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Dynamic telomere repositioning is a prominent feature of meiosis. Deletion of a telomere-associated protein,
Ndj1, results in the failure of both attachment and clustering of telomeres at the nuclear envelope and delays
several landmarks of meiosis I, such as pairing, synaptonemal complex formation, and timing of the meiosis
I division. We explored the role of Ndj1 in meiotic recombination, which occurs through the formation and
repair of programmed double-strand breaks. The ndjIA mutation allows for the formation of the first detect-
able strand invasion intermediate (i.e., single-end invasion) with wild-type kinetics; however, it confers a delay
in the formation of the double-Holliday junction intermediate and both crossover and noncrossover products.
These results challenge the widely held notion that clustering of telomeres in meiosis promotes the ability of
homologous chromosomes to find one another in budding Saccharomyces cerevisiae. We propose that an
Ndj1-dependent function is critical for stabilizing analogous strand invasion intermediates that exist in two
separate branches of the bifurcated pathway, leading to either noncrossover or crossover formation. These
findings provide a link between telomere dynamics and a distinct mechanistic step of meiotic recombination

that follows the homology search.

Meiosis is a conserved cell division pathway that generates
haploid gametes from diploid parents in sexual eukaryotes. In
budding Saccharomyces cerevisiae and most eukaryotes, mei-
otic recombination produces crossovers (CRs) between homol-
ogous chromosomes. Together with sister chromatid cohesion,
CRs hold homologs together prior to meiosis I disjunction to
ensure proper chromosome segregation. Failure in this con-
served process is a major cause of miscarriage and birth defects
in humans (reviewed in references 21, 43, 45, and 64).

Meiotic recombination is initiated by programmed double-
strand break (DSB) formation catalyzed by a topoisomerase-
like protein, Spoll (3, 30). The repair of DSBs can generate
either CR or noncrossover (NCR) products. The subset of
DSBs processed to CRs proceed primarily through a pathway
(referred to here as the CR-I pathway) involving physically
detectable intermediates: single-end invasion (SEI), followed
by a double-Holliday junction (dHJ) with ligated DNA strands
(26). It is thought that dHJs are resolved primarily as CRs (1,
26, 47). The CRs formed via the CR-I pathway are thought to
be under crossover control and exhibit crossover interference.
Their formation is dependent, to a large extent, on the ZMM
group of proteins, comprising Zipl, Zip2, Zip3, Msh4-Msh5,
and Mer3 (6, 53).

NCRs and a smaller subset of CRs (called class CR-II) are
likely processed by a synthesis-dependent strand annealing
pathway that is dependent in part on Mus81 and Mms4 in
budding yeast (reviewed in references 13, 23, and 25). Both the
CR-I and NCR-plus-CR-II pathways require Spol1-dependent
DSB formation, resection of 5’ ends of the DSB, and presum-
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ably an unstable strand invasion intermediate promoted by the
RecA homologs Dmcl and Rad51 (60).

Multiple lines of evidence suggest that telomeres play a
critical role(s) during meiotic recombination and synapsis in
various sexual reproductive eukaryotes. In the fission yeast
Schizosaccharomyces pombe, telomere-led, dynein-dependent,
oscillatory movements are important for the efficiency of mei-
otic homolog pairing and recombination (8, 11, 16, 39, 62).
Mutants defective in telomere-spindle pole body attachment
and dynein heavy chain and light chain lead to drastic reduc-
tions in meiotic recombination (reviewed in references 12 and
24). In maize, a pam ] mutant fails to bring telomeres together
into a clustered bouquet during zygotene and also exhibits
defects in homologous synapsis (20). In mice, irregular telomere
length results in decreased levels of synapsis and a modest reduc-
tion in CR recombination, as measured by the number of MLH1
foci (34).

Meiotic prophase is notable for the dynamic nature of chro-
mosome mobility (12, 14, 24, 35, 64). It has long been postu-
lated that the dynamic reorganization of chromosomes may
facilitate meiotic recombination by aligning homologous chro-
mosomes into close proximity (45, 64). In particular, the clus-
tering of telomeres at the nuclear envelope at the “bouquet”
stage has been postulated to reduce the homology search from
three dimensions to two dimensions since allelic sequences
would be placed at similar latitudes within the nuclear volume
(45, 64). This view has been challenged by a recent study using
Sordaria macrospora that shows presynaptic homolog coalign-
ment is accomplished prior to the bouquet stage (51). Recent
work by Peoples-Holst and Burgess (42) using Saccharomyces
cerevisiae demonstrates that a mutation defective in attach-
ment and clustering of telomeres at the nuclear envelope
(ndj1A) is partially defective in forming close stable homolog
connections. This defect, however, is dependent on the forma-
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TABLE 1. Strains used in this study

