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ABSTRACT

The suitability of yeast artificial chromosome vectors
(YACs) for cloning human Y chromosome tandemly
repeated DNA sequences has been investigated.
Clones containing DYZ3 or DYZ5 sequences were
found in libraries at about the frequency anticipated on
the basis of their abundance in the genome, but clones
containing DYZ1 sequences were under-represented
and the three clones examined contained junctions
between DYZ1 and DYZ2. One DYZ3 clone was quite
stable and had a long-range structure corresponding
to genomic DNA. All other clones had long-range
structures which either did not correspond to genomic
DNA, or were too unstable to allow a simple
comparison. The effects of the transformation process
and host genotype on YAC structural stability were
investigated. Gross structural rearrangements were
often associated with re-transformation of yeast by a
YAC. radl-deficient yeast strains showed levels of
instability similar to wild-type for all YAC clones tested.
In rad52-deficient strains, DYZ5 containing YACs were
as unstable as in the wild-type host, but DYZ11DYZ2
or DYZ3 containing YACs were more stable. Thus the
use of rad52 hosts for future library construction is
recommended, but some sequences will still be
unstable.

INTRODUCTION

Tandemly repeated DNA sequences are widespread but poorly
understood constituents of eukaryotic genomes (1). Their
abundance, location in functionally significant regions of the
chromosome such as centromeres and telomeres, and
hypervariability make their analysis important for an
understanding of genome organisation and evolution.
Conventional cloning and sequencing experiments, complemented
by genomic analysis using standard and pulsed-field gel
electrophoresis, have provided a basis for the understanding of
the structures of some of these sequences, while in situ
hybridisation has provided information on their gross

chromosomal localisations. However, some sequences have been
difficult or impossible to clone satisfactorily in bacterial vectors
(2). Furthermore, a full understanding of the long-range structure
of the repeated region and its flanking sequences, and
manipulation of these structures in model chromosomes in order
to elucidate their biological activity, require cloning of longer
fragments than can be accomodated in bacterial vectors. Yeast
artificial chromosome vectors (YACs) offer a novel approach
to these problems since they provide the possibility of cloning
large stretches of DNA in a eukaryotic environment which is
easily manipulated (3). We have therefore investigated the
suitability of YACs for cloning tandemly repeated sequences.
The human Y chromosome is a good model system for the

analysis of tandemly repeated sequences because it is rich in
tandem repeats and because some of them have been relatively
well characterised. Four abundant classes of repeat have been
described, and their locations and structures are summarised in
figure 1. DYZI and DYZ2 (4) are major constituents of the long
arm heterochromatin. They have periodicities of 5bp and - 3.5kb
(DYZI) (ref 5) and -2.5kb (DYZ2) (ref 6) and occupy many
millions of base pairs (mb) of DNA. DYZ3 (alphoid satellite
DNA) is present at or close to the centromere. It has periodicities
of - 170bp and - 5.7kb, and array sizes between - 250kb and

- 1400kb have been observed (7 and unpublished observations).
DYZS (= DYZ4-see Materials and Methods) is located in the
proximal region of the short arm. It has a periodicity of - 20kb
and the size of the major array is between - 360kb and - 800kb
long (8 and unpublished observations).
We have asked whether clones containing these sequences are

found in YAC libraries, and whether their structures correspond
to the genomic structures. We find that some such clones are
present, but in all cases we find structural instability. Detectable
rearrangements can be as frequent as one per two generations.

MATERIALS AND METHODS
DNA probes and hybridisation conditions
The DYZI probe XHS5 (5) and the DYZ2 probe pHY2.1 (6) were
gifts from Howard Cooke, MRC Human Genetics Unit,
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Figure 1. Summary of the location and structure of the mayor Y chromosome
tandemly repeated sequences. DYZ1 and DYZM are located mainly in the long
arm heterochromatin. DYZM has a unit of 3.5kb which contains 1 HaeIll site
and is made up of 5bp subunits. DYZ2 has a unit of 2.5kb which contains 2
HaeHI sites. DYZ3 is located close to the centromere and consists of - 5.7kb
units containing 1 EcoRI site and 1 HindIlI site, and a small number of 6.0kb
units containing 1 EcoRI site and 2 HindIII sites. Both units are made up of

170bp subunits. DYZ5 is located in the proximal region of the short arm. It
consists of 20kb units which contain 1 KpnI site.

