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ABSTRACT Various studies suggest that eukaryotic
chromosomes may occupy distinct territories within the nu-
cleus and that chromosomes are tethered to a nuclear matrix.
These constraints might limit interchromosomal interactions.
We have used a molecular genetic test to investigate whether
the chromosomes of Saccharomyces cerevisiae exhibit such
territoriality. A chromosomal double-strand break (DSB) can
be efficiently repaired by recombination between flanking
homologous repeated sequences. We have constructed a strain
in which DSBs are delivered simultaneously to both chromo-
some III and chromosome V by induction of the HO endonu-
clease. The arrangement of partially duplicated HIS4 and
URA3 sequences around each HO recognition site allows the
repair of the two DSBs in two alternative ways: (i) the creation
of two intrachromosomal deletions or (ii) the formation of a
pair of reciprocal translocations. We show that reciprocal
translocations are formed approximately as often as the pair
of intrachromosomal deletions. Similar results were obtained
when one of the target regions was moved from chromosome
V to any of three different locations on chromosome XI. These
results argue that the broken ends of mitotic chromosomes are
free to search the entire genome for appropriate partners;
thus, mitotic chromosomes are not functionally confined to
isolated domains of the nucleus, at least when chromosomes
are broken.

Mitotic recombination in Saccharomyces cerevisiae can be
initiated by site-specific double-strand breaks (DSBs) created
by the HO endonuclease (1, 2). One efficient mechanism of
DNA repair, termed single-strand annealing (SSA), occurs
intrachromosomally and results in deletions between homol-
ogous DNA sequences flanking the DSB (3). This process
involves extensive 5’ to 3’ degradation of DNA from the site
of a DSB until flanking regions of homology are exposed and
the complementary sequences on either side of break can
anneal. SSA occurs efficiently even when the flanking homol-
ogous regions are separated by as much as 15 kb or when the
extent of shared homology of the flanking regions is only a few
hundred bp (4, 5). It is important to note that SSA is not a
minor pathway in yeast, used only when cells cannot repair a
break by gene conversion. When a DSB is created in a region
that can be repaired either by intrachromosomal gene conver-
sion or by SSA, more than two-thirds of the events occur by
SSA (5). Very similar results are observed when a different
site-specific endonuclease, I-Scel, is expressed in S. cerevisiae (6).

But is SSA inherently an intrachromosomal pathway? Given
a choice, would the two ends of one DSB reanneal more readily
than the ends of two independent DSBs on different chromo-
somes? There is abundant evidence from many organisms that
chromosomes exist in association with a nuclear matrix that
may significantly restrict the ability of different chromosomes
or chromosome regions to interact with each other (7-9).
These studies suggest that chromosomal DNA is arranged in
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loops of 50-100 kb. Other studies imply that each chromosome
may occupy a distinct territory within the nucleus (10, 11).

In §. cerevisiae, specific chromosomal regions such as origins
of DNA replication, centromeres, and telomeres appear to be
preferentially associated with the nuclear envelope, at least at
some stages of the cell cycle (8, 12-14). Such tethering might
restrict how broken chromosome ends can behave. For exam-
ple, if each chromosome were restricted to a domain of the
nucleus one might expect that intrachromosomal SSA would
be considerably favored over interchromosomal interactions.
This might be especially true if a DSB and its flanking
homologous regions were all initially tethered within one
chromosomal loop.

To test this idea, we have adopted a strategy illustrated in
Fig. 1. Two simultaneous DSBs were introduced into two
nonhomologous chromosomes of a haploid strain. DNA se-
quences flanking the DSBs were arranged in such a way that
these breaks could be repaired by SSA, but in two alternative
ways. First, the two breaks could be repaired by a pair of
intrachromosomal deletions (Fig. 1A4). Alternatively, the
breaks could be healed by a pair of interchromosomal events,
creating a pair of reciprocal translocations (Fig. 1B). If there
were no constraints on how each broken chromosome end
would locate and anneal with another end, we would expect
that inter- and intrachromosomal repair should be approxi-
mately equivalent; however, if each chromosome was confined
to a local territory, we would predict that intrachromosomal
repair should be much more frequent than interchromosomal
translocations. Surprisingly, we find that intrachromosomal
deletions are not favored over interchromosomal joinings.