Strain Genotype

NKY3230 (also known

as SBY1903).....ccccevvvieuvuennee MATa/Mata ho::hisG/ho::hisG leu::hisG/leu2::hisG ura3fura3 his4-X::LEU2-(NBam)-URA3/HIS4::LEU2-(NBam)
SBY2030 ..o NKY3230 except that it has ndjlA::hphB/ndjlA::hphB
SBY2249 NKY3230 except that it has spol1A:kanMX/spollA::kanMX
SBY2380 ... NKY3230 except that it has spol1A::kanMX/spollA::kanMX ndjlA::hphB/ndj1::hphB
SBY1765 MATa/MATo ho::hisGlho::hisG lys2/lys2 ura3D::hisGlura3D::hisG leu2::hisG/leu2::hisG ade2D::hisGlade2D::hisG
SBY 1766 SBY1765 except that it has ndjlA::kanMX/ndj1A::kanMX
SBY86 MATa/MATo ho::LYS2/ho::LYS2 lys2/lys2 ura3fura3 leu2::hisG/leu2::hisG trpl::hisG/trpl::hisG arg4-Nsplarg4-Bgl

his4-B::LEU2/his4-X(Bam)::LEU2-URA3

SBY2118 SBY86 except that it has ndjlA::hphB/ndjl::hphB
SBY1759.. ho::LYS2/ho::LYS2 lys2/lys2 ura3jura3 leu2::hisG/leu2::hisG rad50-K181::URA3/rad50-K181::URA3

SBY 1795 ittt ho::hisG/lho:hisG lys2/lys2 ura3fura3 leu2::hisG/leu2::hisG ade2D::hisGlade2d::hisG
rad50-k181::URA3[rad50-k181::URA3 ndjlA::kanMX/ndj1A::kanMX

SBY2368
SBY2369..
SBY2180

NKY3230 except that it has radl7A:kanMX/rad17A::kanMX
.NKY3230 except that it has radl7A::kanMX/radl7A::kanMX ndj1A::hphB/ndjlA::hphB
NKY3230 except that both chromosome IlIs are circular chromosomes

tion of meiotically induced DSBs, thus also arguing against an
independent contribution of telomere organization in promot-
ing stable interhomolog (IH) interactions.

Meiotic prophase is divided into several stages. DSB-in-
duced recombination is initiated during early prophase (lepto-
tene) and completed during pachytene when homologous
chromosomes are fully synapsed. During the intervening zygo-
tene stage, SEIs and synapsis initiation occur (6, 26). In bud-
ding yeast, dynamic reorganization of telomeres is concomitant
with the events of meiotic recombination (57). Telomeres are
found detached from the nuclear envelope following DNA
replication and, by late leptotene, are found to be reassociated
and dispersed around the nuclear envelope. At the leptotene-
zygotene transition, telomeres cluster near the spindle pole
body in the bouquet configuration. The meiotic telomere clus-
ter repeatedly splits and reforms during zygotene (55). During
pachytene, telomeres again appear dispersed around the nu-
clear envelope (57) and undergo actin-dependent oscillating
movement over the entire nuclear periphery (55).

Nd;j1 (also known as Taml) is a meiosis-induced, telomere-
associated protein in budding yeast (9, 10). In the ndj/A mu-
tant, telomeres fail to retether to the nuclear envelope in early
meiotic prophase, and therefore, the earliest step of telomere
reorganization is impeded (56). Notably, several genes re-
quired for nuclear envelope-telomere interactions in mitotic
cells (YKU70, YKUS0, and SIR3) are not required for the
nuclear envelope-telomere interaction in meiotic prophase
(55, 58). To date, NDJ1 is the only gene identified to be in-
volved in tethering telomeres with the nuclear envelope in
meiotic prophase. Numerous events occurring during meiosis
prophase I are delayed in the ndjlA mutant, including pairing,
axial element formation, synaptonemal complex formation,
and meiosis I division (9, 10). While no significant genetic
effects on either allelic gene conversion or crossover recombi-
nation were found, the mutant does exhibit an increase in the
frequency of precocious separation of sister chromatids and E0O
(nonexchange) tetrads. Moreover, crossover interference is im-
paired (9). Homologous juxtaposition, meiosis I disjunction,
and spore viability are also decreased in ndjIA cells. Ectopic
recombination is increased in the ndjIA strain, suggesting that
the homology search step of meiotic recombination in ndjlA

cells is not impaired; however, compartmentalization of the
nucleus may be less defined (18). NDJI also plays a role in
homolog interaction in the absence of recombination initiation
in a haploid-disome strain background (44). Recently, nonmei-
otic roles for Ndjl have been described that implicate it more
directly in telomere biology, as it is required for telomere
length regulation in both mitotic and meiotic cells (27). NDJI
expression is also induced during a telomerase deletion re-
sponse invoked in vegetatively dividing cells (40).

Meiotic defects exhibited by the ndjlA mutant have gener-
ally been attributed to defects in the formation of the bouquet,
since telomeres fail to attach to the nuclear envelope. Here, we
address the role of Ndjl in meiotic recombination of budding
yeast. First, we show that the delay in separation of chromo-
some masses at meiosis I (MI) in the ndj/A mutant is depen-
dent on the formation of DSBs. We also show that the turnover
of DSBs in the ndjlA mutant is delayed compared to that in the
wild type. Unexpectedly, the timing of SEI formation in the
ndj1A mutant is very close to that in the wild type while dHJ
formation is delayed. Both CR and NCR formation is delayed,
while NCRs are specifically decreased in the mutant compared
to those in the wild type. These results imply that Ndj1 is not
required for a genome-wide homology search but facilitates
meiotic recombination primarily by promoting the transition
between recombination intermediates at a step following the
bifurcation of DSB repair into CR-I and NCR-plus-CR-II
pathways. Our results provide insights into how disruption of
meiotic telomere reorganization might influence specific steps
of meiotic recombination along the lengths of chromosomes.

