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Three Mus musculus DBA/2 YAC libraries were con-
structed using a half-YAC telomere cloning vector.
This functional complementation approach yields
libraries which include terminal restriction fragments
of the mouse genome. Screening all three libraries
led to the isolation of 32 independent clones which
carry linear YACs containing the mouse terminal
repeat sequence, (TTAGGG),. These YACs provide a
resource to isolate regions of the mouse genome
close to chromosome termini and excluded from
existing conventional YAC libraries. To demonstrate
their utility, a hybridization probe was isolated from
Mtel-1, the first (TTAGGG),-containing YAC isolated.
This probe detects a ~70 kb Kpnl fragment in the
mouse genome which is sensitive to pretreatment
with BAL31 exonuclease. A PCR-based genetic
marker generated from the sequence of this probe
maps 4.4 cM from the most distal anchor locus on
chromosome 10 in the EUCIB interspecific backcross.
STS primers for this locus, D10Hgu1, were used to
isolate YAC 110F4 from a commercially available
mouse YAC library. Fluorescence in situ hybridization
demonstrates that YAC 110F4 hybridizes to the distal
telomere of chromosome 10. Clones in this collection
of telomere YACs therefore partially overlap clones
in conventional YAC libraries, and thus the previously
unavailable terminal regions of the mouse genome
can now be linked with the developing mouse STS
YAC contig. Genetic markers such as D10Hgu1 allow
the ends of the mouse genetic map to be defined,
thus closing the map.

INTRODUCTION

Telomeres are specialized DNA-nucleoprotein structures at the
ends of linear chromosomes. Their biological roles include
protecting chromosome ends from nuclease attack, distin-
guishing natural chromosome termini from double strand
breaks (thus preventing them from activating cell cycle arrest
checkpoints), and providing a substrate for de novo DNA
synthesis by telomerase to compensate for losses because of

incomplete replication (1-3). Small stretches of DNA from
human telomeres have been cloned in Escherichia coli either
directly or utilizing a PCR-based approach, and larger clones
have been obtained by telomere cloning in yeast (4). This has
led to the telomeres of a number of human chromosomes
being placed on the physical and genetic maps (5).

Mouse telomeres are less well characterized than those of
humans. Mus musculus chromosomes terminate in arrays of
(TTAGGG), as shown both by in situ hybridization and BAL31
exonuclease sensitivity (6-8). Mouse terminal repeat arrays
can be five to 10 times larger than those of humans. For
example, in the inbred strain DBA/2 the (TTAGGG), repeats
are present on terminal restriction fragments 20-150 kb in size
which can be visualized as discrete restriction fragments using
pulsed field gel electrophoresis (PFGE) (7,8). One striking
feature of these (TTAGGGQG), arrays is their variability in size
between individuals, even within an inbred strain, and new
size alleles have been observed frequently in mouse family
studies (7,8). The biological mechanism underlying this
unusual genetic instability is not understood, and because
(TTAGGG), is present at all mouse telomeres further analysis
of this phenomenon would be greatly facilitated by hybridiza-
tion probes specific for individual telomeres. However, no
such chromosome-specific probes have yet been isolated in
the mouse.

One major aim of the mouse genome mapping project is to
provide a high resolution genetic map linked with an STS
YAC contig (9). Because PCR is used to isolate regions of the
mouse genome corresponding to mapped microsatellite markers
(10), this approach relies on the availability of genomic
libraries (e.g. YAC and PIl) that can be screened by PCR.
However, because of the nature of the cloning strategy used,
the currently available YAC libraries cannot include terminal
restriction fragments. To alleviate this problem we have pro-
duced three YAC libraries which include these terminal regions
of the mouse genome. These libraries allowed the isolation
and characterization of 32 (TTAGGG),-containing clones.

RESULTS

YAC library construction and isolation of (TTAGGG),-
containing clones

Terminal restriction fragments many kilobases in size have
been cloned from mammalian genomes by a modified YAC
cloning protocol, using the vector pYAC4NEONOT which
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Figure 1. The structure of a typical Mtel YAC in yeast. The (TTAGGG), of the mouse insert DNA is shown healed by the addition of yeast TG,_3 repeats to
provide telomere function. P, Psil sites used for subcloning vector-proximal insert into plasmid. B, BamHI site at vector-insert boundary. Clones in library 3
have an additional Nol vector site immediately to the right of the BamHI site. The location of the hybridization probes used for the URA3 gene and pBR322

sequences are indicated (see Materials and Methods). Not drawn to scale.

provides only a single telomere (4). In order for the YAC to
be stably maintained as a linear molecule in yeast the second
telomere is provided by the ability of the mammalian telomeric
repeat, (TTAGGG),, to prime the addition of yeast TG,_3
repeats, which in turn provide yeast telomere function (see
Fig. 1).

