive for the CA repeat oligonucleotide.

A similar analysis was performed on the second-round
affinity-captured DNA enriched for (CA)22 repeat. Although
hybridization of the plated library with a CA oligonucleotide
gave positive signal with only 80%o of the clones, PCR-
amplified inserts from 16 of 17 plaques showed strong hy-
bridization with (CA)15 oligonucleotide (Fig. 2).
We chose 22 random clones and subjected them to DNA

sequence analysis. Twenty-one clones showed runs of CA
repeats, and 1 clone did not yield any sequence. The number
of CA dinucleotides could be counted easily in 16 clones
(Table 1). The length ofCA repeat units varied between 8 and
32 with a mean value of 18.4. Nine of the randomly chosen
sequenced clones were used to probe the enriched library to
determine their abundance. The abundance of these plaques
varied between 2 and 24, with an average of 12 (Table 1).
These results indicate that there are 10,000-20,000 different
(CA)" clones in our (CA),,-enriched library.

Characterization of (CAG),,- and (AGAT),,-Enriched Affin-
ity-Captured DNA. The (CAG),, and (AGAT),, repeats were
enriched from DNA inserts recovered by PCR amplification
of phage DNA of the JY sonicated library. The blots con-
taining affinity-enriched DNA were probed with 32p-
phosphorylated (CAG)15 and (AGAT)11 oligonucleotides, re-
spectively. The capturedDNA was considerably enriched for
these repeats (Fig. 2).
Twenty plaques were chosen randomly from the first-

round (CAG),,-enriched library for PCR amplification. Hy-
bridization of filter blots containing amplified DNA with the
labeled oligonucleotide revealed that 60% clones in the
enriched library were positive for (CAG)n. The first-round
(AGAT),,-enriched DNA was processed for a second round of
enrichment, and the enriched fraction was cloned in AgtlO.
Six clones from the second-round enriched library were
sequenced. Three of these clones contained uninterrupted
runs of 4, 5, and 7 units of AGAT, respectively.

Hybridization Selection for (CA),, Specific to a Defined
Region of the Genome. Ten (CA),, clones from first-round
selection with YAC insert ofyWXD311 were PCR amplified,
blotted onto a Hybond membrane, and probed with a 32p_

A
1 2 3 4 5 6 7 8 9 10 11 12 13141516 1718

C
B

2

FIG. 2. Evaluation of the affinity-captured DNA. (A) Phage
plaques from a library enriched for (CA), repeats were used for PCR
amplification. The amplified DNA was electrophoresed and blotted,
and the filter was hybridized to a 32P-labeled (CA)1s oligonucleotide.
The filter was washed with 0.lx SSC at 650C for 20 min and exposed
to an x-ray film. Lanes 1-18 represent clones varying in size from 200
to 800 bp. (B) Affinity-captured DNA enriched for (CAG)n repeats
was amplified, electrophoresed, and blotted onto a Hybond filter.
The filter was probed with a 32P-labeled (CAG)15 oligonucleotide,
wased with 1x SSC at 50°C for 20 min, and exposed to an x-ray film.
Lane 1, startingDNA material; lanes 2 and 3, affinity-enriched DNA.
(C) Affinity-captured DNA enriched for (AGAT), repeats was
amplified, electrophoresed, and blotted onto a Hybond filter. The
filter was probed with a 32P-labeled (AGAT)ll oligonucleotide,
washed with 2x SSC at 50°C for 20 min, and exposed for autorad-
iography. Lanes 1 and 2, starting DNA and affinity-enriched DNA,
respectively. Approximately equal amounts ofDNA, as estimated by
ethidium bromide staining, were applied to each lane.
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Table 1. Characterization of clones from the CA-enriched library

Clone
Length of
repeat

1234 4 3 2 1

Abundance in
200,000 plaques

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Mean length*

(GT)gT(GT)l
(CA)18
(TG)20
(GT)17
(CA)32
(GT)22
(GT)7G(GT)8
(AC)15
(GT)13
(TG)26
(CA)l1
(CA)24
(CA)ll
(CA)24
(CA)20
(GT)14

18.4

22
24
2

12
4
10
14
12
6

ND
ND
ND
ND
ND
ND
ND

ND, not determined.
*An arithmetic average of the longest runs ofuninterrupted stretches
ofCA repeats. The abundance of various clones was determined by
hybridizing radiolabeled probe (15) to filters containing approxi-
mately 200,000 plaques. The repeats in the probe DNA were
quenched by prehybridization (13) with (CA)15 oligonucleotide (20
pg/ml) and human Cot-1 DNA (5 pg/ml).