MATERIALS AND METHODS

Strains and Plasmids. Plasmid pJH825, a derivative of plasmid
pJH186 (15, 16), was constructed by the insertion of a BamHI
fragment carrying two inverted copies of the 117-bp MATa HO
recognition/cleavage site (cs) flanking the 2.0-kb Hpal-Sall
fragment of the LEU2 gene. This cs::LEU2::cs insert was in turn
derived from plasmid pVR196, kindly provided by Victoria
Lundblad (Baylor College of Medicine), that carried the two cut
sites flanking a URA3 gene with HindIll sites at either end.
Plasmid pJHS825 was then inserted into the HIS4 region of strain
XW161 as described (15, 16) to generate the chromosome III
structure shown in Fig. 24. This MAT« strain was then crossed
with its congenic strain, NR238-7A, to obtain a MATa-inc
segregant carrying the his4::(URA3-cs::LEU2::cs-Ahis4A) region
(strain G304). Similarly, plasmid pJH1113 was constructed by
inserting the cs:LEU2::cs BamHI fragment into the BamHI site
of plasmid pJHS816. This plasmid was then targeted into the
ura3-52 locus of XW161, yielding strain G372, which has the
insertion on chromosome V that is illustrated in Fig. 24. Strains
G304 and G372 were then crossed and meiotic segregants were

Abbreviations: DSB, double-strand break; SSA, single-strand anneal-

ing; cs, cleavage site(s).
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FiG. 1. Alternative ways of repairing two DSBs. In the nucleus of
a haploid strain illustrated here, repair of two DSBs by SSA can occur
in two different ways. There may be two intrachromosomal deletion
events (A4); alternatively, there may be a pair of reciprocal transloca-
tions by annealing between equivalently sized homologous regions on
two different chromosomes (B).

screened to obtain strain G378, carrying MATa-inc his4:
(URA3-cs::LEU2::cs—Ahis4A)ura3-52::(Ahis4A-cs::LEU2::
cs::URA3) and the GAL::HO plasmid pFH800 (17). The MATa-
inc locus cannot be cleaved by HO so that only the cs:LEU2::cs
regions are cleaved.

In a second set of experiments, plasmid pJH1113 was
inserted by homologous recombination between URA3 se-
quences on the plasmid and a URA3 gene that had been
introduced into each of three different sites on chromosome
XI: at YKLOOSC::URA3, an open reading frame located on the
left arm of chromosome XI, 11 kb from its centromere; at
apnl::URA3, 215 kb from the CEN11 and at tif1::URA3, 115 kb
from the centromere on the opposite arm. Strains containing
each of these gene disruptions were in the same S288c back-
ground as the other strains used in these experiments, and were
provided by C. Fairhead and B. Dujon (Institut Pasteur). The
URA3 genes of the disruptions on chromosome XI are each
oriented in the same direction (5’ to 3’ toward the centromere)
as ura3-52 on chromosome V and do not create duplicated
sequences surrounding the URA3 insertions. Each of these
strains were transformed with plasmid pJH1113 and shown to
have an insertion of the plasmid at the chromosome XI URA3
locus. Meiotic segregants, designated G542, G549, and G552,
were obtained after crossing G304 or a MATa-inc derivative
with strains containing the pJH1113 insertion at one of the
three chromosome XI genes (YKLO08C, TIFI, and APNI,
respectively). These MATa-inc haploid segregants contain the
his4::(URA3—cs::LEU2::cs—Ahis4A) region on chromosome I11
and the URA3::(Ahis4A-cs::LEU2::cs::URA3) insert on chro-
mosome XI, plus plasmid pFHS800.

Growth and Induction of HO Endonuclease. Cells were
grown to stationary phase in synthetic dextrose medium lack-
ing tryptophan (18) (to retain plasmid pFH800) and then
transferred to yeast extract/peptone-lactate medium (1%
yeast extract/2% peptone/2% lactic acid) overnight. A loga-
rithmically growing culture (doubling time = 5 hr) was then
induced for expression of the HO endonuclease gene by adding
galactose to a final concentration of 2% (19). Cells were plated
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either on yeast extract/peptone-dextrose medium or synthetic
dextrose medium lacking tryptophan medium and colonies
were tested for nutritional requirements by replica plating to
appropriate drop-out media.

DNA Analysis. DNA extraction and Southern blot analysis
was carried out as previously described by White and Haber
(19).

Statistical Analysis. A matrix G-test (20), written for Macin-
tosh Hypercard by E. Louis (John Radcliffe Hospital, Oxford),
was used to evaluate the statistical significance of the results.