Terminal restriction fragments of the mouse genome were
enriched by size fractionation of male DBA/2 genomic DNA.
Most terminal restriction fragments are >20 kb in size in this
strain (7,8) and can be separated from much of the non-
terminal fragments. Three YAC libraries were produced, each
using a different size selection scheme (Materials and
Methods). Genomic DNA was digested to completion with
either BamHI or Notl, enriched for telomeric restriction frag-
ments by either conventional or PFGE agarose gel electrophor-
esis, and ligated to pYAC4NEONOT (11). Ura® colonies were
pitked following transformation into Saccharomyces cerevisiae
and screened for the presence of (TTAGGG), by colony
hybridization. Thirty-four (TTAGGG),-positive independent
transformants were isolated and designated Mtel-1 to Mtel-34.
The fraction of Ura™ transformants in each library containing
(TTAGGQG),, is 1/128 for library 1, 1/58 for library 2 and
1/173 for library 3.

It has previously been shown that in genomic digests with
enzymes such as Bg/II or Pvull the centromeric minor satellite
is on the same terminal restriction fragment as the (TTAGGG),
array, and these centromere-proximal terminal restriction frag-
ments can be over 1 Mb in size (12). In contrast, the centromere-
distal telomeres are <150 kb in a similar digest. Given the
large size of the centromere-proximal fragments, together with
the possible difficulties of cloning large fragments of satellite
DNA into YACs (13), it was likely that mouse telomere YACs
made from digests such as Bg/ll or Pvull would be biased
against centromere-proximal telomeres. In an attempt to avoid
this problem a BamHI digest was used as this enzyme cleaves
between the minor satellite and the terminal repeat arrays, so
that almost all the terminal restriction fragments from both
proximal and distal telomeres are <150 kb.

Physical organization of mouse telomere YACs

Yeast chromosomes were prepared from all 34 (TTAGGG),-
positive clones, resolved by PFGE, and Southern filters probed
with (TTAGGG), to determine the size of each YAC (Table
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Figure 2. BAL31 sensitivity of R427. Genomic DNA from CS7BL/6 and
DBA/2 males was digested for increasing times with exonuclease BAL3]
before digestion with Kpnl and separation by pulsed field gel electrophoresis.
The Southern filter was probed with R427 (left) and then DYEpal (right)
without intervening stripping; some R427 signal is therefore visible in the
right panel and facilitates comparison. LM, Limit Mobility.

1). Mtel-8 is a false positive. The average insert size for the
entire YAC collection is 37 kb, ranging from 21 kb for clones
from library 1, 33 kb for clones from library 2, to 58 kb for
clones from library 3 (Table I). All YACs were negative by
hybridization with either mouse major or minor satellite (data
not shown). This is in agreement with the prediction from the
genomic physical map that the minor satellite should be on
non-terminal BamHI fragments and thus not present in most
clones in this collection (see above).

Southem filters of BamHI digested DNA from each YAC
strain were hybridized with a pBR322 probe to detect the
pYAC4NEONOT vector arm. As illustrated in Figure 1, if the
YAC is linear and unrearranged, such a digest should release
a fragment of ~10 kb corresponding to the entire pYA-
C4NEONOT vector arm (11). All YACs released a fragment
of the predicted size except for Mtel-31 which was therefore
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Table 1. Structural analysis of Mtel YAC collection. N/A, not applicable

10 kb vector | Maximum
YAC Librarya Size | (TTAGGG),, | band in (TTAGGG), | R427 Locus
(kb)P BamHl digest | array size
(k)¢
Mtel-1 1 46 0.5 Distal slomere of
+ + + MMU 10
Mtel-2 1 18 + + 0.6 - nd
Mtel-3 1 32 + + 0.6 - nd
Mtel-4 1 150 + + 0.5 - nd
Mtel-6 1 56 + + 0.5 - nd
Mtel-7 1 30 + + 11 - nd
Mtel-8 1 N/A - + N/A - ~d
Mtel-11 | 2 30 + + 12 - nd
Mtel-12 | 2 60 + + 11 - nd
Mtel-13 | 2 60 + + 0.7 - nd
Mtel-14 | 2 48 + + 15 - Pseudoatrtosomal
talomere
Mtel-15 | 2 36 + + 05 - nd
Mtel-16 » 2 4?2 + + 10 - nd
Mtel-17.| 2 22 + + 1.9 - Distal talomere of
MMU 9 or MMU 13
Mtel-18 | 2 65 + + 0.6 - nd
Mtel-19 | 2 52 + + 0.6 - nd
Mtel-20 | 2 25 + + 0.5 - nd
Mtel-21 | 2 48 + + 11 - Pseudoautosomal
telomere
Mtel-22 | 2 44 + + 0.6 - nd
Mtel-23 | 2 68 + + 0.5 - nd
Mtel-24 | 2 48 + + 13 - Pseudoautosomal
tolomere
Mtel-25 | 2 30 + + 0.6 - nd
Mtel-26 | 2 25 + + 0.5 - nd
Mtel-27 | 2 25 + + 15 - nd
Mtel-28 | 2 48 + + 0.5 - nd
Mtel-29 | 2 44 + + 1.0 = Pseudoautosomal
Slomere
Mtei-30 | 3 20 + + 0.4 R nd
Mtel-31 | 3 See + - 0.8 ~ nd
taxt
Mtel-33 | 3 20 + + 26 R Distal talomere of
MMU 9 or MMU 13
Mtel-34 | 3 150 + + 0.3 - nd