labeled (CA)15 oligonucleotide. All 10 clones hybridized to a
(CA)15 oligonucleotide. Six of these clones were sequenced.
Two had identical sequence, and the remaining 4 showed
different sequences. A set of primers flanking the CA repeat
was synthesized for the recurring clone. These primers were
used for PCR amplification of the DNA template isolatd from
JY cells, target YAC, and an unrelated YAC. Although the
primers appeared relatively nonspecific, as they amplified
multiple bands, we observed a band of the expected size in
the JY DNA and the target YAC when the PCR blot was
probed with a 32P-labeled CA oligonucleotide.
Twenty plaques from the second-round selected library

were picked and PCR amplified, DNA was run on a gel, and
the gel was blotted onto a Hybond membrane. Sixteen of the
20 plaques appeared to have CA repeats as seen by their
hybridization to 32P-labeled CA oligonucleotide.
We sequenced 10 clones from the second-round selected

library. There were 2 clones which recurred two and three
times respectively, while the remaining 5 clones were all
different. The recurring clones from the second-round selec-
tion were digested with Mnl I and a unique half from one
clone and the CA-containing half from the other clone were
used to probe a DNA blot containing Mbo I-digested JY
DNA, target YAC DNA, and an unrelated YAC DNA. There
was an expected signal with the JYDNA and the target YAC
DNA but no signal with the nontarget DNA (Fig. 3). The
abundance of the first and second of these CA repeats in the
selected library is 31% and 25%, respectively. These data
demonstrate the feasibility of the selection approach for
isolating a dense representation of repeat motifs specific to
any chromosomal subregion isolated in YACs.

Isolation of Not I Jumping Clones. Not I jumping libraries
could be constructed by digesting human genomic DNA with
Not I and circularizing the Not I fragments (0.2 ,ug/ml)
around a Not I adaptor oligonucleotide (0.5 mg/ml). The
circularized DNA would be digested with a frequent cutter
such as Mbo I. The Mbo I fragments would then be ligated to
an Mbo I adaptor to facilitate PCR amplification of the Mbo
I fragments. To isolate the Not I adaptor oligonucleotide
containing Mbo I fragments, which would have arisen by
self-circularization of large Not I fragments around the oli-

FIG. 3. Hybridization selection for CA repeat clones specific to
a target DNA. A clone obtained from selection with YAC yWXD311
was digested with Mnl I and the two fragments were separated in a
gel. The CA-containing Mnl I fragment was labeled with 32P and
hybridized to a filter blot containing Mbo I digest of JY DNA (lane
1), yWXD311 DNA (lane 2), and a nontarget YAC DNA (lane 3). The
probe DNA was preannealed with (CA)15 oligonucleotide (20 ,ug/ml)
and then added to the hybridization mixture. The filter was washed
with 0.1x SSC at 65°C for 30 min and exposed for autoradiography.
Ethidium bromide-stained gel (Left) and the autoradiogram (Right)
are shown. Lane 4 has DNA size markers.

gonucleotide, we would use a biotinylated Not I oligonucle-
otide for affinity capture of the Not I jumping clones. We
have tested the affinity-capture protocol for isolatingjumping
clones as Mbo I fragments from Not I-digested and circular-
ized DNA corresponding tojumps of 3 kb (pKS), 8 kb and 35
kb (Not I fragments of an anonymous cosmid), and 48.5 kb
(self-ligated and Not I-digested AgtlO3). A band of the ex-
pected size (220 bp) was observed for pKS (Fig. 4). Similarly,
two Mbo I fragments corresponding to cosmid jumping
clones and one fragment corresponding to the AgtlO3 jumping
clone were observed (data not shown). The selection was
carried out in the presence of genomic DNA at a level
sufficient to construct Not I jumping libraries.