MATERIALS AND METHODS

Yeast strains. All strains in this study are in the SK1 background (28) and are
listed in Table 1. Kanamycin or hygromycin B resistant markers were used for all
knockout strains generated in this study (19, 36).

Sporulation conditions. For meiotic division analysis and DNA analysis, yeast
cells were synchronized and sporulated using the SPS (supplemented presporu-
lation medium) method (1), except for the experiments whose results are shown
in Fig. 2, which were done by the YPA method (41). The SPS and YPA methods
differ by the composition of the presporulation medium (0.5% yeast extract, 1%
yeast peptone, 0.17% yeast nitrogen base, 1% potassium acetate, 0.5% ammo-
nium sulfate, and 1.02% potassium biphthalate [SPS]; 1% yeast extract, 2% yeast
peptone, and 1% potassium acetate [YPA]). For all experiments, sporulation
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medium (1% potassium acetate, 0.02% raffinose, 0.009% amino acid drop-out
powder) was used to induce the meiotic program. All cultures were incubated at
30°C except where otherwise noted.

Cytological analysis. The number of chromosome masses was monitored by
4',6'-diamidino-2-phenylindole (DAPI) staining of cells fixed in 50% ethanol.
Two hundred cells were counted for each time point. Experiments were con-
ducted in multiple independent trials, and similar results were obtained.

Molecular analysis. Psoralen cross-linking, DNA preparation, one-dimen-
sional gel, Southern blotting, and DNA probing were performed according to
previous conditions (26, 48). Separation and analysis of chromosomes by con-
tour-clamped homogeneous electric field (CHEF) electrophoresis were per-
formed as described by Borde et al. (5). DNA species were quantified using a
Storm phosphorimager and ImageQuant Software (Molecular Dynamics). Life
spans of DSBs were calculated by an Excel macro kindly provided by N. Hunter
(26). In our calculation, the maximum levels of DSBs at the HIS4:LEU2-
(NBam)/his4-X::LEU2-(NBam)-URA3 hot spot in NDJI and ndjIA cells were set
at 23.5%, according to Hunter and Kleckner (26). All experiments reported were
carried out in at least two independent trials, and similar results were obtained.

RESULTS

The meiosis I delay conferred by the rndjIA mutation is
linked to meiotic recombination. We first sought to understand
the nature of the delay in MI conferred by the ndjlA mutation.
Several possible explanations could account for this pheno-
type. i) Ndjl could be either directly or indirectly involved in
meiotic recombination by any one of various mechanisms, as
previously proposed (reviewed in reference 64). ii) Lack of
Ndj1 could affect other cellular processes in a more general
way. For example, expression of genes in the subtelomere re-
gion may be influenced by whether telomeres are attached to
the nuclear envelope (17). Alternatively, since the transcrip-
tion factor Rapl has been shown to be mislocalized in the
ndj1A mutant (10), a more general effect on gene expression
may lead to a delay in the progression through meiosis. iii) The
lack of telomere attachment to the nuclear envelope or a stage
of meiotic telomere reorganization perturbed by the ndjlA
mutation could activate a checkpoint unrelated to DNA re-
combination and slow the progression to meiosis I anaphase.

We addressed these models by comparing the kinetics of the
first meiotic division in ndjIA mutant cells that do not initiate
meiotic recombination with that in mutants that presumably
initiate recombination normally (i.e., ndjIA spollA cells with
ndjIA cells). The timing of MI in ndj1A spollA cells resembles
that in spollA cells (Fig. 1a). Chromosome masses separate
faster in spollA cells than in the wild type as previously re-
ported (29). A catalytically inactive spoll-YI35F allele also
suppressed ndjIA MI delay (data not shown). These results
suggest that the delay of separation of chromosome masses at
MI conferred by the ndjlA mutation depends upon the forma-
tion of DSBs. In this case, the accumulation of a DSB repair
intermediate might induce a DNA damage checkpoint re-
sponse (37). Consistent with this notion, we found that a DNA
recombination checkpoint mutant, rad17A, rescues the meiotic
delay conferred by the ndjlA mutation (Fig. 1b).

These results preclude the second and third models pre-
sented above; suppression of the ndjIA MI delay phenotype
conferred by the spollA mutation argues against an effect of
the ndjlA mutation on gene expression, thereby causing a
general delay or activating a nonrecombination checkpoint
during meiosis in the ndjIA cells.

The ndjl1A mutation delays the turnover of DSBs but does
not change the total level of DSBs formed. Since the MI delay
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FIG. 1. The meiosis I delay conferred by the ndjIA mutation is
suppressed by the spol/A mutation. (a) Meiotic time course of
SBY1903 (Wild type), SBY2030 (ndjIA), SBY2249 (spollA), and
SBY2380 (spol1A ndjIA). (b) Meiotic time course of SBY1903 (Wild
type), SBY2030 (ndjiA), SBY2368 (radl7A), and SBY2369 (radl7A
ndj1A). Separation of chromosome masses into two, three, or four foci
was monitored by DAPI staining.
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conferred by the ndjlA mutation is dependent on the initiation
of meiotic recombination, we next asked whether Ndjl is re-
quired for the timely formation and/or processing of DSBs into
recombination intermediates or products. Wild-type and ndjlA
cultures were synchronized to enter into meiosis, and Southern
blot analyses were carried out to measure DSB levels at several
meiotic recombination hot spots (i.e., THR4, YOR141C, and
HIS4::LEU?2) at various subsequent time points. In all cases,
ndj1A cells accumulated higher levels of DSBs than wild-type
cells (Fig. 2A and 3A and B).