Details of the construction of libraries 1, 2 and 3 are given in Materials and Methods. bUncut size as
determined by PFGE, and includes 10 kb of vector sequence. “Smallest mean size of (TTAGGG), signal
following Alul, Haelll or Rsal digestion. nd, not determined.

excluded from further analysis (Table 1). Mtel-31 also did not
migrate successfully using PFGE and may be a circular
molecule (data not shown).

DNA from each YAC strain was analysed by Southern
hybridization using a (TTAGGG), probe following digestion
with Alul, Haelll, Rsal, Stul, EcoRV, Pstl, Dral, Smal and
BamHI and separation by conventional agarose gel electro-
phoresis. The distance to the first internal site from the terminal
(TTAGGG), provides a partial restriction map (Table | and

data not shown). The maximum size of the (TTAGGG), array
in each YAC (Table 1) was based on the largest fragment
following Alul, Haelll or Rsal digestion since these enzymes
do not cleave within (TTAGGG),,. In all cases the (TTAGGG),
array is less than 2.7 kb.

In summary, all of the remaining 32 YACs migrate success-
fully into PFGE gels, release the correct sized vector fragment
in a BamHI digest, and many show a heterogeneous (TTA-
GGG), signal in some digests (data not shown). This would
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be consistent with each YAC being linear with the (TTAGGG),
array close to one telomere (see Fig. 1).

Isolation of chromosome-specific probes from Mtel-1

The utility of this collection of mouse telomere YACs was
shown by deriving genetic, in situ hybridization, and STS
markers from one telomere YAC and demonstrating that it can
be linked with clones in conventional YAC libraries. At human
telomeres subtelomeric repetitive sequences exist close to the
(TTAGGQG), arrays and can be present on more than one
chromosome (4). The most internal region of Mtel-1, the first
telomere YAC isolated, was subcloned into a plasmid vector.
This region was chosen in an attempt to minimize potential
problems in isolating single-copy probes. The region cloned
was a 1.0 kb vector-adjacent fragment from the BamHI cloning
site to the first Ps:I site in the insert (Fig. 1) and is designated
R427. This is released as a 2.6 kb PstI fragment from Mtel-1
which also contains 1.6 kb of vector sequence.

A Pstl plasmid library of Mtel-1 genomic DNA was con-
structed and the 2.6 kb Mtel-1 PstI subfragment which includes
R427 was isolated by colony hybridization using a vector
probe (Materials and Methods). R427 detected a single Psil
fragment by Southern analysis of M.musculus genomic DNA,
and data from Southern analysis using three other enzymes
was consistent with the corresponding locus being present at
single copy in the genome (Fig. 2 and data not shown).
Southern analysis indicated that R427 hybridized to Mtel-1
but not to any other YAC in this collection (Table ). These
data when taken together argue that the locus corresponding
to R427 is single-copy and is not a subtelomeric sequence
shared by many telomeres.

BAL31 analysis

There is no Kpnl site in Mtel-1 between the (TTAGGG), array
and R427. If Mtel-1 is a telomeric clone then R427 would be
predicted to be on a terminal Kpnl fragment in the mouse
genome. R427 detects a ~70 kb Kpnl fragment in both
DBA/2 and C57BL/6 genomic DNA (Fig. 2, left) which
reduces in size with progressive pretreatment with exonuclease
BAL3I1. As a control the filter was re-probed with DYEpal,
a repetitive sequence located at non-telomeric sites on the
mouse Y chromosome (14). In contrast to the R427 signal,
the two DYEpal bands are not sensitive to BAL31 (Fig. 2,
right). The filter was not stripped before re-probing with
DYEpal, and some R427 signal remains in the right panel of
Fig. 2, facilitating comparison of the signals. These data
demonstrate that R427 detects a terminal restriction fragment
of the mouse genome.

STS and genetic markers from Mtel-1 map to the distal
telomere of chromosome 10

Partial sequence (366 bp) of R427 was obtained by single pass
sequencing using standard forward and reverse primers. The
sequence was compared with the EMBL DNA database using
the BLASTN program (15). It was also conceptually translated
in all six possible reading frames and compared with the
NBREF protein database using the program BLASTX (16). No
significant nucleotide or amino acid similarity was detected.
PCR primers (ES85 and E588; Materials and Methods) were
designed based on this sequence using the PRIMER program
(10) to provide an STS marker for this locus.