RESULTS AND DISCUSSION

Interchromosomal End-Joining Is as Efficient as Intrach-
romosomal Repair. To explore how broken chromosome ends
are repaired in yeast we have created haploid strain G378 in
which two pairs of DSBs are generated on different chromo-
somes (Fig. 24). The HO cs were inserted ~35 kb from the
centromeres on chromosomes III and V, and 67 and 152 kb
from their respective telomeres. Induction of HO endonucle-
ase from a galactose-inducible promoter is very efficient, so
that HO cleavage of the cut sites results in the liberation of a
LEU?2 fragment from each chromosome. Thus, the chromo-
somal ends of the DSBs are separated by about 2 kb after HO
cleavage. The DSB on chromosome III is surrounded by
partially duplicated copies of the HIS4 gene, so that an
intrachromosomal deletion repair event produces a His™ re-
combinant. The interval between his4A and Ahis4 also con-
tains the URA3 gene, which would also be lost when the
flanking his4 segments recombine. On chromosome V, the
pair of HO cut sites are flanked by ura3-52 and URA3; nearly
always, SSA produces a deletion containing ura3-52 (4); in 1%
of the cases, SSA yields a URA3 cell. This chromosome V
interval also contains the internally duplicated piece of his4
(Ahis4A) that is found on chromosome III; this segment will
also be lost after annealing between the ura3 sequences on
chromosome V. The pair of intrachromosomal deletions
nearly always yield a His* Ura~ cell, that is also Leu~ (Fig.
2A). Rare Ura* His* Leu~ colonies were presumed to have
undergone a similar process, but where SSA produced URA3
and not ura3-52 on chromosome V. these were not counted in
subsequent analysis.

The additional URA3 sequence on chromosome III and the
Ahis4A piece on chromosome V are both oriented so that an
alternative repair event can occur: the joining of URA3 on
chromosome III with URA3 on chromosome V and the
annealing of Ahis4A on chromosome V with the Ahis4 segment
on chromosome III. This produces a His~ Ura* (and Leu™)
cell that contains a pair of reciprocal translocations (Fig. 24).
The sizes of the homologous regions that lead to the pair of
intrachromosomal deletions are identical to those that yield
the pair of interchromosomal joinings.

Single cells of strain G378 were plated on synthetic galactose
medium plates lacking tryptophan and grown into colonies.
This medium retains the TRPI GAL::HO plasmid pFH800 and
thus the HO endonuclease is expressed. Among 79 colonies, 23
were His* Ura™ and Leu ™, the phenotype expected for the pair
of intrachromosomal deletions; the remaining 56 were His™
Ura® and Leu, the phenotype expected for the pair of
interchromosomal joinings to produce the reciprocal translo-
cations. As expected, all of the cells had lost both LEU2 copies
originally situated in between pairs of HO cut sites. We used
Southern blots of four randomly chosen colonies of each
phenotype to confirm that the His* Ura™ cells were indeed
produced by two intrachromosomal SSA events and that the
His~ Ura* cells had the restriction fragments expected for
reciprocal translocations (Fig. 2B).

In a second experiment, strain G378 was grown in liquid
YEP-lactate medium and then HO endonuclease was induced
by the addition of galactose. DNA was collected at intervals
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FiG. 2. Repair of two broken chromosomes by single-stand annealing between URA3 and HIS4 sequences on chromosomes III and V. (4) pBR322
plasmids carrying URA3 and Ahis4A sequences and the LEU2 gene flanking by a pair of HO cs were integrated into chromosome III (at HIS4) and
chromosome V (at ura3-52), as shown. The ura3-52 allele contains a large insertion of a Ty element. After induction of HO endonuclease, the broken
chromosomes may be repaired by two intrachromosomal deletion events, leading to the loss of all plasmid sequences (vertical hatched lines). Alternatively,
there may be a pair of reciprocal translocations by annealing between equivalently sized homologous regions on two different chromosomes. The vertical
dotted lines indicate the positions of Pvull restriction endonuclease sites. (B) Southern blot analysis of the kinetics of appearance of deletions and
translocations. DNA was extracted from cells at the intervals indicated after HO induction and digested with Pvull. The Southern blot was probed with
Ahis4A fragment indicated by the dark diagonally hatched lines in A. The fragments characteristic of a pair of intrachromosomal deletions (His* Ura™)
and of a pair of reciprocal translocations (His~ Ura™) are shown on the right side of the figure. Two examples of each type are shown. cut* indicates
the expected size of a Pvull restriction fragment if HO cleaves only the centromere-proximal site on chromosome III, thus replacing fragment “cutl”
with a 6.4-kb fragment (see 4, above). The 4.7-kb fragment is present in both the parental strain and in derivatives containing reciprocal translocations.
The 4.2-kb fragment is diagnostic of reciprocal translocations while the 2.4-kb fragment is indicative of an intrachromosomal deletion.
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and the time course of DNA breakage and repair was analyzed
by the Southern blot shown in Fig. 2B. Induction of HO is
sufficient to cleave nearly all of the four HO cs on chromo-
somes III and V, as the intensities of higher molecular weight
fragments indicative of cutting only one of the two sites
flanking LEU?2 are very faint relative to the fragments created
by cleaving both sites (compare bands cut* and cutl in Fig.
2B). Approximately 2 hr after HO induction, one sees the
appearance of the 2.4- and 4.2-kb Pvull restriction fragments
indicative of the intrachromosomal deletion and the interchro-
mosomal translocation, respectively. A very faint amount of
deletion product is seen at time 0, most likely because of the
leaky expression of HO during growth of the culture under
noninducing conditions (4, 5). The time of appearance of both
types of events is approximately the same.