DISCUSSION
Adaptation ofthe hybridization selection method for isolating
YAC-specific simple sequence repeats would require an
input library that does not contain significant amounts of
contaminating random genomic fragments, because such
fragments would tend to get selected and normalized so that
the output would approximate a library of randomly cloned
fragments of the target. On a random basis even a 1%
contamination would result in the selection of one non-CA
clone every 20-50 kb, and these clones would be expected to
considerably outnumber the specific CA clones after two
cycles of selection. Hybridization selection for isolating
YAC-specific CA repeats may have two potential risks: (i)
cross hybridization of CA repeats among themselves result-
ing in nonspecific CA clones in the selected library and (ii)

1 2 3 4 5

FIG. 4. Affinity capture for Not I jumping clones. The Not I
digested pKS plasmid was cicularized around a Not I adaptor. The
Mbo I fragment contaiing Not I adaptor was isolated by affinity
capture. An aliquot of the affinity-captured DNA was PCR amplified
and electrophoresed. Lane 1, primer alone; lane 2, 30-cycle-
amplified affinity-captured DNA from the selection hybridization in
a 1:1000 dilution of the pKS DNA with genomic DNA; lane 3,
amplification from the hybridization containing a 1:10,000 dilution;
lane 4, size markers; lane 5, 20-cycle-reamplified material of an
aliquot from the sample in lane 3.
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interference of Alu repeat elements flanking the CA repeats.
However, the results presented here indicate that these
factors did not influence the selection.

Ostrander et al. (10) have introduced an elegant approach
in which a library of short single-stranded fragments is
converted to a double-stranded form by priming the second-
strand DNA with a CA oligonucleotide. The procedure has
been reported to generate a library containing 50%o CA inserts
but may potentially generate more enriched material. We
cannot estimate whether this approach is also able to gener-
ate libraries with a low enough background to be suitable for
hybridization selection with YACs.
CA repeat sequences are useful as genetic markers because

of their high polymorphism and because the incidence of
polymorphisms in these markers increases with the size of
the CA repeats (17). At least 80-90o of the repeats in the
selected library are in the size range that is associated with a
high incidence of polymorphism. The number of different
inserts in the library was estimated by hybridization of single
inserts to filters from the whole library. The average inci-
dence of individual clones was 1 in 10,000-20,000. Current
estimates are that the human genome may have up to 100,000
CA repeats. The lower number obtained in the present library
can be attributed to two causes: (i) we designed conditions to
select only the longer repeats and (ii) in the initial library,
Mbo I restriction fragments were amplified. Because PCR
amplification has a bias against recovery of larger fragments,
a significant fraction of the CA repeats may have been lost.
The method described here was also successful in produc-

ing marked enrichment for simple tri- and tetranucleotide
repeats, even after a single cycle of enrichment. In addition
to generating further sources for polymorphic genomic mark-
ers, this approach offers an efficient alternative for identify-
ing simple repeat sequences in cDNAs that may be subject to
amplification, as has been seen in genetic syndromes asso-
ciated with the phenomenon of anticipation (18).

Large-scale genome mapping has recently been accom-
plished most successfully by the use of macro cloning vec-
tors, in particular YACs (14, 19-21). These approaches have
tended to eclipse physical mapping methods. However, the
rapid mapping methods applied to YACs have some limita-
tions because of the occurrence of chimeric or internally
deleted YACs as well as an error rate that is difficult to avoid
in any large-scale procedure. Chromosome 21 is perhaps the
most completely mapped autosome, and here macrorestric-
tion mapping has provided a valuable supplement to YAC
cloning procedures (22). Construction of maps by correlation
of linking and jumping clones with macrorestriction frag-
ments is a theoretically attractive way to construct physical
maps (23-25), although limited by the uneven distribution of
rare sites along a chromosome and the tendency of most rare
cutting sites to be subject to blocking by methylation in vivo.
In this regard the largest jumps reported in the literature are
in the range of 0.5 megabase (25, 26). We have earlier
described a PCR-based method for constructing linking and
jumping libraries (27). The protocol presented here has the
sensitivity of the earlier method and potential for greater
specificity attributable to the affinity-capture step. The en-
richment procedures proposed here have a potential to pre-
pare relatively pure libraries of genomic linking and jumping
clones that can be used for hybridization selection.
Our data show that affinity capture can yield libraries of

clones containing inserts with any of several motifs with a
relatively low background of nonspecific material. The pro-
cedures may be further extended in two ways. Use of
oligonucleotide analogues that form more stable duplexes
may permit isolation of groups of inserts containing short
motifs of biologic importance (ref. 28; N. Baskaran and
S.M.W., unpublished observation). If different libraries are

prepared in vectors with divergent sequences around the
cloning site, it is possible that hybridization selection can be
performed simultaneously with more than one type oflibrary.
Amplification with alternative sets of primers would then
produce different specific libraries of sequences complemen-
tary to a common target.
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