10 D10Mit16
20
30
40 D10Mit20
50 DioMit7 -
60
40 cM

70

D1OMit24

D10Hgut | I 4.4cM

Figure 3. Genetic location of D/OHgul. The location of DI/OHgul on
chromosome 10 based on the EUCIB backcross is shown, based on data in (17).

There are no (CA), or other simple repeats in the sequence
obtained which might have formed the basis of a genetic
marker. The STS PCR primers E585 and E588 amplify the
expected 162 bp product in DBA/2 and an identical sized
product in C57BL/6. However, they fortuitously amplify a
single band in M.spretus which is several base pairs larger in
size, sufficient for the C57BL/6 and M.spretus alleles to be
distinguished by electrophoresis through 4% agarose (data not
shown). This polymorphism was used to type 47 animals from
the European Collaborative Interspecific Backcross (EUCIB).
Twenty-five animals were from the (C57BL/6XM.spretus)-
F,XCS7BL/6 panel, the remainder being from the backcross
to M.spretus. This marker segregated as a single Mendelian
locus and showed 2/46 recombinants (4.4 ¢cM, LOD = 10.3)
with a chromosome 10 marker previously typed in this
backcross, DIOMit24. As shown in Figure 3, this is the most
distal chromosome 10 marker typed in this backcross (17) and
maps very close to the distal telomere of this chromosome
(10,18). We designate the locus detected by oligonucleotides
ES85/E588 as DIOHgul.

As DIOHgul is located <70 kb from the end of the
chromosome, it is unlikely that it maps centromeric to
DI0Mit24. Because at least eight microsatellite markers map
between D/0Mit24 and the distal telomere (10,18), the unlikely
scenario of the orientation being D/OHgul-D]0Mit24—telo-
mere would require both a large genetic distance (>4.4 cM)
and a high density of microsatellites for a small (<70 kb)
region of the mouse genome. Mtel-{ was negative for D/0Mit24
and the eight microsatellites which map between D/0Mit24 and
the telomere (D/0Mit25, DIOMit35, DIOMit102, D10Miti03,
DI0OMitl45, DIOMitl51, DIOMitl64, DIOMitl65; data not
shown). The STS content of Mtel-1 therefore is consistent
with the expected mapping of D/OHgul telomeric to D10Mit24.

The distance to the next anchor locus, D/OMit7, did not
allow the orientation of D/OHgul with respect to DIOMit24
to be accurately determined. However, as shown in Fig. 3,
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Figure 4. In situ hybridization of YAC 110F4 to mouse metaphase
chromosomes. YAC 110F4, which contains DI0Hgul, was used for in situ
hybridization to metaphase chromosomes from M.musculus ES cell line
CGR-8 in the absence of competitor mouse Cot-1 DNA. Chromosomes were
counterstained with propidium iodide and the image recorded digitally.
In separate experiments with pre-banded chromosomes the single site of
hybridization was identified as the distal telomere of chromosome 10.

D10Hgul showed 17/42 recombinants with D/OMit7 (40 cM,
LOD = 0.33). D/OMit7 maps 25 ¢cM from DI0Mit24 in this
cross and therefore, if the order were centromere~D/OMit7—
DI10Hgul-D10Mit24-telomere, a distance of approximately
20 cM would be predicted between DIOMit7 and DIOHgul.
Instead a distance of ~40 cM between these two loci was
observed. Therefore the linkage data are again consistent with
DI10Hgul being located telomeric to D/OMir24. From a
combination of physical, STS content and genetic analysis
we conclude that D/OHgul maps to the distal telomere of
chromosome 10, distal to D/0OMit24.

In situ hybridization to mouse metaphase chromosomes

The 1.0 kb R427 fragment derived from Mtel-1 proved too
small to function as a probe for in situ hybridization, so it was
necessary to isolate larger clones. Based on the organization
of human telomeres no attempt was made to use the entire
Mtel-1 YAC as an in situ hybridization probe because of the
possible existence of subtelomeric repetitive elements which
might cross-hybridize to more than one telomere and thus
obscure analysis. Instead the STS primers for D/OHgul were

Human Molecular Genetics, 1995, Vol. 4, No. 6 1011

used to screen the commercially available Whitehead conven-
tional M.musculus YAC library. One positive contained a YAC
approximately 450 kb in size visible by ethidium bromide
staining following separation by PFGE. This YAC, here
designated 110F4, was excised from a preparative low gelling
temperature PFGE gel and subjected to a catch-linker PCR
protocol to increase the total amount of DNA (Materials and
Methods). The PCR products were then used directly as an in
situ probe against metaphase M.musculus chromosomes (Fig.
4). The distal telomeres of a single homologue pair are the
only sites labelled. G-banding chromosomes prior to in situ
hybridization identified this homologue pair as chromosome
10 (data not shown). Thus the YAC isolated using the D/OHgul
STS primers hybridizes in situ to the distal telomere of
chromosome 10, confirming the genetic localization of this
locus (see above).