Edinburgh. The DYZ3 probe was pYaI, a 6.0kb unit of Y alphoid
DNA subcloned from cY77 into pEMBL 18 + as an
EcoRI-EcoRI fragment (7). The DYZ4 probe pDP105 was

purchased from the American Type Culture Collection NIH
repository of human DNA probes and libraries. This sequence
was found to produce a hybridisation pattern similar to that of
the 4.5kb subclone of cY91 (a DYZS sequence) when used to
probe cY35 (8) and HindHI or XbaI digests of human DNA. It
was therefore considered that DYZ4 and DYZS were the same

locus. The DYZS probe was a mixture of 91H6.4, 91H4.5,
91H3.5 and 91H2.2: respectively, the 6.4kb, 4.5kb, 3.5kb and
2.2kb HindIl fragments of cY91 subcloned in pTZ18R (8).

All probes were hybridised in 6xSET (1 xSET = 150mM
sodium chloride, 20mM Tris-HCl, 1mM EDTA, pH 7.8),
6x Denhardts (1 x Denhardts = 0.02% (w/v) bovine serum

albumen, 0.02% (w/v) polyvinylpyrrolidone and 0.02% (w/v)
ficoll), 10% (w/v) dextran sulphate, 0.1 % (w/v) sodium
pyrophosphate, 0.1 % (w/v) sodium dodecyl sulphate and
200itg/ml denatured sonicated salmon sperm DNA. DYZI, DYZ2,
DYZ5 and pBR322 were hybridised at 68°C; DYZ3 was

hybridised at 79°C. Filters were washed in 0.1 x SSC (1 x SSC
= 150mM sodium chloride, 15mM sodium citrate) at 65°C.
Other procedures were as described previously (7, 8).

YAC library construction and screening
Two YAC libraries were used. Both contained inserts of human
49,XYYYY DNA (9) from the cell line OXEN. An SstI library
was constructed in a modified version of the vector pYAC4 (ref
3) containing a polylinker in place of the EcoRI site; the
polylinker included an SstI site. This vector was provided by
William Brown and Andy Porter, Department of Biochemistry,
Oxford. High molecular weight human DNA prepared in agarose
plugs at 107 cells/ml was digested to completion with SstI (BRL)
using 20 units of enzyme per -2.5isg DNA for 4 hours. The

plugs were melted, ligated to vector cut with SstI and
dephosphorylated at an estimated molar ratio of insert: vector
of 1: 10, and used to transform Saccharomyces cerevisiae
AB1380 (MAToa ura3 trpl ade2.1 canl.100 lys2.1 his5 [1'+];
a gift from M. V. Olson, Department of Genetics, Washington
School of Medicine, St Louis.) according to the protocol of
Burgers and Percival (10). Transformants were selected on plates
lacking uracil and tryptophan. 30 plates containing about
3000-4000 colonies each were prepared. The colonies on a plate
were mixed and about 10 000 cells from each pool were replated
on a 20cmx20cm nitrocellulose filter. A replica of the filter was
screened by standard colony hybridisation methods (11).
The second library was constructed from a partial EcoRI digest

ofOXEN DNA in the vector pYAC4 using PFGE fractionation
as described (12). Colonies were picked individually from the
transformation plates which lacked uracil onto plates lacking both
uracil and tryptophan, and red colonies were stored in 96-well
microtitre dishes. About 2 500 colonies derived from a series
of trial experiments using different fractionation conditions were
plated onto Immobilon-N PVDF filters (Millipore) using a
96-prong device as described by Brownstein et al. (13) and
screened by colony hybridisation. The average insert size was
about 200kb; thus the library was expected to contain about one
third of a Y chromosome.

Colonies from either library which showed hybridisation were
analysed without further colony purification in order to
characterise the DNA insert after the minimum period of growth
in yeast. Clones isolated from the SstI library are designated YOS
and clones isolated from the EcoRI library are designated YOR.

Analysis of YAC clones
Yeast chromosomal DNA minipreps were prepared in agarose
plugs by the lithium dodecyl sulphate method (12). Restriction
enzyme digestions were performed as described previously (8).
DNA samples were analysed by conventional gel electrophoresis
or by pulsed field gel electrophoresis using the 'waltzer' apparatus
(14). 1.5% agarose (Sigma type I) 'waltzer' gels were run in
0.5xTAE (lxTAE = 40 mM Tris acetate, 2mM EDTA) at
150V with a temperature of 20°C; pulse times and run times
for individual gels are given in the figure legends.