To test whether ndjIA mutants were either making greater
overall levels of breaks or exhibiting delayed DSB turnover
kinetics, the maximum levels of DSB formation were com-
pared in ndjIA rad50S and NDJI rad50S strains. The rad50S
mutation (rad50-K181) creates a block in the DSB repair path-
way so that unprocessed meiotic DSBs accumulate prior to
resection. Since the turnover of breaks occurs very slowly in the
rad50S strain background, a close approximation of maximal
levels of DSBs formed at recombination hot spots can be
ascertained. Similar levels of breaks were formed in the rad50S
strain background for both ndjIA and wild-type cells for the
THR4 and YORI4IC loci and for the major DSB hot spots
resolved using CHEF gel analysis (Fig. 2C and D). Given that
the ndj1A mutant appears to make the same total levels of
breaks as the wild type, we interpret the increased levels of
DSBs in a RAD50 background to suggest that the life spans of
DSBs are increased in the ndjl A mutants compared to those in
wild-type cells. In other words, the turnover of DSBs is de-
layed.

The timing of DSB formation was observed to be similar to
that in the wild type (Fig. 2C and D) or slightly delayed (usually
a slight delay [7 to 21 min] for large-sized cultures, i.e.,
>100-ml cultures) (data not shown). This effect could be due
to a function for NDJI in telomere metabolism in vegetatively
dividing cells (27). A gene required for nuclear reorganization
in Caenorhabditis elegans appears to regulate the timing of
DSB formation (2). It is formally possible that NDJI may play
similar roles in budding yeast. Nevertheless, these possibilities
were not distinguished by our experimental design.
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FIG. 2. DSB turnover in the ndj1A mutant is delayed compared to that in NDJ1, but the timing and levels of DSB formation are not dramatically
affected. Results in panels A and B are all from time course 6 (TC6). (A) DSB turnover of NDJI (SBY1765) and the ndjlA mutant (SBY1766)
at THR4 (EcoRI digestion, THR4 open reading frame [ORF] probe) and YOR141C (HindIII digestion, YOR141C OREF probe). THR4 (YCRO53W)
localizes 100 kb away from the right end of chromosome III (total, 320 kb). YOR141C localizes 500 kb away from the right end of chromosome
XV (total, 1,095 kb). P, parental DNA. (B) CHEF gel on chromosome III, probed with the CHAI ORF from the left end of chromosome III. FL,
full-length chromosome III; Wells, DNA species stuck in the wells of the CHEF gel. (C) DSB timing and levels in rad50S and ndj1A rad50S mutants
at THR4 and YORI4IC loci. (D) DSB levels in ndjIA rad50S and rad50S mutants on chromosome III, probed with the CHAI ORF. For
experiments whose results are shown in panels C and D, rad50S (SBY1759) and ndjIA rad50S (SBY1795) mutants were used.

DSB turnover rates at hot spots along the whole length of
chromosome IIT were measured using CHEF gel electrophore-
sis (Fig. 2B). As with the single hot spot analysis, the turnover
of meiotic DSB hot spots was also delayed in the ndjIA strain.
There was no qualitative difference in timing or levels of breaks
at the ends versus the middle regions of chromosome II1.

A DNA species hybridizing to the chromosome III telomere
proximal probe was absent in the well of the CHEF gel at 0 h
but accumulated starting at 2 h in the wild type, reached a
maximum at 4 h, and was significantly reduced by 8 h. In both
wild-type and ndjIA strains, this DNA species was observed at
an early time point (2 h), prior to the formation of DSBs,
possibly indicating chromosomes undergoing DNA replication
that cannot enter the gel due to large replication bubbles (22).
If this interpretation is correct, then the kinetics of the appear-
ance of this species in ndjlA and wild-type strains suggests that
DNA replication timing is unaffected in the absence of Ndjl.
We reasoned that the persistence of DNA molecules in wells at

late time points (>5 h) likely represented joint molecules pro-
duced during recombination or late-replicating DNA. In ndjIA
strains, this DNA species reached a maximum level at =6 h,
suggesting that it persisted until late time points. This result
suggests that ndjlA strains could be defective in joint molecule
turnover in the DSB repair pathway of meiotic recombination.
As expected for both accumulation of DSBs and the species in
the wells, recovery of full-length chromosome III over time was
also delayed in the ndjIA strain compared to that in the wild
type (Fig. 2B).

Formation of the single-end invasion intermediate in the ndjIA
mutant occurs with wild-type Kinetics, while the formation of the
double-Holliday junction intermediate is delayed. We next
addressed the effect of the ndjIA mutation on the turnover of
detectable intermediates of the CR-I pathway. When strains
carrying the well-characterized HIS4::LEU2-(NBam)/his4-X::
LEU2-(NBam)-URA3 hot spot (26) are used, a one-dimen-
sional gel can separate a mixture of these intermediates (i.e.,
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FIG. 3. Meiotic recombination at HIS4::LEU2/his4-X::LEU2-URA3 hot spot in NDJI and the ndjIA mutant. Panels shown are from TC73 of
meiosis of strains NKY3230 (Wild Type) and SBY2030 (ndjlA). TC73 samples were treated with psoralen. DNA isolated at various time points
was digested with Xhol and separated on a 0.6% agarose gel. Southern blots were hybridized with probe A (3’ end of STE50 open reading frame).
(A) One-dimensional gel analysis. The schematic of the HIS4::LEU2/his4-X::LEU2-URA3 hot spot was modified as described by Hunter and
Kleckner (26). The joint molecule region contains both dHJs and SEIs. (B) Quantification of DSB levels from panel A. (C) Quantification of CR
levels from panel A. (D) Meiosis I timing for TC73, monitored by DAPI staining. WT, wild type.