DISCUSSION

The terminal regions of the mouse genome are not represented
in conventional YAC, P1, BAC, phage or cosmid libraries, a
result of cloning strategies designed to clone only those
fragments terminating at both ends with a restriction site.
Subtelomeric regions may also be under-represented in large-
insert libraries created by partial digestion protocols because
many such fragments will be terminal. There is no a priori
reason to believe that the terminal regions of the mouse
genome will be devoid of genes. Indeed, it is known from
telomere fragmentation experiments that mammalian genes
can be expressed when located within 1.4 kb of a functional
telomere (19) and analysis of the human genome suggests an
increased gene density in the terminal regions (20). For this
reason it is vital that these regions of the genome are represented
in genomic libraries and here we have implemented a targeted
approach to clone these regions of the mouse genome. Further-
more, human telomeres have been implicated in the processes
of ageing and tumorigenesis (21). To address these questions
with a mouse model will require a more detailed understanding
of mouse telomere structure and the YAC clones isolated -here
will aid such studies. Finally, these clones will permit a more
detailed analysis of the striking yet poorly understood genetic
instability of mouse telomeres (7,8).

How many other mouse telomeres are in this collection? A
further six Mtel clones have been analysed and all map to
telomeric locations (Kipling et al., manuscript in preparation).
Loci mapped include the distal telomeres of chromosomes 9
and 13 and the pseudoautosomal telomere (Table 1). It is
likely, therefore, that most clones in this collection correspond
to mouse telomeres. A 2n = 40 male inbred strain such as
that used here has 41 different telomeres: two telomeres from
each of the 19 autosomes, the proximal telomeres of X and
Y, and the pseudoautosomal telomere. The restriction maps of
most YACs appear distinct from each other without a common
pattern of restriction sites (Table 1 and data not shown) and
do not suggest that a subset of the telomeres have been
preferentially cloned. This is supported by hybridization studies
which indicate that the sequence subcloned from Mtel-1 is
present on no other YAC in this collection (Table 1). If all 32
clones do indeed contain telomeric YACs, then this collection
may contain representatives of more than half of the telomeres
in the mouse genome, thus providing a significant resource
for further analysis of these regions.
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The partial restriction maps do not provide any evidence to
support the presence of large amounts of any sequence element
shared by different telomeres. This is in contrast to the situation
at human telomeres where the presence of subtelomeric
sequences shared by a number of telomeres leads to similarities
in terminal restriction maps (22). However, we cannot exclude
the possibility that such repetitive sequences have been deleted
from these YACs.

Genomic digests of DBA/2 DNA with the 4 bp recognition
site enzymes Alul, Haelll and Rsal release (TTAGGG),
fragments in the range 20-150 kb (7,8). However, without
exception the size of the (TTAGGG), fragment of each Mtel
YAC in similar digests is less than 2.7 kb (Table 1). Although
the possibility cannot be excluded that these YACs have
undergone deletion events, there is no evidence for substantial
amounts of any other sequence in the YACs between the
(TTAGGGQG), arrays and the first adjacent Alul, Haelll or Rsal
site. The simplest explanation for the difference in genomic
and YAC restriction maps is that most genomic (TTAGGG),-
hybridizing Alul, Haelll and Rsal fragments are composed
predominantly of (TTAGGG), and that this sequence has been
largely deleted upon cloning in yeast. A similar dramatic
decrease in the size of (TTAGGG), arrays upon cloning in
yeast has been observed for human tetomeres (11,22), although
its biological basis is not clear.

To demonstrate the utility of clones in this collection a 1.0
kb hybridization probe was isolated from Mtel-1, the first YAC
studied. This detects a ~70 kb BAL31-sensitive Kpnl fragment
in both DBA/2 and C57BL/6 genomes. A PCR-based genetic
marker was generated from the sequence of R427. The corres-
ponding locus, DIOHgul, maps to a position consistent with
the distal telomere of chromosome 10. STS primers for this
locus were used to isolate a 450 kb YAC containing D/OHgul
from a conventional YAC library, and this YAC hybridizes in
situ 1o the distal telomere of chromosome 10.

