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Abstract

Repair of DNA double-strand-breaks (DSBs) by homologous recombination is crucial for cell
proliferation and tumor suppression. However, despite its importance, the molecular intermediates
of mitotic DSB-repair remain undefined. The double Holliday Junction (dHJ), presupposed to be
the central intermediate for more than 25 years?, has only been identified during meiotic
recombination?. Moreover, evidence has accumulated for alternative, dHJ-independent
mechanisms3-%, raising the possibility that dHJs are not formed during DSB-repair in mitotically
cycling cells. Here we identify intermediates of DSB-repair using a budding yeast assay system
designed to mimic physiological DSB repair. This system utilizes diploid cells and provides the
possibility for allelic recombination either between sister-chromatids or between homologs, as
well as direct comparison with meiotic recombination at the same locus. In mitotically cycling
cells, we detect inter-homolog Joint Molecule (JM) intermediates whose size and strand-
composition are identical to the canonical dHJ structures observed in meiosis2. However, in
contrast to meiosis, JMs between sister chromatids form in preference to those between homologs.
Moreover, JMs appear to represent a minor pathway of DSB repair in mitotic cells, being detected
at ~10-fold lower levels (per DSB) than during meiotic recombination. Thus, although dHJs are
identified as intermediates of DSB-promoted recombination in both mitotic and meiotic cells, their
formation is distinctly regulated according to the specific dictates of the two cellular programs.

To identify intermediates of mitotic recombination, an inducible site-specific DSB assay
system was constructed by modifying the HISALEUZ2 locus, which has been used extensively
to characterize meiotic recombination intermediates in Saccharomyces cerevisiae (Fig. 1a)’.
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To better model physiological DSB-repair in mammalian cells, three features were
incorporated. First, we used diploid strains, rather than the haploids typically utilized in
yeast DSB-repair studies. Second, we specified that chromosome breakage should be
induced relatively inefficiently such that an intact sister-chromatid repair template is
available in addition to the uncut homolog templates. The commonly employed HO-
endonuclease normally cleaves with high efficiency, effectively precluding inter-sister
recombination8. In our hands, the I-Sce | endonuclease® cleaves much less efficiently so that
an intact sister-chromatid will generally be available for repair (Fig. 1b,c). A single I-Scel
recognition site was introduced into one homolog of a diploid strain at the location where
meiotic DSBs occur (Fig. 1a); and an SCEI gene under the control of the galactose-inducible
GAL1 promoterl® was integrated elsewhere in the genome. Third, as described below, we
monitored DSB-repair intermediates during a period when both homolog and sister
templates are available for repair. Intermediates were monitored using a series of gel
electrophoresis and Southern hybridization assays analogous to those used to study meiotic
recombination (Fig. 1b and Fig. 2)11,2.

Cell cultures were synchronized in G1 and then transferred to fresh media to reinitiate
growth, with addition of galactose to induce I-Sce | expression. After 45 minutes, I-Sce
expression was repressed by the addition of glucose. Under these conditions, DSBs appear
within 30 minutes of I-Sce | induction and reach maximum levels after one hour, coincident
with a period where a majority of cells are in the S and G2/M phases of the cell cycle (Fig.
1c). Thus, many DSBs are occurring in cells containing both homolog and sister-chromatid
repair templates. Moreover, the maximum DSB level, ~20% of all chromatids, implies that
breakage of both sister-chromatids in S/G2 cells should be rare (~4% of cells), i.e. an intact
sister-chromatid will nearly always be available for repair. Most DSBs are repaired within
2-3 hrs of induction and their disappearance is concurrent with the appearance of inter-
homolog recombinant products (Fig. 1b and 4c. Inter-homolog recombinants are further
analyzed in Supplemental Figs. S2 and S3).