SEIs plus dHJs) from their parental strands (Fig. 3A, right),
while a two-dimensional gel can separate SEIs, interhomolog
dHJs, and intersister (IS) dHJs from one another (Fig. 4) (26,
49). We found that the maximum levels of SEIs and inter-
sister and interhomolog dHJs in the wild type and the ndjIA
mutant are similar (Fig. 5A and B).

In ndjiA strains, both intersister and interhomolog dHJ for-
mation was significantly delayed (Fig. 5D), while a slight delay
in SEI formation was observed for two independent time
course (TC) experiments (Fig. 5C, TC73; data not shown
[TCS50]). After adjustment for the delay in DSB entry, SEI
formation in the ndj/A mutant was nearly identical to that in
the wild type (Fig. SE and F). SEIs in the ndjIA mutant
reached 80 to 90% of their maximum level at the time the
maximal level was attained in the wild-type strain (Fig. 5E and
F). Notably, the SEI level in ndjIA strain persisted at a high
level (i.e., >80% of its maximum signal) for about 2 h, while
the SEI level in wild-type strain immediately decreased after
reaching its peak. By contrast, the overall formation of dHJ
molecules was significantly delayed in ndjIA strains compared
to that in wild-type strains, with the peak of maximal dHJ
formation delayed about 2 h.

The observed delay in DSB turnover is consistent with a
delay in the transition from the SEI to the dHJ intermediate.
The SEI intermediate is a three-armed structure that migrates
slower than parental DNA fragments on a one-dimensional
gel. The “fourth” arm represents the other side of the DSB
that has not achieved a stable interaction with the homologous
chromosomes. Thus, for every SEI detected, there should be a
corresponding species detected at the position of the DSB.

Implicit in our interpretation is that “on-time” formation of
the SEI intermediate in the ndjIA mutant represents IH inter-
actions. It is possible that an early product formed between
sister chromatids (IS-SEI) could confound this conclusion. We
offer two arguments against this interpretation. (i) IS-dHJs do
not form early, and their level is not increased in the ndjIA
mutant (Fig. SA and B). While an IS-SEI intermediate would
not necessarily be converted to an IS-dHJ, the most parsimo-
nious model would anticipate an early and increased level of an
IS-dHJ intermediate in the ndjl/A mutant compared with that
in the wild type. (ii) A signal consistent with an IS-SEI inter-
mediate is not observed in the ndjIA mutant. IS-SEI interme-
diates should migrate as 9.11- and 7.2-kb bands compared with
8.7 and 7.4 kb for the IH-SEI intermediates in the first dimen-
sion of separation. While these differences are not great, we
found no indication of different-sized products in the ndjlA
mutant at early versus late time points (3.5 versus 8 h and 4
versus 6 h) or between ndjIA and wild-type strains at an early
time point (4 h) by analyzing superimposed images, using the
IH-dHJ intermediate as a point of reference (data not shown).

Both crossover and noncrossover product formation is delayed
in the ndjlI A mutant compared with that in the wild type, but the
level of noncrossover product is more severely affected. CR
products arising from the HIS4::LEU2-(NBam)/his4-X::LEU2-
(NBam)-URA3 hot spot (TC73, psoralen-treated samples,
350-ml cultures for both the wild type and the ndjlA mutant)
were delayed about 1.5 h. The final level of CR was reduced to
about 70% of wild-type levels in the ndjIA mutant (Fig. 3C).
The CR levels in NDJI and ndjIA cells were also determined
from six independent small-sized (10 ml) cultures (13 h), with-
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ndj1A

1st dimension

2nd dimension

FIG. 4. Southern analysis of two-dimensional gels of meiotic recombination at HIS4::LEU2/his4-X::LEU2-URA3 hot spot in NDJI and the
ndjIA mutant. Samples are from the same time course experiment (TC73) whose results are shown in Fig. 3.

out psoralen cross-linking treatment. The CR level (CR di-
vided by total DNA) in the ndjlA mutant was found to be 88%
of the wild-type level (wild type, 19.4 £ 0.7%; ndjlA mutant,
17.1 = 0.5% [mean * standard deviation]; P < 0.001 by ¢ test)
(data not shown).

While our physical analysis of CR levels showed a modest
decrease in the ndjlA mutant compared to those in the wild
type (70 to 90% of the wild type), a previous study showed that
the ndjlA mutation conferred no significant effect on crossing
over at any one of five genetic intervals (9). While these results
may appear at odds with one another, it is possible that a subtle
crossover phenotype may have been missed in the genetic
analysis since only four-spore viable tetrads were analyzed and
the strain under study gave 76% spore viability levels. More-
over, the frequency of EO tetrads, in which chromosome IIT is
nonrecombinant along its entire length, was elevated 20-fold in

the ndjlA background (9). The modest defect in CR levels
detected physically is therefore likely to be consistent with a
high level of EO tetrads and the levels of nondisjunction and
spore inviability associated with the ndjIA mutant.