R427 provides the first chromosome-specific probe for a
mouse telomere. All the previously mapped telomeric
sequences have been based on repetitive sequences present on
many or all chromosomes. A mouse subtelomeric sequence
isolated using a PCR-based approach hybridizes in situ to
most if not all telomeres (23). Another subtelomeric sequence
is the centromeric minor satellite, arrays of which are close to
each proximal telomere (12). The arrays found on chromosomes
1,2 and 14 have been genetically mapped using oligonucleotide
probes which detect variants of this satellite (24,25). The distal
telomeres of chromosomes 4, 9, 13, X, Y and the proximal
telomeres of chromosomes 7 and Y have been placed on the
genetic map using RFLPs detected with (TTAGGG), probes
(12,26,27). Because of the repetitive nature of these probes
the corresponding loci are difficult to integrate with the
emerging physical map of the mouse genome. In contrast, we
have demonstrated that this collection of mouse telomere
YACs is capable of yielding chromosome-specific PCR or
hybridization probes.

Chromosome-specific telomere probes will be of limited use
to analyse the terminal regions of the mouse genome unless
they can be integrated with other libraries, thus enabling
analysis to be extended into the surrounding region. It is
therefore important that any telomeric clones are sufficiently
large that they overlap clones in conventional genomic libraries
which do not contain telomeres. This requires that such
telomere probes be derived from regions at some distance

from the (TTAGGG), arrays. For example, YAC libraries are
usually constructed using and selecting for two vector arms,
and therefore only fragments which have a restriction site (e.g.
EcoRlI) at both ends will be cloned. Because of this, terminal
EcoRI fragments will not be present in such a library, and
thus if a telomeric probe is to be present it must be sufficiently
internal that there is at least one EcoRI site between it and
the chromosome terminus. For this reason we chose to clone
large fragments of telomeric sequence in yeast, as opposed to
using PCR or plasmid cloning, and derived probes from the
YACs as distant from the (TTAGGG), array as possible. The
success of this approach is shown by our ability to isolate
YACs containing the corresponding locus from a conventional
mouse YAC library, thus enabling this probe to be integrated
with the developing STS YAC contig.

This collection of YACs contains regions of the mouse
genome not present in other YAC libraries. Our future goal is
to assign a chromosomal location to each YAC by in situ
hybridization prior to their distribution to the research
community. Furthermore, DNA from these clones suitable for
screening by PCR is immediately available upon request.
These YACs will provide a source of chromosome-specific
probes and STS markers for individual mouse telomeres for
mapping the mouse genome, investigating the unusual genetic
behaviour of mouse telomeres, and analysing the role of
mammalian telomeres in the processes of ageing and carcino-
genesis.

MATERIALS AND METHODS
Manipulation of high molecular weight DNA

Genomic DNA embedded in agarose was prepared from the liver of a male
M.musculus DBA/2 and digested with BamHI or Notl as previously described
(7). It was scparated by conventional or PFGE through 1% low gelling
temperature agarose in 0.5XTBE. The position of limit mobility DNA, as
determined by ethidium bromide staining of the adjacent tracks, was excised.
[t was washed extensively in 1 XHI (100 mM NaCl, 10 mM MgCl,, 50 mM
Tris—HCI pH 7.5), melted for 10 min at 65°C and cooled briefly to 37°C
before adding ATP to | mM, dithiothreitol to 1 mM, T4 DNA ligase
(Boehringer Mannheim) to 50 U/ml, and pYAC4NEONOT vector arms to
give an approximately two- to threefold excess (w/w). The ligation mix was
immediately and gently pipetted into PFGE plug formers and allowed to set.
Following ligation overnight at 14°C the plugs were electrophoresed through
a second conventional or PFGE 1% low gelling temperature agarose gel,
using the same conditions as before, to remove unligated vector arms. The
limit mobility DNA was again excised, washed extensively in | XHI, and
melted at 65°C for 10 min. It was then liquefied by the addition of 10 U
B-agarase (New England Biolabs) per ml of gel slice and overnight incubation
at 37°C. The sample was used without further treatment to transform
S.cerevisiae strain AB1380 spheroplasts.

Three size fractionation schemes were used. For library |, pYAC4ANEONOT
(11) was digested with Norl and BamHI and dephosphorylated with calf
intestinal phosphatase. DBA/2 genomic DNA was digested to completion
with BamHI and separated by conventional electrophoresis through 1% low
gelling temperature agarose for 20 h at 50 V in 0.5XTBE. The limit mobility
DNA (> 15 kb) was excised and ligated 1o the BamHI site of pYACANEONOT.
This yielded clones Miel-1 to Mtel-9.

For library 2, pYACANEONOT was again digested with Notl and BamHI
and dephosphorylated with calf intestinal phosphatase. DBA/2 genomic DNA
was digested to completion with BamHI and separated by PFGE through 1%
low gelling temperature agarose in 0.5XTBE using a BioRad CHEF-DR II
apparatus for 48 h at 100 V with a switch time of 0.3 s. The limit mobility
DNA, estimated to be >30 kb in this scheme, was excised and ligated to the
BamHI site of pYACANEONOT. This yielded clones Mtel-10 to Mtel-29.