To detect JM intermediates, cell samples were first treated with psoralen to produce DNA
interstrand crosslinks that stabilize such structures!?,2. DNA was then extracted and
analyzed using native/native two-dimensional (2D) electrophoresis, which identifies JMs by
virtue of their branched structure (Fig. 2a)'2. For diploid cells carrying an I-Sce | cutting site
on the “Mom” homolog (Fig. 1a), this analysis reveals transient formation of two distinct
branched molecules, in addition to the Y-arcs formed by replicating DNA (Fig. 2a).
Formation of these branched species is dependent on both DSB-induction (Fig. 2b) and the
DNA strand-exchange protein, Rad51 (Fig. 2c), indicating that they are intermediates of
DSB-repair by homologous recombination. Moreover, recovery of these intermediates is
dependent on psoralen cross-linking indicating the presence of migratable strand-exchange
junctions (Fig. 2d).

The gel migration patterns of the two intermediates are consistent with their being,
respectively, inter-sister and inter-homolog JMs. Inter-sister strand-exchange is expected to
form a “Mom+Mom” JM of ~11.8 kb (Fig. 1a and indicated by the black arrowhead in Fig.
2a), whereas inter-homolog strand-exchange will form a “Dad+Mom” JM of ~10.2 kb
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(white arrowhead in Fig. 2a,). Since DSBs occur only on the Mom chromosome, no
intersister “Dad+Dad” JMs are expected and none were observed.

These JM assignments were confirmed in three ways. (1) JM formation was monitored in
cycling haploid cells, where Mom+Mom inter-sister JMs are the only possible intermediates.
As expected, only the larger of the two JM species seen in diploid cells was detected (Fig.
3a). (2) IMs were also monitored in diploid cells carrying the 1-Sce | recognition site on the
Dad homolog instead of on Mom (Fig. 3b). In this case, the Mom+Mom inter-sister JM
signal was absent. However, the putative interhomolog-JM signal was seen and a smaller JM
species was also detected, consistent with the formation of JMs between Dad sister-
chromatids (indicated by a caret in Fig. 3b; also see Fig. 1a). (3) The chromatid composition
of detected JMs was analyzed by sequentially hybridizing 2D Southern blots with probes
specific to either the Mom or Dad homologs (Fig. 3c; probe positions shown in Fig. 1a).
This analysis was performed on samples from diploid cells carrying the 1-Sce | site on the
Mom homolog. At an early time point (1.25 hrs), only the larger JM is detected, and it
hybridizes exclusively to the Mom-specific probe indicating that it contains only Mom
chromatids and thus is an inter-sister Mom+Mom JM, as inferred above (Fig. 3c; “Probe
Mom?”). After 1.75 hrs, the smaller JM (seen in Fig. 2a, above) is also detected and it
hybridizes to both Mom- and Dad-specific probes, as expected for a bi-parental inter-
homolog JM (Fig. 3c).

The structure of mitotic JMs was further investigated using native/denaturing 2D gel
analysis in which psoralen cross-links are removed following electrophoresis in the first
dimension gel, and component single-strands are then separated by denaturing
electrophoresis in the second dimension (Fig. 3d)2. For inter-homolog JMs, in which
parental duplexes differ in size, this analysis can distinguish between JMs involving odd or
even numbers of Holliday junctions: JMs with even numbers of junctions, such as dHJs,
contain only parental-length strands; in contrast, single Holliday junctions (sHJs) (or JMs
with odd numbers of junctions) are comprised of equal numbers of parental and crossover-
length strands (Supplemental Fig. S4). This analysis reveals that interhomolog-JMs
comprise primarily parental length strands implying that most molecules contain an even
number of HJs, presumably two (Fig. 3d). We infer that mitotic inter-homolog-JMs are most
likely dHJs. The fact that recovery of mitotic interhomolog-JMs is dependent on psoralen
cross-linking (Fig. 2d) further supports this inference because, while dHJs are dependent on
psoralen for stabilization, analogous sHJ structures are not'3. Because inter-sister-JMs
contain four identical length strands, component strand analysis cannot distinguish whether
they contain odd or even numbers of junctions.