We have previously demonstrated a role for Ndjl achieve-
ment of close, stable homolog juxtaposition during meiosis that
functions through an SPOI1-dependent pathway and is largely
independent of ZMM function (i.e., the CR-I pathway) (42).
From this phenotype, we inferred that Ndjl contributes to
close, stable homolog juxtaposition in part through the NCR-
plus-CR-II pathway. Here, we directly addressed whether Ndj1
is involved in noncrossover recombination by using the
his4-X::LEU2-URA3/his4-B::LEU? test locus, in which gene
conversion events associated with NCRs can be physically
assessed by analysis of restriction-length polymorphisms
built into the constructs (52). To make comparisons with
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FIG. 5. Quantification and adjustment of two-dimensional gel results. (A to D) Two-dimensional gel quantification of TC73. (A) Quantification
of joint molecules in NDJI. (B) Quantification of joint molecules in the ndjlA mutant. (C) Normalized SEIs and dHJs of NDJI to their maximum
levels. (D) Normalized SEIs and dHJs of the ndjlA mutant to their maximum levels. TC73 (E) and TC50 (F) entry of meiotic events of NDJI and
the ndjlA mutant after adjustment of the ndjIA curves for the delay in DSB entry. DSB entry and exit timing at the HIS4::LEU2 recombination
hot spot is shown. The SEI, dHJ, and CR curves of the ndjlA mutant were adjusted for the delay of DSB entry in the ndj/A mutant. All curves
were normalized to the maximum level. In TC50, the maximum levels of SEIs, IH-dHJs, and CRs in the NDJI strain were 1.17%, 1.03%, and
20.62%, respectively; the maximum levels of SEIs, IH-dHJs, and CRs in the ndjlA mutant were 0.98%, 1.15%, and 17.08%, respectively. Entry and
exit timing for these experiments of NDJI and ndjIA strains was calculated by an algorithm based on that described by Padmore et al. (26, 41).

WT, wild type.

published zmmA mutant phenotypes (6, 52), the ndjIA and
wild-type CR/NCR phenotypes were examined at two tem-
peratures (23°C and 33°C) (Fig. 6). Experiments presented
here were performed as described by Borner et al. (6). We
used R2 and R3 (Fig. 5) to represent a fraction of CRs and
NCRs, respectively. Interestingly, the formation of both CR
and NCR products was delayed at both temperatures. In the
ndjIA strain, while a significant reduction in CRs was not dis-
cernible in this experiment—neither at 23°C nor at 33°C—a
strong reduction in NCR levels was observed at both temper-
atures, particularly at 33°C, where the reduction was greater
than 50% of wild-type levels for nearly all time points. The
missing NCR events might be repaired from ectopic sequences
(e.g., the leu2::hisG locus on chromosome III) or a sister chro-
matid after a delay. The first possibility is consistent with the
previous finding that gene conversions in ndjIA meioses are
unaffected for heteroalleles at allelic loci but are increased for
ectopically located heteroalleles (18).

Although fewer NCRs were detected in ndjIA than in wild-
type strains, we cannot completely exclude the possibility that
heteroduplex sequences remained in a portion of recombi-

nants in the ndjIA mutant. Such hybrid DNA would be inac-
cessible to restriction digestion and thus would separate as
parental-size bands in our assay.

DSB turnover present on a circular version of chromosome
III does not phenocopy the DSB turnover defect in the ndjIA
mutant. There are two general ways in which the ndjlA muta-
tion could confer the mutant phenotypes we observe. First, the
effect could act in a chromosome-autonomous fashion in which
recombination is affected only on the chromosome on which a
telomere is detached from the nuclear envelope. Alternatively,
recombination could be affected in a global way, for example,
through the general disruption of telomeres, the specific ab-
sence of the Ndjl gene product, or any gene products whose
activity is regulated by these factors.

To begin to address these possibilities, we asked whether the
presence of telomere sequences on chromosome III would
affect recombination at the HIS4::LEU2 hot spot in cis in an
NDIJ1 strain background. To this end, we constructed diploid
strains homozygous for circular versions of chromosome III
that lacked telomeric sequences and all sequences distal to the
HML and HMR loci, including HMR. A time course study was



3690 WU AND BURGESS MoL. CELL. BIOL.
A B 23 degree C 33 degree C
- @ Pro e@ @ l Wild Type  ndj7A Wild Type ndj1A
_— o 0o © 0. 0W (Hy - o © WP © o WL (Hn)
® M ® sestttesnene " o
 RICR 54 ~=—R2 (CR)> === ceasa
R2 CR R3 (NCR)
R3 NCR - coasssssnasacs
—— R4 NCR&CR ""; Eall
O - --Fl4 (Mlx)_— - - - -
eG—— e — [ — aeattREana
2 6 2 6
Z«L5 G« 5
EZ 2 £24 N1 -m Wild Type CR
£33 ES3 -n-nd{m(?R
8%2 S &5 m Wild Type NCR
S n ggg " a.m O ndj7ANCR
2 10 o ] 10 o O O« n
0 5 10 15 0 5 10 15 28
Hours in SPM Hours in SPM

FIG. 6. Both CR and NCR formation is delayed in the ndjlA mutant. NCRs were significantly reduced compared to CRs in the ndj/A mutant.
Time course of meiosis of NDJI (SBYS86) and ndjIA (SBY2118) strains. (A) Schematic of the his4-X::LEU2-URA3/his4-B::LEU2 hot spot (52).
(B) Timing and levels of CR and NCR formation, probed with a PCR fragment of the 3’ end of the HIS4 open reading frame (1,715 bp to 2,133
bp). DNA samples were digested with Xhol and Mlul. A background signal overlapped with the R4 band in this experiment.

carried out using large cultures with psoralen cross-linking;
post-MI kinetics, DSB turnover, and CR formation at the
HIS4::LEU2 locus on chromosome III were measured. As a
control, DSB turnover at a hot spot near the CYS3 locus on
chromosome I was assayed.