For library 3, pYACANEONOT was digested to completion with Norl and
dephosphorylated with calf intestinal phosphatase. DBA/2 genomic DNA was
digested to completion with Norl and separated by PFGE through 1% low
gelling temperature agarose in 0.5XTBE using a BioRad CHEF-DR H
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apparatus for 20 h at 200 V with a switch time ramped linearly from 5 to 15
s. The limit mobility DNA, estimated to be >100 kb, was ligated to the Notl
site of pYAC4NEONOT. This yielded clones Mtel-30 to Mtel-34.

Yeast transformation

S.cerevisiae sirain AB1380 (28) was transformed to uracil prototrophy by the
following modification of the procedure of Burgers and Percival (29). AB1380
was grown to an Agyg of 2.0 in YEPD (1% yeast extract, 2% glucose, 2%
peptone) supplemented with 50 mg/l adenine sulphate. Cells were pelleted,
washed once with 20 ml sterile distilled water, and once with 20 ml of 1| M
sorbitol. The pellet was resuspended in 15 mi of SPE (1 M sorbitol, 10 mM
sodium phosphate pH 7.5, 10 mM EDTA), 75 ul of 2 M dithiothreitol, and
Yeast Lytic Enzyme (ICN) and incubated for 30 min at 30°C with gentle
rotation. The amount of Yeast Lytic Enzyme used was titrated in preliminary
experiments to give approximately 75% spheroplasting in 30 min, the degree
of spheroplasting being determined by the relative Agg of 1:10 dilutions of
the cell suspension in 1 M sorbitol and distilled water. The spheroplasts were
pelleted and washed twice with 15 ml CaS (1 M sorbitol, 10 mM Tris-HCI
pH 7.5, 10 mM CaCl,) and resuspended in 2 ml CaS. 200 pl aliquots of the
spheroplasts were added to 10 ul of DNA together with 5 pg of sonicated
salmon sperm DNA and incubated at room temperature for 10 min. One
millilitre of PEG (20% polyethylene glycol 6000 (BDH), 10 mM Tris-HCI
pH 7.5, 10 mM CaCl,) was added and the spheroplasts incubated for a
further 10 min at room temperature. The spheroplasts were gently pelleted,
resuspended in 150 pl of SOS (1 M sorbitol, 25% YEPD, 10 mM CaCl,) and
incubated at 30°C for 40 min before being mixed with top agar and plated
on -URA selective sorbitol plates.

Library screening by yeast colony hybridization

Ura* transformants were gridded on to 20X20 cm —URA plates in three
8X12 arrays (microtitre dish format) per plate and grown to colonies. Using
a 96-prong tool, colonies were replica plated on to Hybond-N membranes
placed on the surface of fresh —-URA plates. The transferred cells were grown
to colonies before being lysed and cross-linked as described (30). The
membranes were probed with a radiolabelled (TTAGGG), oligonucleotide as
described (12). Positive colonies were recovered from the master plates
and stored.

Hybridization probes and subcloning Mtel-1

The minor satellite probe was the ‘cloned trimer’ (25). The major satellite
probe was the insert of pMR196 (31). The probe for the URA3 gene was the
456 bp internal Stul/Psil fragment of the pYAC4 URA3 gene. The pBR322
probe, designated ‘pBR’ in Fig. I, was the 639 bp Pvull/Aval fragment of
pBR322 between the URA3 gene and the Notl/BamHI cloning sites of
pYAC4NEONOT (11).

To subclone vector-adjacent sequences from Mtel-1, genomic DNA from
this yeast strain was digested with Pstl and cloned into pBluescript Il SK-
(Stratagene) using the DHSa. E.coli strain. The 2.6 kb Pst] fragment which
includes insert-adjacent vector sequences was isolated by E.coli colony
hybridization using the URA3 probe. This approach also isolates the AB1380
genomic ura3 locus but this can be distinguished by its failure to hybridize
to a pBR322 probe, as shown in Figure 1.

BAL31 analysis

High molecular weight DNA embedded in agarose was prepared from male
C57BL/6 and DBA/2 mice and digested with BAL3! (Boehringer Mannheim)
as described previously (7). Briefly, six 50 pl plugs for each animal were
digested with 15 U BAL3I in 500 pul of BAL31 buffer (7). Plugs were
removed after 0, 1, 2, 3, 4 and 5 h incubations at 30°C and washed extensively
in 10 mM Tris pH 7.5, 1 mM EDTA before digestion with Kpnl. The samples
were then separated by PFGE using a Biometra Rotaphor. A 0.9% agarose
gel and 0.25XTBE buffer at 13°C was used with a switch time ramped
logarithmically from 15 to 5 s, voltage ramped logarithmically from 200 to
150 V, an electrode angle of 120° and a total run time of 36 h. Markers used
were S.cerevisiae chromosomes and Low-Range Marker (New England
Biolabs). The gel was neutral blotted by standard techniques onto Hybond
N* (Amersham). R427 and DYEpal were labelled by the random-priming
protocol following the manufacturer’s instructions (Boehringer Mannheim)
and hybridized as previously described (7). Final washes were 0.1XSSC,
65°C, 45 min for R427 and 0.5XSSC, 65°C, 30 min for DYEpal. Figure 2
shows unedited images obtained using a Molecular Dynamics PhosphorImager.