As noted above, the two JMs species detected in diploids form at different times during the
course of DSB-repair. Inter-sister JMs appear first and levels peak ~1.25 hrs after DSB-
induction, i.e. just 15 minutes after the peak of DSB formation (Fig 4a,c; for normalized data
see Supplemental Fig S5). We infer that homology search and DNA strand-exchange
between sister-chromatids occurs rapidly following chromosome breakage. In contrast,
inter-homolog JMs peak almost an hour later, between 2.0 to 2.25 hrs (a time when the
ensuing cell division would normally have occurred; Fig. 4c and SUPPLEMENT 4d). This
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contrasts with meiotic recombination in which inter-sister and inter-homolog-JMs form with
essentially identical timing, ~1.5 hrs after DSB formation (see Supplemental Fig. S6)’.

A straightforward explanation for the later appearance of inter-homolog JMs is that they
arise from DSBs induced in the early stages (G1 or early-S) of the second cell cycle, when a
sister-chromatid repair template is no longer present. This scenario implies that inter-
homolog JMs are essentially never formed if a sister-template is available. An alternative,
explanation is that late arising inter-homolog JMs arise from DSBs induced during the G1 or
early-S stages of the first cell cycle, but are not repaired until some later event(s) occur(s). In
support of this idea, studies of spontaneous and X-ray induced gene conversion indicate that
DSBs incurred in G1 are associated with crossing-over that occurs in the ensuing G2
phasel4 15, Under this scenario, late appearance of inter-homolog JMs could be due to the
fact that resection of DSB-ends, which is a prerequisite for homologous recombination,
requires cyclin-dependent kinase activity and, thus, progression beyond G1 into the cell
cyclel8,17 It is also likely that homology search and stable DNA strand-exchange between
homologs occurs more slowly than between sister chromatids because they are not already
connected by cohesion!8. Alternatively, or in addition, inter-homolog recombination could
be actively suppressed until replication of the homolog template is completed. Such negative
regulation of inter-hnomolog recombination could allow time for the homolog template to be
replicated without interference from ongoing recombination.

Quantitative analysis reveals two important features regarding the levels of inter-sister and
inter-homolog JMs (Fig. 4b). First, steady-state levels of inter-sister JMs peak at ~0.12% of
hybridizing DNA compared to ~0.03% for inter-homolog-JMs, pointing to a preference for
use of the sister template. In actuality, if inter-homolog-JMs arise from DSBs formed in G1/
early S (above), then the sister template may always be utilized for repair during late-S/G2.
The inter-sister bias revealed here at the level of JM intermediates is consonant with that
previously inferred by measuring recombination products?® 20,21, Furthermore, it is the
opposite of the bias observed during meiotic recombination at the HISALEU2 locus, where
inter-homolog JMs are favored over inter-sister JMs by ~5:111 (see Supplemental Fig. S6).

Second, although DSB levels induced in our mitotic assay occur at similar levels to those
observed during meiosis at the same locus (~20%), the total level of detected JMs (inter-
sister and inter-homolog combined) is =10-fold lower during mitotic DSB-repair than during
meiotic recombination (Supplemental Fig. S6)11. During meiosis, about one half of DSBs at
HISALEU2 are processed via JMs, all (or most) of which are specifically resolved into
crossover productstl,? 22, The remaining half are processed via a non-JM pathway, most
likely synthesis-dependent strand annealing (SDSA)®,23, which yields intact duplexes that
have not undergone crossing-over (“non-crossovers”). Thus, taken at face value, the relative
paucity of JMs per DSB during mitotic repair implies that as many as 90% of events proceed
via a non-JM pathway which, presumptively, yields non-crossover products.

