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SUMMARY

Crossover recombination is essential for accurate chromosome segregation during meiosis. The
MutS-y-complex, Msh4-Mshb5, facilitates crossing over by binding and stabilizing nascent
recombination intermediates. We show that these activities are governed by regulated proteolysis.
MutS-y is initially inactive for crossing over due to an N-terminal degron on Msh4 that renders it
unstable by directly targeting proteasomal degradation. Activation of MutS+y requires the Dbf4-
dependent kinase, Cdc7 (DDK), which directly phosphorylates and thereby neutralizes the Msh4
degron. Genetic requirements for Msh4 phosphorylation indicate that DDK targets MutS+y only
after it has bound to nascent JMs in the context of synapsing chromosomes. Overexpression
studies confirm that the steady-state level of Msh4, not phosphorylation perse, is the critical
determinant for crossing over. At the DNA level, Msh4 phosphorylation enables the formation and
crossover-biased resolution of double-Holliday Junction intermediates. Our study establishes
regulated protein degradation as a fundamental mechanism underlying meiotic crossing over.
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INTRODUCTION

Crossover recombination connects homologous chromosomes to promote their accurate
segregation during the first division of meiosis. Defects in crossing over cause infertility,
miscarriage and congenital disease (Hunter, 2015). A fundamental question in meiosis is
how crossovers are differentiated from a larger pool of precursor recombination sites in such
a way that each pair of chromosomes becomes connected by at least one crossover, despite a
low total number of crossovers per nucleus (Jones, 1984).

Meiotic recombination is initiated by Spoil-catalyzed DNA double-strand breaks (DSBs)
(Lam and Keeney, 2014), which outnumber crossovers by ~2-fold in budding yeast, ~10-fold
in mammals and up to 30-fold in some plants. Analysis of joint-molecule (JM)
recombination intermediates in budding yeast together with fine-scale analysis of
recombination products in a variety of species, indicates that crossover and non-crossover
pathways diverge following DSB resection and initial DNA strand exchange to form nascent
displacement loops (D-loops)(Hunter, 2015). A majority of noncrossovers arise from D-
loops via synthesis-dependent strand annealing in which the invading 3’ end is extended by
DNA polymerase, unwound and then annealed to the other DSB end. Crossovers form via a
distinct pathway involving metastable one-ended strand-exchange intermediates called
single-end invasions (SEIs)(Hunter and Kleckner, 2001); through DNA synthesis and
capture of the second DSB end, SEls give rise to double Holliday Junctions (dHJs), which
must then undergo biased resolution into crossovers (Zakharyevich et al., 2012).

At the cytological level, prospective crossover sites selectively retain specific recombination
factors such as the MutSy complex, Msh4-Msh5. This patterning process is dependent on
the SUMO-maodification and ubiquitin-proteasome systems suggesting a model in which
factors such as MutSy are selectively stabilized at crossover sites by protecting them from
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proteolysis (Agarwal and Roeder, 2000; Ahuja et al., 2017; De Muyt et al., 2014; Nguyen et
al., 2018; Qiao et al., 2014; Rao et al., 2017; Reynolds et al., 2013; Yokoo et al., 2012;
Zhang et al., 2018). MutS+y specifically binds a variety of JM structures /n vitro, and
stabilizes Holliday Junctions in the stacked-X conformation, which is refractory to branch
migration (Lahiri et al., 2018; Snowden et al., 2004). /n vivo, MutSy is thought to promote
the formation and/or crossover-biased resolution of dHJs (De Muyt et al., 2014; Franklin et
al., 2006; Reynolds et al., 2013; Yokoo et al., 2012; Zhang et al., 2014; Manhart and Alani,
2016; Pochart et al., 1997; Snowden et al., 2004).

Here, we confirm that regulated proteolysis plays a direct and essential role in meiotic
crossing over, identify a specific target, and delineate an unusual mechanism. Msh4 is
identified as an intrinsically unstable protein that is directly targeted for proteasomal
degradation by an N-terminal degron, thereby rendering MutS+y inactive for its crossover
functions. Activation occurs by neutralizing the Msh4 degron via phosphorylation, catalyzed
by the conserved cell-cycle kinase, Cdc7-Dbf4 (DDK). Thus, a key meiotic pro-crossover
factor is activated by attenuating its proteolysis.