PCR amplification

DIOHgul is defined by oligonucleotides E585 (5'-CTCTGGTTGGAGCTA-
CGACC-3") and E588 (5'-GGGCACTCCCTAAATATCAGC-3’). These were
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designed from partial sequence data of R427 (EMBL database accession
number: Z33505). PCR amplification was performed in 25 mM Taps-HCI pH
9.3, 50 mM KCI, 2 mM MgCl,, 0.1% Tween 20, 200 uM each dNTP, 1 pM
each oligonucleotide, 25 ng genomic DNA in 50 pl, and 2.5 U Amplitaq Tag
polymerase. Thermal cycling was performed using a Hybaid OmniGene with
a program of 95°C for 5 min (at which point the Tag polymerase was added)
followed by 35 cycles of 94°C for 30 s, 60°C for 45 s and 72°C for 30 s,
with a single final cycle of 10 min at 72°C. Products were separated through
a 4% agarose gel (3% NuSieve (FMC), 1% Sigma Type II-A) and stained
with ethidium bromide.

Primers to amplify the D/OMir markers (10) were purchased from Research
Genetics, Alabama. PCR amplification was as above except that the primer
concentration was 0.66 uM.

Isolation of YAC 110F4 and localization by in situ hybridization to
mouse metaphase chromosomes

The Whitehead pYAC4-based C57BL/6J female mouse YAC library produced
in AB1380 was purchased from Research Genetics, Alabama. It was screened
by PCR using oligonucleotides ES85/ES88 as described above. Two clones
(96G12 and 110F4) positive for DIOHgul were analysed further. Yeast
chromosomes were prepared and separated by PFGE (11). 96G12 did not
contain a YAC visible by ethidium bromide staining and was not analysed
further.

110F4 contains a visible YAC approximately 450 kb in size. Chromosomes
from this strain were separated by PFGE through 1% low gelling temperature
agarose in 0.25XTBE and visualized by ethidium bromide staining. The YAC
was excised and the gel slice washed overnight in 15 ml of I XM (10 mM
Tris-HCI pH 7.5, 50 mM NaCl, 10 mM MgCl,) and three times in | XM. An
equal volume of 1 XM buffer was added to the gel slice with 20 U of Sau3A.
The mixture was incubated on ice for 30 min prior to incubation at 37°C for
3 h. Excess buffer was removed and the enzyme inactivated at 70°C for 15
min. The molten agarose was cooled to 42°C and 10X ligase buffer added to
a final concentration of 66 mM Tris-HCI pH 7.5, 50 mM MgCl,, | mM
dithioerythritol, and 1 mM ATP. 1/20 volume of T4 DNA ligase (5 U/ul) and
1/100 volume of oligonucleotides D921 and D922 (100 ng/ul) were added.
Oligonucleotides D921 (5'-GTCAAGAATTCTGTACCGTGGAC-3’) and
D922 (5'-GATCGTGCACGGTAGCGAATTCT-3') anneal to give a GATC
overhang, which can ligate to Sau3A digested YAC DNA.

Following overnight ligation at 15°C 0.5 pl of the ligation mixture was
PCR amplified using oligonucleotide D921 in a 50 pul reaction containing 250
ng of D921 and the same buffer conditions as for the D/OHgul PCR assay.
The cycling program used was 94°C for 3 min, after which 1.5 U Amplitaq
Tag polymerase was added, followed by 30 cycles of 94°C for 45 s, 60°C for
I min and 72°C for 1 min (with a 1 s increment each cycle), followed by a
final single cycle of 72°C for 10 min. The PCR products were diluted with
two volumes of distilled water prior to ethanol precipitation and labelled by
nick translation in the presence of biotin-16-dUTP without further processing.
In situ hybridization to metaphase chromosomes from the M.musculus ES
cell line CGR-8 was as described (32) with some slides being G-banded,
photographed and destained prior to in situ hybridization. The hybridized
probe was detected with avidin-FITC and chromosomes were counterstained
with propidium iodide, fluorescence images being recorded digitally using a
BioRad laser-scanning-confocal microscope.

DNA database accession number

The partial sequence of R427 has been submitted to the EMBL database and
assigned the accession number Z33505.
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