Transfer of YACs to new hosts
In addition to S. cerevisiae ABI380, three repair-defective S.
cerevisiae strains were used. They were 814-9/4c (MATa ade2. 1
trpl. I his3. 11 his3.15 leu2.3 leu2.112 ilvl. I ura3. I radl::LEU2
[&+]), 814-9/2d (MATa ade2.1 trpl.J his3.11 his3.15 leu2.3
leu2.112 lys2. I ura3.1 rad52::TRPJ [ b+ ]) and 814-7/4c (MA Tc
ade2.1 trpl.1 leu2.3 leu2.112 lysl.1 ura3.1 radl::LEU2
rad52::TRPl [6+]). These strains gave white colonies. They
were derived from the following strains: W675-6a (MATa leu2.3
leu2.112 trpl.1 canl.100 ura3.1 ade2.1 rad52::TRPI
radl::LEU2 [4'+]; a gift from R. Rothstein), CMl91/6a (MATa
ura3.1 canl.100 hisS.2 lysl.J trpS.48 SUP16 [b+]) and
AB1380.
Chromosome I in AB 1380 was - 230kb long, in the 814-9/4c

(radl) and 814-7/4c (radi, radS2) strains it was -240kb, and
in 814-9/2d (radS2) it was -250kb. 814-9/2d (rad52) and
814-7/4c (radi, radS2) showed faint hybridisation to pBR322
DNA while AB1380 and 814-9/4c (radl) did not. These
characteristics ensured that no confusion of these four strains took
place during analysis.
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Figure 2. PFGE analysis of undigested YAC clones containing tandemly repeated
DNA sequences. Tracks 1-12: photograph of an ethidium bromide stained gel
(effective pulse time 10 sec, run time 32 hrs). Samples: 1, X monomer; 2, X HindI;
3, X multimers; 4-12, YAC clones as indicated at the top of each track. Tracks
13-21: filter transfer of lanes 4-12 probed with pBR322.

YACs were introduced into these strains by transformation (10)
using total yeast DNA prepared in agarose plugs; the agarose
was melted before transformation. The transformation efficiencies
of the different strains measured using the modified pYAC4 or

YAC-containing yeast DNA varied by about two-fold between
strains. The genotypes of selected transformants were confirmed
by measuring their radiation sensitivity.

RESULTS
Isolation of YAC clones containing human Y chromosome
tandemly repeated DNA sequences

20 pools of YAC clones from the SstI library (about 70 000
colonies) were screened with the DYZ1 probe. All pools contained
clones which showed some hybridisation to the probe, but only
three of the pools contained clones which originated from the
Y chromosome as judged by their EcoRI and HaeHI digestion
patterns. Cross-hybridisation to non-Y sequences is expected for
this probe. Clones YOS 13.2, YOS 14.2 and YOS 16.4 are

shown in figure 2 (tracks 4, 5 and 6).
30 pools of clones from the SstI library (about 100 000 clones)

were screened with the DYZ3 probe. Again, all pools contained
weakly hybridising clones. However, only five pools contained
clones which hybridised strongly and two of these are shown in
tracks 7 and 8. The additional three clones contained a YAC
similar to that in YOS 17.2, although two of the clones also
contained a second, unrelated YAC (results not shown).

Screening the partial EcoRI library with DYZ3 produced two
clones (tracks 9 and 10). Screening with DYZ5 also produced
two clones (tracks 11 and 12).

In some of these clones an additional chromosomal band
corresponding to the YAC is visible in the ethidium bromide

stained gel photograph as expected (eg. track 7). In several clones,
multiple bands are seen (eg. track 8); in others, no clear band
is visible (eg. track 11). Hybridisation with pBR322 DNA reveals
the YAC vector sequences and shows that vector is present in
all clones (tracks 13-21). The clones which did not show a YAC
band in the gel photograph contain a heterogeneous mixture of
YACs. This heterogeneity could arise in several ways. Since the
clones were not colony purified after isolation, they might be
mixtures of different clones. Alternatively, the YAC in a single
clone might be unstable and produce multiple bands during
growth of the yeast culture. The experiments described in the
next sections show that the lower bands in YOS 13.2 and YOS
14.2 are contaminants present in mixed colonies, but that all other
examples of multiple bands are due to YAC instability.