In this and similar experiments, cells were spread on yeast
extract/peptone-dextrose medium plates after 2 hr of galac-
tose induction and grown into colonies. Despite having to
repair two DSBs, cell viability after galactose induction was
65% (413/634) as measured for all cells and 64% (354 /556) for
those that retained the 7RPI-marked GAL::HO plasmid
pFHS800. Much of the inviability is apparently the consequence
of adding galactose to cells, independent of the expression of
the GAL::HO gene, as the proportion of cells lacking the TRP1
plasmid did not decrease among cells plated after galactose
induction. Approximately 85% of the Trp* cells had become
Leu™, indicating that HO had cleaved both chromosomes III
and V. In this experiment, too, the reciprocal translocations
predominated (57%) over internal deletions, by a ratio of 170
to 129. The genetic results substantiate the physical analysis of
HO-cut DNA in showing that the level of HO endonuclease is
high enough to ensure that both chromosomal breaks occurred
at roughly the same time. If one chromosome had been cut well
before the other, we would expect that the first chromosome
would be repaired by intrachromosomal deletion, forcing the
second to be subsequently repaired in the same way. The fact
that many of the events were reciprocal translocations argues
that one of the HO cleavage events did not precede the other
by a significant period of time.

The fact that we recovered more reciprocal translocations
than internal deletions seems to agree with what is understood
about the mechanism of SSA. In a situation where a DSB was
flanked by three copies of the URA3 gene: ura3-52—
URA3—HO cut site—URA3 (4), SSA strongly favored the
formation of a deletion between the two URA3 genes closest
to the DSB. This suggests that the closer URA3 gene to the left
of the DSB became single-stranded earlier than the ura3-52
gene and thus could anneal preferentially with the URA3
partner on the right. This result is supported by previous
studies showing that the appearance of SSA deletion products
could be delayed by one hr simply by inserting 4.4 kb of DNA
in between the HO cut site and one of the flanking homolo-
gous regions, thus extending the time before one region
became single-stranded (5). In the experiment described here,
the Ahis4A on chromosome V and the URA3 segment on
chromosome III should become single-stranded earlier than
the more distal ura3-52 and his4A sequences; hence annealing
between Ahis4A and Ahis4 and between the two URA3 regions
should be slightly favored.

These results demonstrate that the broken ends of a chro-
mosome are free to search for a homologous partner anywhere
in the genome. There is no constraint imposed by the way
chromosomes are placed in the nucleus that favors intrachro-
mosomal repair events between sequences that are initially less
than 10 kb apart, compared with sequences that might be
located across the nucleus.

This conclusion appears to be true for cells both in the Gy
and G; phases of the cell cycle. First, unbudded (Gy) cells that
had been induced for 2 hr were micromanipulated onto a rich
medium (yeast extract/peptone-dextrose medium) plate and
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these single cells were grown into colonies and then analyzed
genetically to ascertain what type of repair event had occurred.
Because the doubling time of cells in lactate medium is greater
than 5 hr, the unbudded cells experienced HO cleavage in G
and not in a previous cell cycle. Among 15 Gy-induced cells,
five contained intrachromosomal deletions and 10 carried
reciprocal translocations. Thus, the G; population of cells did
not differ from the spectrum of results found for cells induced
at all phases of the cell cycle.

A Test of the Generality of Frequent Interchromosomal
Repair. One concern about the generality of these results is
that the construction on chromosome III and chromosome V
were each located about 35 kb from their respective centro-
meres. If chromosomes had a tendency to line up from their
centromeres toward their telomeres (22), the two locations
might fortuitously lie near each other, thus enhancing inter-
chromosomal interactions. To rule out this explanation, we
inserted the (Ahis4A-cs::LEU2::cs::URA3) sequences into a
URA3 gene that had been previously introduced as transplace-
ments at each of three different sites on chromosome XI (Fig.
3B), as a disruption of the APNI, YKL0OOSC, and TIFI open
reading frames, located 215, 11, and 115 kb from CENII,
respectively (Fig. 3B). In all three cases, URA3 was oriented to
allow viable translocations to be recovered.