Phosphorylation is Essential for the Crossover Function of Msh4

The ZMM proteins were surveyed for modifications detectable as electrophoretic-mobility
shifts on Western blots. A prominent modified band was detected for Msh4 but not for its
partner Msh5 (Figure 1A and Supplemental Information Figure S1). Treatment of
immunoprecipitated Msh4 with A phosphatase indicated that the modified form is due to
phosphorylation (Figure 1B). Relative to the unphosphorylated protein, phosphorylated
Msh4 appeared with a =1 hr delay, its levels peaked at ~22% of total protein, and then both
species disappeared with the same timing (Supplemental Information Figure S1). To map
sites of phosphorylation, Msh4 was immunoprecipitated, fast and slow migrating forms were
resolved by electrophoresis, and then analyzed separately by tandem mass spectrometry
(MS/MS; Figure 1C and Supplemental Information Figure S1). Six phosphorylation sites
were identified in the slower migrating form of Msh4, all mapping within the first 50 amino
acids (S2, S4, S7, S41, T43 and S46; Figure 1C; Supplemental Information Figure S1). In
the faster migrating form of Msh4, only phosphorylation at S41 was detected.

Msh4 and Msh5 lack the N-terminal domain I, which is conserved in other MutS proteins
(Figure 1C and 1D). Domain | encircles DNA together with MutS domain IV and is
intimately involved in DNA binding and mismatch recognition (Yang et al., 2000). Absence
of domain | from Msh4 and Msh5 is predicted to enlarge the DNA channel such that it can
accommodate JM structures and slide on two duplexes (Rakshambikai et al., 2013; Snowden
et al., 2004). The functions of the N-terminal regions of Msh4 and Msh5 are otherwise
unknown.

To assess whether phosphorylation is required for the crossover function of Msh4, we
mutated the six identified phosphorylation sites to alanine to prevent phosphorylation, or to
aspartic acid to mimic phosphorylation, creating respectively msh4-6A and msh4-6D alleles.
Genetic map distances were then measured in a background carrying markers on three
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different chromosomes (111, VI and VIII; Figure 1E). Cumulative map distances showed
that msh4A reduced crossing by 2.1 to 2.7-fold (Figure 1F; Supplemental Information Figure
S2 and Table S2). Similar reductions (2.1 to 2.8-fold) were seen for the msh4-6A
phosphorylation-defective strain. Thus, phosphorylation is essential for the crossover
function of Msh4. For chromosomes VII and VIII, the msh4-6A mutation caused slightly
larger reductions in crossing over than the msh4A null. Possibly, phosphorylation-defective
msh4-6A protein is still capable of binding recombination intermediates thereby impeding
processing via alternative crossover pathways mediated by the structure-selective nucleases
(De Muyt et al., 2012; Zakharyevich et al., 2012). By contrast, in the phospho-mimetic
msh4-6D strain, cumulative map distances were indistinguishable from those of wild type.
The contributions of individual phosphorylation sites to the crossover function of Msh4 were
also assessed. This analysis revealed a major role for sites S2, S4 and S7, while S41, T43
and S46 made little or no contribution (Supplemental Information Figure S3). Western
analysis indicated that msh4-6A protein could still be phosphorylated, albeit with a delay
and at lower levels than wild-type Msh4 (low-level phosphorylation was also detected for
msh4-6D; Figure 4A; also see Supplemental Information Figure S6). This residual
phosphorylation was abolished following mutation of all 18 serine and threonine residues
present in the first 50 amino acids of Msh4 indicating that phosphorylation leading to the
slow migrating form is confined to this to this region. Importantly, the mshA4-18A strain was
no more defective for crossing over than the msh4-6A strain, indicating that phosphorylation
at other sites in the N-terminus is not functionally redundant with the phosphorylation sites
mapped by MS/MS (Supplemental Information Figure S3).

Next, we determined whether crossover assurance is influenced by Msh4 phosphorylation
using a strain carrying eight linked intervals that span the length of chromosome Il (Figure
1F and Supplemental Information Table S5)(Zakharyevich et al., 2010). In wild type, at least
one crossover was detected in 98.9% of tetrads indicating highly efficient crossover
assurance. Oppositely, crossover assurance was severely defective in the absence of Msh4,
with 25.2% of msh4A tetrads lacking a detectable crossover on chromosome I11, consistent
with previous analysis (Krishnaprasad et al., 2015). In addition, the fraction of tetrads with a
single crossover was increased and multiple crossover classes were diminished in the msh4A
strain relative to wild type (P<0.001, G-test). If crossover assurance remained operational in
msh4-6A cells, the average residual crossover frequency along chromosome 111 (1.7
crossovers per meiosis) would be sufficient to ensure =1 crossover per meiosis. However,
17.4% of msh4-6A tetrads had zero crossovers indicating an essential role for Msh4
phosphorylation in crossover assurance (Figure 1F; P<0.001 compared to wild type, G-test;
distributions of crossover classes were not discernably different for msh4-6A and msh4A,
P=0.38). By contrast, crossover assurance remained efficient in msh4-6D cells (P=0.79
relative to wild type, G-test). In conclusion, phosphorylation of the N-terminus of Msh4
promotes the formation of crossovers that result in crossover assurance. Additional analysis
shows that the crossovers facilitated by Msh4 phosphorylation are also patterned by
interference (Supplemental Information Figure S2 and Tables S3 and S4).