Structure and instability of the DYZI/DYZ2 YACs
DYZI is characterised by a periodicity of -3.5kb, and this is
one of the most intense bands in OXEN DNA cut with HaeIII
and probed with DYZI (figure 3, track 2). Tracks 3-5 show
that the three clones YOS 13.2, YOS 14.2 and YOS 16.4 all
contain a fragment of this size. In addition, they all contain a
fragment of - 6.5kb, and YOS 14.2 has a fragment of >23kb.
Corresponding fragments are present in OXEN DNA. However,
the DYZI hybridisation was less intense than expected, suggesting
that additional DNA sequences might be present in these clones.
Since DYZ2 is found near DYZI in the genome (figure 1), the
YAC clones were hybridised with DYZ2. Figure 3 (tracks 7-9)
shows that all three hybridise. The patterns show some
differences, but all of the YACs contain a strongly-hybridising

- 2.1kb band and a weakly-hybridising - 6.5kb band. A - 6.5kb
fragment also hybridised to DYZI and thus probably contains a
junction between the two sequences. All of the bands detected
in the YAC DNAs are also observed in OXEN DNA.

Since these three clones are derived from a complete SstI
digest, their long-range structure can be analysed by digestion
with SstI and comparison with OXEN genomic DNA SstI
fragments. Figure 3 (tracks 10-23) shows such an experiment.
Undigested YAC DNA probed with DYZI (tracks 11-13), or
DYZ2 (tracks 18-20) produces a hybridisation pattern similar
to that produced by hybridisation to pBR322 (figure 2, tracks
13-15) except that the small contaminant YACs in YOS 13.2
and YOS 14.2 are not detected. This demonstrates that the
heterogeneous high molecular weight species in YOS 14.2 and
YOS 16.4 all contain vector, DYZI and DYZ2 sequences.
Digestion with SstI decreases the size of the fragments detected
by about 10kb, but leaves the patterns otherwise unchanged
(tracks 14-16 and 21-23). This is the result expected from the
method of construction of the library since about 10kb of vector
sequences will be cleaved off each insert molecule. Examination
of the OXEN hybridisation pattern produced by DYZI in track
10 reveals a candidate sequence for the genomic copy of YOS
13.2 at about 230kb. However, reprobing of the filter (track 17)
shows that all the fragments detected in OXEN DNA by DYZ2
in this region of the gel are slightly different in size from the
DYZI fragment. Moreover, the candidate band in track 10 is
similar in intensity to the YOS 13.2 insert in track 14. If the
two bands contained the same sequence, the intensity of
hybridisation in track 17 should be the same as the intensity in
track 21. They are different. Therefore, despite its apparent
stability, YOS 13.2 cannot be a true copy of a genomic fragment.
The heterogeneity of YOS 14.2 and YOS 16.4 makes it
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Figure 3. Structural analysis of the DYZI/DYZ2 YAC clones. Tracks 1-9:
conventional gel electrophoresis. Samples: 1, X HindIII; 2-9, HaeIll digests of
the DNA indicated at the top of the track. Filter transfers were probed with DYZI
(1-5) or DYZ2 (6-9). Tracks 10-23: PFGE analysis (effective pulse time 9
sec, run time 32 hrs). The identity of each DNA sample is indicated at the top
of the track. Tracks 11-13 and 18-20 were undigested; tracks 10, 14-17 and
21-23 were digested with SstI. Filter transfers were probed with DYZ1 (tracks
10-16), the radioactivity was allowed to decay for 4 months and the same filter
was re-probed with DYZ2 (tracks 17-23).

Figure 4. Structural analysis of the DYZ3 (alphoid) YAC clones. All parts of
the figure show filter transfers probed with DYZ3. Tracks 1-8: conventional
gel electrophoresis of DNA samples digested with EcoRI (E) or Hindlll (H) as
indicated. Tracks 9-23: PFGE analysis of OXEN and YOS 17.2 DNA (effective
pulse time 3 sec, run time 50 hrs). Track 16 is undigested; all other tracks are
digested with Sstl alone (9 and 17) or SstI plus the enzyme indicated at the top
of the track. lm = limiting mobility position. Tracks 24-39: PFGE analysis
of YOR AB3 and YOR 1B9F (effective pulse time5 sec, run time 39 hrs). Samples
are undigested (lanes 24 and 32) or are single digests with the enzyme indicated
at the top of the track.
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impossible to determine their origin by comparison with
restriction fragments of genomic DNA.