After HO induction of strains G542, G549, and G552 (Fig.
3B), Leu™ colonies, which had excised both LEU2 genes from
their surrounding HO cut sites, were scored for the type of SSA
that had repaired both broken chromosomes. In each case,
between 43% and 58% of the repair events were His™ [there
were no Ura~ colonies as both types of repair yield Ura*
colonies (Fig. 34)]. Southern blots of five His~ and five His™
colonies from strain G542 confirmed that the His* colonies
arose from two intrachromosomal repair events while the His ™~
colonies resulted from the formation of reciprocal transloca-
tions (data not shown). In these chromosome III to chromo-
some XI interactions, reciprocal translocations appeared at
approximately the same frequency as when the recombining
sequences were on chromosomes IIT and V (0.60). The results
for apnl::URA3 are statistically different from the other three
cases (P < 0.05) and could indicate that there is a minor
constraint on interchromosomal interactions in region near
APNI. However, even in this case, reciprocal translocations
were formed almost as often as intrachromosomal deletions.

Relation of These Studies to Previous Analysis of Inter- and
Intrachromosomal Interactions. The conclusions we have
drawn from these studies of recombination, induced by DSBs
and repaired by SSA, are noticeably different than those from
previous studies of spontaneous mitotic recombination be-
tween auxotrophic heteroalleles of a 2-kb gene inserted in a
variety of different chromosomal locations (16, 23). In those
studies there was a significant increase in mitotic recombina-
tion when the two alleles were situated on the same chromo-
some arm, compared with interchromosomal events (16). This
would suggest that regions of DNA that were originally part of
the same DNA molecule had a notable advantage in recom-
bination, whereas the present study does not show this. One
difficulty in interpreting the earlier studies is that there are
probably several pathways of recombination contributing to
these results (24-26) and some of these mechanisms may
strongly favor intrachromosomal interactions before or coin-
cident with the initiation of recombination. SSA apparently
does not labor under this constraint. One possibility is that the
broken ends are all recruited to a specific DNA repair site
within the nucleus where SSA can occur.

The joining of broken chromosome ends was first described
in maize by McClintock (27), who demonstrated fusions be-
tween nonhomologous chromosomes in cells where there had
been two chromosome breaks. The mechanism by which these
ends become joined in maize is not known at the molecular
level, but it is well known that maize has many interspersed
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F1G. 3. Repair of two broken chromosomes by single-stand annealing between URA3 and HIS4 sequences on chromosomes III and XI. (A4)
pBR322 plasmids pJH825 and pJH1113 carrying URA3 and Ahis4A sequences and the LEU2 gene flanking by a pair of HO cs were integrated
into chromosome III (at H1S4) and chromosome XI (at YKL0086::URA3), respectively, as shown. After induction of HO endonuclease, the broken
chromosomes may be repaired by two intrachromosomal deletion events (A4), leading a His* cell in which there has been a loss of all plasmid
sequences (vertical hatched lines). Alternatively, there may be a pair of reciprocal translocations (B), producing a His™ cell. Similar analyses were
carried out where the chromosome XI target was at apnl:URA3 or tifl:URA3 (see below). (B) Locations of three sites where the
URA3-pBR322-cs::LEU2::cs-URA3 target was inserted. The distances (in kb) indicate the position of each target relative to the left telomere. The
frequencies of reciprocal translocations between the target and the site on chromosome III were scored as His~ Ura™ cells (see above) and are

indicated for each construct.

repeated sequences that could serve as the end-points of
joinings by SSA (28). SSA has been shown to be an important
repair pathway in both Xenopus (29) and in mammalian cells
(3, 30). A major source of reciprocal translocations could be
similar annealing events between cells in which damage had
produced more than one broken chromosome.

Our results suggest that interphase yeast chromosomes, at
least when they have suffered a DSB, are not significantly
constrained in the ways in which the single-strand regions at
broken ends can anneal with complementary single-stranded
regions on other chromosomes. Whether this apparent ab-
sence of chromosome territoriality is a general phenomenon or
is a consequence of chromosome breakage awaits further
study. It will also be interesting to determine if interchromo-
somal interactions are greatly constrained if this type of DSB

repair occurs in metaphase arrested cells, where chromosomes
are more condensed and where territoriality may be more
evident.
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