The alternative possibility, that dHJs are the major intermediates of mitotic DSB-repair,
could be true if we failed to detect the majority of JMs, e.g. if they migrate out of the
assayed region, or if they have a much shorter lifespan relative to meiotic dHJs. If the
former possibility were true, JM yield should increase when longer fragments are analyzed.
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However, we find that JMs are recovered at very similar levels for the 4.3 and 5.9 kb Xhol
fragments (shown in Fig. 1a) as for 13.6 kb Sacl fragments that span the HISALEU2-Scel
locus (Supplemental Fig. S7), i.e. JM yield for the Xhol fragments is efficient. If the latter
possibility were true, JM levels should increase when turnover-mediating factors are
eliminated. In vitro, dHJs can be rapidly dissociated by helicase/topoisomerase ensembles:
RecQ DNA helicase, BLM, type-I topoisomerase, TOPIlla, and the specificity factor, RMI
(RMI1+RMI2) in human23,24; and the orthologous Sgs1-Top3-Rmil in budding yeast (S.
Kowalczykowski, personal communication). Rapid dissociation of mitotic JMs by Sgs1-
Top3-Rmil could explain why detected levels are so much lower than during meiosis. To
address this possibility, we analyzed JM formation in an sgsl mutant diploid (Fig. 4b, ¢ and
Supplemental Figs. S2 and S5). Importantly, peak JM levels in sgsl cells are only slightly
higher than those measured in wild-type cells indicating that rapid turnover of JMs by Sgs1-
Top3-Rmil cannot account for the low levels detected during mitotic DSB repair (Fig. 4c).
However, JM resolution does appear to be defective in the absence of Sgsl helicase activity,
as indicated by the persistence of both inter-sister- and inter-homolog-JM signals. Taken
together, these data support the inference that JMs represent a minor pathway of DSB-repair
in mitotically cycling cells and provide compelling in vivo evidence for the “dHJ-
dissolution” activity of the Sgs1-Top3-Rmil complex.

The stark differences between mitotic and meiotic JMs reflect the distinct logic for
homologous recombination in the two cell types. During mitotic DSB-repair, use of the
sister template minimizes alteration of genetic content (loss-of-heterozygosity); and
preferential occurrence of non-crossovers minimizes deleterious effects that can result from
crossing-over, such as chromosome rearrangements and missegregation21,24. In contrast,
during meiosis, most DSBs are directed to homolog templates in order to facilitate pairing of
parental homologs. Moreover, formation of dHJs and their resolution into crossovers is
essential to direct segregation of homologs to opposite poles at the first meiotic division?>.

Methods Summary

Methods

All strains are derived from SK1 strains NHY53 and NHY56 and are described in
Supplemental Information. To synchronize cells in G1, cultures were diluted 1/100 and
grown in YP-lactate (1% Bacto yeast extract, 2% Bacto peptone, 3% lactic acid, pH 5.5) for
~18 hrs at 30°C. Cells were then harvested and resuspended in fresh YP containing 2%
galactose to induce I-Sce | expression. After 45 mins, I-Sce | expression was repressed by
addition of 3% glucose. Cell samples were treated with psoralen and DNA was purified as
previously described?. 1D and 2D gel analyses were as described?,”,11.

Strain Construction

The linker 5-CGCGCGGCCTAGGGATAACAGGGTAATGGCGC-3, containing a
single 1-Sce | cleavage site (highlighted in bold), was inserted into the Mlul sites of plasmids
pNH16 (to create pMB34) and pNH93 (to create pMB7), which carry the “Mom” and “Dad”
HISALEU?2 loci, respectively’. The linker 5'-
CGCGCGGCCGAGGGATAACAGGGTAATGGCGC-3', which contains a mutated 1-Sce |
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recognition site that is not cleaved by I-Sce | in vivo, was inserted into the Mlul site of
plasmid pNH93 (to create pMB8). Underlined sequences in the linkers indicate the
polymorphic Avrll restriction site analyzed in Supplemental Fig. S3. The resulting plasmids
were cut with Sacl and Pstl, to release the HISALEU2 constructs from the vector backbone,
and then transformed into precursor strains NHY53 and NHY56 (Supplemental Table S1)
using standard methods (http://home.cc.umanitoba.ca/~gietz/). Correct integration at the
native HIS4 locus was conformed by Southern analysis with Probe 4. Plasmid pwY20310
contains a pGAL1 driven SCEI gene marked with URA3 inserted into the LYS2 gene. To
target integration of this construct to the native LYS2 locus, pWY 203 was cleaved with AfllI
prior to transformation.