Structure and instability of the DYZ3 YACs
DM is organised in a predominant - 5.7kb unit which contains
one EcoRI site and one HindIll site; a minority of units on the
OXEN Y chromosome are -- 6.0kb long and contain one EcoRI
site and two HindHI sites generating -4.1kb and -1.9kb
fragments upon digestion with HindHI (ref 7, and figure 4, tracks
1 and 2). Analysis of the YAC clones shows that all contain
fragments in the - 5.7kb to - 6.0kb size range (figure 4 tracks
3-8). In EcoRI digests, most of the hybridisation to YOR 1B9F
is at -5.7kb, YOR AB3 has hybridisation at -5.7kb and
-6.0kb, and YOS 17.2 has a more complex pattern with

hybridisation at - 6.0kb and additional fragments which are both
larger and smaller. In HindI digests, YOR 1B9F shows
hybridisation largely to -5.7kb fragments, YOR AB3 has
--5.7kb, -4.1kb and - 1.9kb fragments, and YOS 17.2 again
has a more complex pattern including -6.0kb fragments and
several additional fragments. Thus YOR 1B9F is made up largely
of - 5.7kb units, YOR AB3 is made up of --5.7kb units and
a few - 6.0kb units, and YOS 17.2 contains some - 6.0kb units
and a large proportion of atypical units.
The long-range structure of YOS 17.2, like that of the

DYZJ/DYZ2 clones, can be analysed by digestion with SstI.
Figure 4 (track 9) shows an SstI digest ofOXEN DNA and track
17 shows an SstI digest of YOS 17.2. In the OXEN cell line
the DYZ3 array is about 1mb in size and contains a single internal
SstI site -65kb from one end (results not shown). Thus two
fragments are seen in the SstI digest. YOS 17.2 produces a single
fragment which corresponds in size to the -65kb OXEN
fragment. Tracks 10-15 show double digests of OXEN DNA
in which the -65kb SstI fragment is either not cleaved (track
10) or is cleaved (tracks 11-15). The -60kb fragment in the
AvaII digest (track 12), the -20kb fragment in the EcoO109I
digest (track 13) and the -75kb fragment in the BclI digest (track
14) arise form cleavages elsewhere in the block. Tracks 17-23
show the corresponding double digests of YOS 17.2. In each
case, the predominant fragment is the same size as a genomic
fragment. A single strongly hybridising fragment (rather than
two fragments) is seen in these YOS 17.2 digests because the
DYZ3 probe does not cross-hybridise under stringent conditions
with the more diverged sequences from the edge of the array.
Thus YOS 17.2 appears to be a relatively stable and unrearranged
copy of a genomic DNA fragment. Three additional independent
clones isolated from the same library had a similar structure
(results not shown). The fifth independent isolate of this fragment,
YOS 26.1, had a more complex structure and contained two
bands (figure 2, tracks 8 and 17). Mapping experiments showed
that the structure of the smaller YAC could be derived from that
of the larger YAC by a single internal deletion event (results not
shown).
The long-range structures of YOR AB3 and YOR lB9F are

analysed in figure 4 (tracks 24-39). Tracks 24 and 32 contain
the undigested YACs; the other tracks are digests with restriction
enzymes which do not cut frequently in the DYZ3 array. In each
track, a complex set of bands is visible, similar to those seen
when pBR322 is used as the probe (figure 2, tracks 18 and 19).
When both long and short exposures of the autoradiograph are

examined, at least 19 bands can be counted in the YOR AB3
tracks, and 20 bands in the YOR lB9F tracks, showing that these
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Figure 5. Structural analysis of the DYZS YAC clones. DNA samples were
analysed by PFGE (effective pulse time 10 sec, run time 32 hrs), filter transfer
and hybridisation to a DYZS probe. Tracks I and 9 are undigested. Tracks 2-8
and 10-16 are digested with the enzyme indicated at the top of the track.

(- 1 unit) and vary in intensity. Digestion with restriction
enzymes which do not cut within the YAC4 sequences (SstI,
Pvull or BamHI) leaves the pattern unchanged. Digestion with
enzymes which cleave the YAC4 sequences decreases the size
of all bands by a constant amount. AvaIl and BclI have additional
cleavage sites within YOR AB3 (tracks 28 and 30). The presence
of these sites allows the position ofYOR AB3 within the OXEN
array to be determined: it can be placed towards the opposite
end from YOS 17.2 (unpublished results).