In the absence of Msh4, defective crossing over causes chromosome missegregation
resulting in spore death (Krishnaprasad et al., 2015; Nishant et al., 2010; Novak et al., 2001;
Stahl et al., 2004). Consistent with previous studies, msh4A reduced spore viability to 34.7%
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and the pattern of spore death was indicative of chromosome missegregation at the first
meiotic division, with a preponderance of tetrads containing two or zero viable spores
(Figure 1G; Supplemental Information Figure S2 and Table S1)(Krishnaprasad et al., 2015;
Nishant et al., 2010; Novak et al., 2001; Stahl et al., 2004). The pattern of spore death in
cells carrying the phosphorylation-defective msh4-6A allele was similar to that of the msh4A
null, with an overall viability of 46.7% (P<0.01 compared to wild type, )(2 test). By contrast,
the phospho-mimetic msh4-6D allele supported wild-type levels of spore viability (96.3%
and 95.7%, respectively, £=0.42).

Previous analysis showed that non-crossover gene conversions are increased in the absence
of ZMMs, including Msh5 (and by extension Msh4), due to the continued formation of
DSBs when homolog engagement is defective (Hollingsworth et al., 1995; Novak et al.,
2001; Thacker et al., 2014). This phenotype was reflected in tetrad data from the msA4A null
strain, which showed a 3.4-fold increase in cumulative gene conversion frequency
(Supplemental Information Figure S4). Elevated gene conversion was also seen for
msh4-6A, which showed a 2.5-fold increase in gene conversions relative to wild type.
Unexpectedly, a 1.7-fold increase in gene conversion was observed for the msh4-6D strain,
the first indication that this phospho-mimetic allele is not fully wild type.

Msh4 Phosphorylation Facilitates the Formation and Resolution of DNA Joint Molecules

To understand how the molecular steps of meiotic recombination are influenced by Msh4
phosphorylation, DNA intermediates were monitored in cultures undergoing synchronous
meiosis using a series of Southern blot assays at the H/54..L EUZ recombination hotspot
(Figure 2)(Hunter and Kleckner, 2001; Oh et al., 2007).

In msh4-6A cells, DSB repair, progression of recombination and meiotic divisions were all
delayed relative to wild type (Figure 2A, B and C). Similar but more severe defects were
seen for msh4A. Consistent with our genetic analysis (Figure 1F), crossovers at H/S4::LEUZ
were reduced ~2-fold in both msh4-6A and msh4A cells (Figure 2C). In msh4-6D cells,
slight delays (<20 minutes) in DSB turnover and crossover formation were apparent, but
crossovers reached wild-type levels.

The increased frequencies of gene conversion seen in msh4A and msh4-6A tetrads were
mirrored by elevated levels of non-crossover gene conversions at H/S4..LEUZ2
(Supplemental Information Figure S4). Again, the effect of msh4-6A was weaker than that
of the msh4A null (increases of 1.8-fold versus 3.0-fold, respectively). Although gene
conversion was also significantly elevated in msh4-6D tetrads, non-crossovers at

HIS54::L EU2were not significantly increased.

Two-dimensional gel analysis revealed the importance of Msh4 phosphorylation for JIM
metabolism (Figure 2D-G). In msh4-6A cells, appearance of all JM species was delayed by
~30-60 min compared to wild type. A further delay of ~1.5 hrs was seen for the
disappearance of JMs. Peak JM levels were also lower in msh4-6A cells, averaging 61% of
wild-type levels (Figure 2G). JM kinetics in msh4A null mutants were similar to those of
msh4-6A (Figure 2F), but peak JM levels were significantly lower averaging just 40% of
wild-type levels (Figure 2G). Thus, with respect to DSB persistence, JM levels and prophase
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delay, the phenotypes of the msh4-6A mutant are milder than those of the msA4A null,
consistent with partial function of the phosphorylation defective msh4-6A protein for JM
formation.