Homozygous
circular chromosome lll

Homozygous
linear chromosome Il

A

) 5 6 6 o
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Notably, turnover times of DSBs at both the HIS4::LEU2
locus and the CYS3 locus were slightly increased (Fig. 7) and
the post-MI kinetics was similar or slightly delayed for strains
homozygous for a circular chromosome III compared with that
for strains homozygous for a linear chromosome III (Fig. 7).
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FIG. 7. Meiotic recombination on circular and linear chromosomes. SBY1903 (wild type) and a strain derived from SBY1903 with homozygous
circular chromosome III (SBY2180) were analyzed by time course studies carried out in parallel. Two additional late time points were analyzed
for homozygous circular chromosome strains. (A) Southern blot analysis of HIS4::LEU2/his4-X::LEU2-URA3 hot spot. (B) Quantification of DSB
turnover results shown in panel A. (C) The kinetics of crossover formation. (D) DSB turnover of the CYS3 hot spot on chromosome I (linear).
Samples are from the same time course as that whose results are shown in panel A. Southern blot analysis is not shown. (E) Timing of meiosis

I of SBY1903 and SBY2180.
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Moreover, CR formation was slightly delayed and reduced
(90% of linear chromosome levels) in strains containing circu-
lar chromosomes at the HIS4::LEU2 hot spot compared with
that in strains containing the same locus on linear chromo-
somes. It should be noted that several genes are deleted in the
circular chromosome, which could account for the delayed MI
kinetics. Together, these results demonstrate that while the
circular chromosomes are not entirely neutral during meiosis,
they nonetheless do not confer a phenocopy of the ndjIA
mutation for a DSB hot spot located in cis.

DISCUSSION

The ndjIA mutant exhibits a novel recombination pheno-
type. Study of meiotic recombination in the budding yeast
Saccharomyces cerevisiae has defined many genetic require-
ments and physical intermediates of the double-strand break
repair pathway. Analysis of the recombination hot spot HIS4::
LEU2 has been of particular importance, since multiple studies
involving a wide range of mutations in otherwise isogenic
strains of SK1 in yeast have been compared to one another and
to studies of the wild type. The analysis of physical intermedi-
ates and products in mutant backgrounds has allowed for an
approximate ordering and assignment of recombination inter-
mediates to one of two major pathways of DSB repair, branch-
ing from resected DSBs (possibly at the step of strand inva-
sion): (i) a CR-I pathway arising via SEI and dHJ intermediates
and (ii) an NCR-plus-CR-II pathway likely arising via the syn-
thesis-dependent strand annealing pathway (see introduction).

We have shown that the meiosis I delay conferred by the
ndjlIA mutation is fully suppressed by the spollA mutation.
Through physical analysis of two variants of the HIS4::LEU2
hot spot, we have observed a recombination phenotype in an

ndj1A mutant that has not been previously described to date.
Interpreting the defect conferred by the ndjlA mutation offers
several challenges. First, while both CR and NCR recombi-
nants are delayed in the ndjlA mutant compared to those in
the wild type, NCRs are more-severely reduced than CRs.
Second, while DSB turnover is delayed, the next physically
detectable intermediate in this pathway, the SEI, appears on
time in the mutant compared to that in the wild type, while the
later intermediate, the dHJ, is delayed. Overall, these pheno-
types suggest that the recombination defect conferred by the
ndjIA mutation is due to a delay in the transition from SEIs to
dHJs in the CR-I pathway and, most likely, an analogous
intermediate in the NCR-plus-CR-II pathway. It is attractive to
speculate that a process shared in common with both pathways
could be attenuated in the ndjIA mutant. One such process
could be a step related to DNA synthesis following strand
invasion (Fig. 8; see below for more discussion). Extension of
a 3’ strand invasion intermediate could act to stabilize such
intermediates.

Because the DSB turnover defect in ndjIA strains was also
observed at two other DSB hot spots and along the length of
chromosome III, we suspect that the SEI-to-dHJ transition and
the NCR-plus-CR-II pathway events are impaired across the
genome.

Independent lines of evidence suggest early CR/NCR deter-
mination. The strong reduction of NCRs at the HIS4::LEU2
locus in the ndjIA mutant is particularly interesting compared
with that in other mutants analyzed using the same or a similar
construct. For example, mutations in ZMM genes are temper-
ature sensitive and result in a significant decrease in CR for-
mation and increase in NCR formation compared to the wild
type at high temperatures. By contrast, ndjlA phenotypes are
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not temperature sensitive and result in a substantial reduction
in NCR products while CRs are only slightly affected. It has
been suggested previously that the fate of each DSB is deter-
mined before strand invasion (4, 6, 26). The specific reduction
of NCR exhibited by the ndjIA mutant in our study provides a
new line of evidence that there exist two pools of DSBs: i)
those that are committed to the CR-I pathway through the
formation of SEIs and dHJs and ii) those that are destined for
the NCR pathway.