Structure and instability of the DYZ5 YACs
DYZS is an array of -20kb units, and the enzymes KpnI and
SfiI cut once in most units (8). Digestion ofYOR YB1 and YOR
2B6H with either of these enzymes produces a strong band of
hybridisation at about 20kb (figure 5, tracks 2, 3, 10 and 11).
The small difference in mobility between the KpnI band and the
Sfil band may be due to the local difference in the amount of
DNA in the track since KpnI and SfiI produce different fragment
distributions, or to the presence of 2 or more SfiI sites close
together in the units cloned. The KpnI digest of YOR YB1 has
an additional band at about 40kb which may have arisen because
some units in this YAC lack a KpnI site.
The other tracks in figure 5 show an analysis of the long-range

structure of the DYZ5YACs. Tracks 1 and 9 contain undigested
DNA. Both tracks have multiple bands of hybridisation
resembling the pBR322 pattern (figure 2, tracks 20 and 21): at
least 10 are present in track 1 and at least 15 in track 9. This
demonstrates considerable instability. The bands vary in intensity
and are spaced - 20kb apart (- 1 unit). Five restriction enzymes
which do not cut within the DYZ5 array have been used to
construct long range maps of genomic DNA (8). Digestion of
YOR 2B6H with these five enzymes either has no detectable effect
on the DYZ5 hybridisation pattern (tracks 12, 15, 16) or reducesYACs are very unstable. The bands differ in size by about 6kb
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Figure 6. Effect of colony purification or re-transformation on YOS 13.2 DNA
structure. Chromosomal DNA samples were analysed by PFGE (effective pulse
time 11 sec, run time 32 hrs), filter transfer and hybridisation to pBR322. Track
1 is the original YOS 13.2 clone, tracks 2-9 are independent single colonies,
and tracks 10-17 are independent transformants.

the size of all bands by a few kb (tracks 13, 14) due to cleavage
within the YAC vector sequences. These results can be explained
if the YOR 2B6H insert is derived entirely from within the DYZS
array. Digestion of YOR YB1 with these enzymes reduces the
size of the bands by about 60kb (SailI, NaeI, XhoI and XbaI;
tracks 4, 5, 7 and 8), or 20kb (ClaI; track 6). This suggests that
YOR YB1 does not consist entirely of DYZ5 sequence, but
contains - 60kb of flanking sequence. These digestion patterns
are consistent with the genomic structure and suggest that YOR
YBl spans the right-hand edge of the array: at the right-hand
boundary there is a cluster of sites for SailI, NaeI, XhoI and XbaI,
while the ClaI site occurs about 40kb into the flanking DNA (see
figure 6 of ref 8).

Effect of transformation on YAC structural stability
Most of the YAC clones described above show evidence of
structural instability. We wished to transfer these YACs into
different yeast host strains in order to investigate the influence
of host genotype on stability. The first experiment was therefore
to determine the effect of the DNA transformation procedure itself
on YAC structure. This can be done most easily using a YAC
clone which is relatively homogeneous and stable in its original
host. Figure 6 shows the results of an analysis of YOS 13.2.
The culture was either streaked out and single colonies picked
for analysis (tracks 2-9), or the DNA was used to re-transform
AB1380, and single clones were analysed (tracks 10-17). The
small contaminant YAC was not analysed in this experiment.
Most colonies examined after re-streaking show no change in
YAC structure. Only one colony (track 3) out of a total of 16
analysed shows a detectable change. In contrast, many of the
clones produced by re-transformation show large changes in
structure: in all, 9 out of 16 showed a detectable change. These
YACs were not heterogeneous in size in a transformant. Thus
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(rad52) (tracks 10-13) or 814-7/4c (radi, radS2) (tracks 14-17). Effective pulse
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used to transformn AB 1380 (track 19), 814-9/4c (rad)) (tracks 20-24), 814-9/2d
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it appears that a single rearrangement event occured during about
half of the transformations and that YACs were subsequently
stable (like the original clone) during growth in yeast. In a similar
experiment using YOS 17.2, one rearrangement was detected
in 20 transformations, but no rearrangements were seen when
either of two colonies was examined after growth for about 100
generations (results not shown). We assume that similar
rearrangements can occur during the transformations described
below, but are not readily detected because of the heterogeneity
of the starting DNA.