The sgsl allele used in this study was sgs1-AC795::hphMX4 and has been described
previously!l. sys1-AC795 encodes a truncated Sgs1 protein28 lacking the conserved helicase
and HRDC domains, which are essential for dHJ dissociation in vitro?”,28, The sgs1-AC795
strain, which grows normally, was used in preference to an sgs1A strain, which grows
slowly and synchronizes poorly (data not shown). rad51A:: hisG is a complete deletion of
RAD51 and has been described?®.

Analysis of Cell Cycle Stage

To asses the synchrony of cultures and follow progression through the cell cycle, cell
samples (0.5 mL) were fixed in 40% ethanol 0.1M sorbitol, stained with 4',6-diamidino-2-
phenylindole and visualized microscopically with both fluorescence and bright-field
illumination. Cell cycle stage (G1, S, G2 or M) was scored according to standard criteria.
~200 cells were analyzed for each time point.

DNA Analysis

Detailed methods for psoralen cross-linking, DNA extraction, gel electrophoresis and
Southern analysis methods are described in Oh et al.20. For 1D gels, 2ug of genomic DNA
was digested and analyzed for each time point; 6 ug of DNA was used for 2D gels. IM
signals were quantified using a phosphorimager. For the JM component-strand analysis
experiment in Fig. 3d, given that mitotic JMs are relatively rare, we first used preparative
gel electrophoresis to obtain a sample enriched for these molecules. DNA fragments of the
appropriate size were recovered from the preparative gel and then analyzed by native/
denaturing 2D gel electrophoresis as described?,30.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 1. Inducible DSB-repair system
a, Map of the HISALEU2-Scel locus showing diagnostic restriction sites and probe positions.

DNA species detected following Southern hybridization are shown below. Lollipops
indicate Xhol restriction site polymorphisms. Diploid strains contain the I-Sce | recognition
site on either the Mom or the Dad homolog. IS-JM, inter-sister joint molecule; IH-JM, inter-
homolog joint molecule.

b, Image of one-dimensional gel hybridized with Probe 4 showing the DNA species detailed
in (a). JMs are detected using two-dimensional gel analysis (see Fig. 2).

¢, Time course analysis of DSB formation and repair in cycling diploid cells following DSB-
induction. Sampling intervals are 15 minutes. Cell cycle stage was assessed microscopically.
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a, Images of native/native 2D gels hybridized with Probe 4. Panels on the right-hand side
show magpnifications of the JM region. Black and white arrows highlight the two JM species.
b-d, JM signals are dependent on DSB-induction, the Rad51 protein and stabilization by

psoralen crosslinking.
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Fig. 3. Analysis of Joint Molecule composition
a, 2D gel analysis of JMs during DSB-repair in cycling haploid cells.

b, 2D gel analysis of JMs in diploid cells carrying the I-Sce | recognition site on the Dad
homolog. The smaller Dad+Dad intersister JM is highlighted by a caret. The asterisk
highlights a high molecular weight species of unknown identity.

¢, Successive hybridizations of 2D gels with Probe 4 and homolog-specific probes. Mom
+Mom intersister JMs and Mom+Dad interhomolog JMs are highlighted by black and white
arrows, respectively.

d, Native/denaturing 2D gel analysis of the strand composition of JMs. The corresponding
native/native 2D gel is shown in the top panel to align JM species with their component
strands in the lower panels. The same JM sample was analyzed using two different agarose
concentrations in the second dimension. Component strands are more sharply resolved in the
1.2% gel and show that interhomolog JMs comprise primarily parental length strands. The
lower detection limit for this experiment is estimated to be 28% recombinant strands, i.e.
28% of interhomolog-JMs could be sHJs and go undetected by this assay.
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Fig. 4. Temporal analysis of JMs in wild-type and sgsl cells
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aand b, 2D analysis of JM formation over the time-course of DSB-repair in wild-type and
sgsl strains. Intersister JMs and interhomolog JMs are highlighted by black and white

arrows, respectively.

¢, Quantitation of DSBs, JMs and recombinants (Recs). DSBs and Recs were quantitated
from 1D gel analysis. JMs were quantitated from 2D gels. See Supplemental Figs. S2 and S3
for additional analysis and interpretation of recombinants in this system.
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