The reduction in NCRs relative to CRs exhibited by the
ndjlIA mutant can be explained by an inherent instability of
strand invasion intermediates so that they decompose to their
respective DSB-like intermediates (Fig. 8). DSB CR-I inter-
mediates would then remain committed to the SEI pathway,
while DSB NCR-plus-CR-II intermediates would proceed into
the synthesis-dependent strand annealing pathway using a ei-
ther a homolog, a sister chromatid, or an ectopic sequence
sharing DNA homology. In either case, the results are ex-
plained by the CR- and NCR-determined intermediates being
distinguished at a very early stage (i.e., at or prior to strand
invasion).

A major difference between zmmA and ndjIA mutants at
high temperatures is that intermediates originally destined for
the CR-I pathway can be shunted to the NCR pathway in
zmmA mutants while in the ndjlA mutant, it appears as though
the accumulated intermediate is not amenable to switching to
the other branch, i.e., the NCR-plus-CR-II pathway. The sup-
position that Ndj1 also functions in the NCR pathway is further
supported by data measuring close, stable homolog juxtaposi-
tion using Cre-loxP site-specific recombination. Double mu-
tants containing an ndjIA and zmmA mutation give a more
severe reduction in allelic interaction than either single mutant
alone, suggesting that the two classes of genes function, at least
in part, in different pathways (42).

Role of the bouquet in meiosis of S. cerevisiae. It has been
widely held that the bouquet plays a role in the early homology
search by aligning allelic sequences in close juxtaposition in the
space of the nucleus. For Sordaria, this view has been chal-
lenged by the observation that presynaptic coalignment of ho-
mologs takes place prior to bouquet formation (51, 63). Cyto-
logical evidence from various organisms also implies that the
homology search has been accomplished before the bouquet
stage (35, 64). In mice, short stretches of homologous chromo-
somes interact in regions where Rad51 foci are found during
leptotene, at a time likely prior to bouquet formation (54).

Here, we show by eliminating the attachment of telomeres to
the nuclear envelope (and thus, the formation of the bouquet)
using the ndjlA mutant that the progression from SEI to dHJ
intermediates of meiotic recombination is delayed compared
with that using the wild type. By contrast, SEIs form at around
the same time and levels in the ndjIA mutant as they do in the
wild type. Therefore, early stages of homology recognition in
budding yeast meiosis, as in Sordaria and mice, do not appear
to require the formation of the bouquet.

How does NDJ1 affect meiotic recombination? How does a
mutation deleting a telomere protein affect recombination
events tens or hundreds of kilobases away from telomeres? We
propose here that stabilization of a strand invasion intermedi-
ate(s) may be defective in the ndjIA mutant. This might be
achieved by one or more of several mechanisms. First, Ndj1, or
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a cofactor, could be directly involved in the biochemistry of
meiotic recombination. While prominent accumulation of
Ndj1 has been observed at telomeres by immunofluorescence
analysis, it is possible that lower levels of Ndj1 protein function
at sites of DSB repair. For example, Rapl localizes predomi-
nantly at telomeres but is also found at interstitial sites when
chromatin immunoprecipitation analysis is used (33).

Second, it is conceivable that detachment of telomeres from
the nuclear envelope could cause mislocalization of one or
more factors involved in the regulation or the biochemistry of
homologous recombination. The composition of proteins at
the telomere is dynamic during the cell cycle (32, 50). Some
telomere proteins relocalize to DNA damage sites and pre-
sumably play roles in DNA damage repair (7, 61). Thus, telo-
meres could act as a repository for regulating free protein
levels of damage response factors. Indeed, the raison d’étre of
a telomere is to promote elongation of the chromosome end by
DNA replication. Polymerase 8, the same polymerase shown to
be involved in gene conversion and crossing over during mei-
osis (38), is also required for telomerase-mediated telomere
addition (i.e., lagging strand synthesis) (15). Perhaps a connec-
tion between telomere integrity and availability of these en-
zymes in the nucleus exists.

The failure to detect delayed CR formation on circular chro-
mosomes indicates that the presence of telomeres in cis does
not appear to promote homologous recombination at a locus
on the same chromosome. Two possibilities could account for
this observation: i) that Ndjl regulates the nucleus-wide con-
centration or activity of a telomere-binding protein that par-
ticipates in the SEI-to-dHJ transition (described above), per-
haps through the combined function of the 120 remaining
chromosome ends in the nucleus, or ii) that an element on the
circular chromosome acting in cis (e.g., the centromere [31, 59]
or sequence which directs the chromosome to the nuclear
envelope) is redundant with Ndjl function.

Third, Ndjl-dependent chromosome movement requiring
telomere attachment to the nuclear envelope might select for
strong interactions between homologous chromosomes. Alter-
natively, limiting Ndjl-dependent chromosome movement
might facilitate the stabilization of a primer/template for a
period of time sufficient to ensure the efficient repair of DSBs
during meiosis. In this case, mobility of the circular chromo-
somes could be influenced by the bulk inertia imposed by the
30 remaining linear chromosomes. Future studies will be di-
rected toward distinguishing between direct and indirect roles
of Ndj1 and/or telomere dynamics in promoting meiotic re-
combination.
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