Effect of yeast genotype on YAC structural stability
The instability detected in several YACs is likely to be mediated
by the yeast host recombination apparatus. Two of the yeast genes
which have major influences on ectopic (intrachromosomal)
homologous recombination are RADI and RAD52 (15). We have
therefore examined the effect of null mutations at these loci on
the stability of unstable YACs. YOS 16.4, YOR AB3 and YOR
YB1 DNAs were used to re-transform AB1380 or to transform
the 814-9/4c (radl), 814-9/2d (rad52) and 814-7/4c (radl, rad52)
strains. The results are shown in figure 7.
Transformants often contain YACs which differ in size from

the starting material. This is expected both because single
molecules are selected from a complex mix and because changes
can occur during transformation (see above). YOS 16.4 re-
transformants in AB1380 show heterogeneity within a colony
(tracks 2-5). This is visible both as multiple distinct bands within
a track, and as a smear of unresolved bands in some tracks.
However, the heterogeneity is less than that in the original YOS
16.4 clone (track 1). Transformants in the 814-9/4c (radl) host
(tracks 6-9) are similar to those in AB1380. In contrast, all the
transformants in a 814-9/2d (rad52) or 814-7/4c (radi, rad52)
background show only a single YAC band (tracks 10-17). Thus,
the stability of YOS 16.4 (containing DYZIIDYZ2 sequences) is
increased by the rad52 mutation.
YOR AB3 transformants in AB1380 or 814-9/4c (radl) hosts

show considerable heterogeneity (tracks 19-24), similar to that
in the original clone (track 18). Transformants in 814-9/2d
(rad52) or 814-7/4c (radi, radS2) hosts show reduced
heterogeneity within a track (tracks 25-34). However, multiple
bands are present in several tracks; they are most clearly seen
in tracks 25, 29 and 30. Thus the rad52 mutation also increases
the stability of this DYZ3 clone, but does not entirely eliminate
instability.
YOR YB1 transformants in all four hosts (tracks 36-51) show

levels of instability similar to the original clone (track 35). Thus
for this DYZ5 sequence, neither the radl nor the rad52 mutation
significantly increases stability.

DISCUSSION
Representation of tandemly repeated DNA sequences in the
YAC libraries
Are tandemly repeated sequences cloned in YAC vectors at the
expected frequency? The expected representation of the DYZ3
and DYZ5 sequences in the partial EcoRI library can be estimated
simply. For DYZ3, the block size is 1Imb in OXEN
(unpublished observations). If the haploid genome is assumed
to be 3000mb, and all sequences are cloned without bias, then
since there are 2 Y chromosomes per haploid genome, 1 clone
in 1500 should contain DYZ3 sequences. For DYZ5, the block
size is -0.8mb (8) and the expected frequency of clones is 1

per 1900. The observed two clones from each locus out of -2500
screened is in good agreement with the expected number.
The expected representation of sequences in the complete SstI

library is more difficult to estimate. The human genome is
expected to contain about 670 000 SstI fragments (16). If each
YAC clone contained 1 SstI fragment and all fragments were
equally represented, the - 100 000 clones in the library would
contain about 1/6.7 genomes or about 1/3 Y chromosome. There
is only one copy of the - 65kb DYZ3 SstI fragment per
chromosome. Thus there would be only about a 1 in 3 chance
of finding this fragment. However, some clones contain more
than one SstI fragment, and there is likely to be selection against
the smallest fragments since small yeast chromosomes are
mitotically unstable. These factors could account for the five
independent copies of the DYZ3 fragment obtained. Additional
considerations apply to the representation of DYZIIDYZ2
sequences. In SstI digests of OXEN DNA, there are about 20
fragments between 50kb and 250kb in size which hybridise to
DYZ1 (figure 3, track 10). At most, 3 of these could be the same
size as fragments which hybridise to DYZ2 (figure 3, track 17).
YAC clones were selected on the basis of their hybridisation to
DYZI alone. Therefore most of the clones picked would not be
expected to hybridise to DYZ2. The observation that all of the
three clones examined contain both DYZI and DYZ2, as well as
the relatively small number of DYZI clones (compared to DYZ3
clones and the number of genomic bands hybridising to each
sequence) suggests that there is a bias against cloning DYZI alone
in YACs.

Factors affecting the stability of tandemly repeated sequences
in YACs
Although structural instability could be detected in all of the YAC
clones examined, the instability varied considerably between
clones. YOS 13.2 and YOS 17.2 were sufficiently stable to allow
a comparison of their structure with that of OXEN DNA, and
YOS 17.2 was representative of a genomic DNA fragment (figure
4) while YOS 13.2 was not (figure 3). In contrast, the other clones
were too unstable to allow such a simple comparison.
Which characteristics of the insert structure could account for

these differences in stability? YOS 17.2 is the smallest of the
clones, but YOS 13.2 is the largest. Thus size alone is not a major
determinant of stability. One out of three DYZIJIDYZ2 clones was
relatively stable and one out of three DYZ3 clones was also
relatively stable. Thus the class of repeat is not an over-riding
factor. YOS 17.2 contained particularly diverged Y alphoid repeat
units (figure 4, tracks 3 and 4) and, if instability is due to
recombination, and recombination depends on homology, this
may make a major contribution to its stability. However, the
repeat units ofYOS 13.2 do not appear to be more diverged than
those ofYOS 14.2 or YOS 16.4 in their HaeIll site distributions
(figure 3). The stability of YOS 13.2 cannot be satisfactorily
explained by any single factor; a combination of factors may be
important.

Host genotype can also significantly affect stability. A radl
host did not increase the stability of any clone. However, rad52
hosts increased the stability of the DYZIIDYZ2 YAC and the
DYZ3 YAC, although they made little difference to the DYZ5
YAC (figure 7). The finding of a difference between radl and
radS2 hosts is not unexpected since it has been shown that
different types of recombination events are controlled by the
RADI and RAD52 genes (15). Previous work on RADI has shown
that although a radl mutation reduced the frequency of
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intrachromosomal recombination between duplicated alleles
carrying deletions, it did not reduce the frequency of
recombination between duplicated alleles carrying point mutations
(17). Units in the human tandemly repeated arrays are expected
to differ largely by point mutations.
The mechanism(s) responsible for instability are not known.

There is a striking difference between the unit structure, which
is relatively homogeneous within the YAC and always consistent
with the genomic structure, and the long-range structure, which
can be very heterogeneous and difficult to compare with the
genomic structure. This suggests that most rearrangements are
mediated by homologous recombination events which involve
integral numbers of units. Simple intramolecular deletion events
cannot fully account for the observed patterns because larger
multimers are sometimes produced (figure 7). Unequal sister
chromatid exchange could produce such larger molecules, but
should produce equal numbers of larger and smaller molecules.
It may be that a combination of the two mechanisms is at work,
or that unequal exchange is generally accompanied by selection
for the smaller molecule, or that other mechanisms are
responsible for the observed patterns.
Rearrangement events are very frequent. In an experiment such

as that shown in figure 7, about 30-35 generations elapse
between transformation and analysis. Some of the samples shown
in figure 7 contain over 20 different bands. If each of these is
generated by a single rearrangement, the frequency of such events
must on average be greater than one per two generations.

Implications for genomic analysis
The observation that the yeast transformation procedure itself can
cause changes in YAC structure is striking. Such rearrangements
could account for the fact that the insert of YOS 13.2 does not
correspond to a genomic fragment. If rearrangements occur
frequently in clones which do not contain tandemly repeated
sequences, they could limit the usefulness of YAC cloning as
a general method for analysing genomic structure.

Several reports have emphasised YAC stability and the
similarity between sequences cloned in YACs and their genomic
counterparts (3, 13), although long-range analysis has rarely been
carried out. Nevertheless, other unstable YACs have been
reported. Analysis of 454 YACs containing Drosophila DNA
revealed six unstable clones (18); two of these contained
ribosomal DNA, a tandemly repeated sequence. Analysis of 27
YAC clones containing human ribosomal DNA did not reveal
instability (19), but none of the clones examined contained
multiple copies of the tandemly repeated ribosomal DNA unit.
It is not known whether such clones would be stable. Yeast
chromosomes containing human telomeric tandem repeats cloned
as functional telomeres have been found to have undergone large-
scale deletion, although the final structures examined showed only
limited heterogeneity (20). It thus seems likely that many
tandemly repeated sequences will be unstable in YACs, but that
some may no longer show heterogeneity by the time that sufficient
DNA is available for analysis. On the basis of the results
presented in this paper, it would seem worthwhile to use rad52
hosts for future library construction. However, some sequences
(such as DYZ5) will be unstable even in rad52 hosts. Comparison
of clone structure with genomic structure is always necessary,
but is particularly important for these repeated sequences.
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