Notably, SEls reached similar levels in msh4-6A and msh4A cells (% of hybridizing DNA =
1.19% £ 0.05 S.E. and 0.91% + 0.13 S.E., respectively), but dHJ levels were ~2-fold lower
in msh4A cells (0.83% + 0.05 S.E. and 0.40% + 0.02 S.E., respectively; p<0.01; Students #
test; Figure 2G). Two non-exclusive possibilities could explain this difference: (i) the SEI-to-
dHJ transition is more efficient and/or (ii) the stability of IH-dHJs is higher in the presence
of msh4-6A than when Msh4 is absent. However, despite higher IH-dHJ levels in msh4-6A
versus msh4A, crossovers were reduced by the same extent in both strains (Figures 1E and
2C). In msh4-6D cells, a minor delay in SEI formation was observed and IH-dHJs peaked at
~24% higher levels than wild type (1.58% + 0.11 versus 1.27% + 0.11), but otherwise,
kinetics and levels of JMs in msh4-6D cells were similar to those of wild type (Fig 2F and
G). Together, our JM analysis suggests that phosphorylation of Msh4 is important both for
JM formation and the biased resolution of IH-dHJs into crossovers.

Phosphorylation Promotes Chromosomal Localization of Msh4

To begin to understand how phosphorylation facilitates Msh4 function, the chromosomal
localization patterns of Msh4, msh4-6A and msh4-6D proteins were compared. Surface
spread nuclei were immunostained for both Msh4 and Zip1 (Figure 3A and 3B). Msh4 foci
were quantified in nuclei with zygotene (class 1) and pachytene (class 111) morphologies, i.e.
partial and complete lines of Zipl staining. In wild-type, Msh4 foci averaged 43.9 + 13.3
S.D. per nucleus while focus numbers in msh4-6A nuclei were lower, averaging 33.8 £ 10.4
S.D. (P<0.0001, two-tailed Mann Whitney test; Figure 3B). By contrast, the msh4-6D
protein formed slightly elevated numbers of foci relative to wild-type Msh4, averaging 47.7
+ 11.3 S.D. per nucleus (£=0.028). Phenotypes associated with phosphorylation-defective
(msh4-3A) and phosphorylation-mimetic (/msh4-3D) alleles for sites S2, S4 and S7 were
analogous to those of msh4-6A and msh4-6D with respect to formation of Msh4 foci
(Supplemental Information Figure S5), further highlighting the importance of these three
proximal serine residues. Thus, phosphorylation facilitates the chromosomal localization of
Msh4 into immunostaining foci.

Msh4 Phosphorylation Facilitates Homolog Synapsis

In many species, the homology search and strand-exchange steps of recombination promote
homolog pairing and SC formation (Zickler and Kleckner, 2015). Crossovers then mature in
the context of SCs. The possibility that the inefficient JM formation and decreased Msh4
foci seen in msh4-6A cells leads to defective homolog synapsis was addressed by immuno-
staining surface-spread nuclei for the SC component Zip1l. Synapsis was quantified over
time by assigning nuclei to one of three Zipl staining classes (Borner et al., 2004): class |
nuclei had a dotty pattern; class Il had partial synapsis with both linear and dotty staining;
and class 11 had full synapsis indicated by extensive linear staining (Figure 3C and
Supplemental Information Figure S5). Nuclei containing aggregates of Zip1 called
polycomplexes (PCs), a sensitive indicator of synapsis defects (Sym and Roeder, 1995),
were also quantified.
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Consistent with previous studies (Borner et al., 2004; Novak et al., 2001), synapsis was
severely defective in msh4A cells; class 111 nuclei with full synapsis peaked at only 9%
(compared to 35% of wild-type nuclei) and PCs were present in the majority of cells (Figure
3D). PCs were similarly prominent in msh4-6A cells, but synapsis was slightly more
efficient than msh4A, with higher levels of class Il and class I11 nuclei (£<0.005, G-test). By
contrast, synapsis in msh4-6D cells was indistinguishable from wild type (P=0.63). Thus,
Msh4 phosphorylation promotes the formation and/or stabilization of SCs.

Msh4 is Stabilized by Phosphorylation

We explored the possibility that aberrant localization of phosphorylation-defective msh4-6A
protein is caused by decreased protein stability. Consistent with this idea, Western analysis
showed that msh4-6A protein levels were lower at all time points during meiosis, averaging
a 2.2-fold reduction relative to wild-type Msh4 (Figure 4A and 4B; and Supplemental
Information Figure S6). In contrast, the msh4-6D protein was hyper-stable, with an average
increase of 2.1-fold.

The inference that Msh4 is subject to phospho-regulated proteolysis was supported by the
observation that proteasome inhibition with MG 132 restored msh4-6A to wild-type levels
(Figure 4C and 4D). Wild-type and msh4-6A cells were treated with the proteasome
inhibitor MG132 two hours after transfer to sporulation medium and Msh4 protein levels
were measured at 4, 5 and 6 hrs by Western blot (Figure 4C). In the absence of MG 132,
msh4-6A protein levels were reduced to 21-44% of wild-type levels. Treatment with MG132
restored msh4-6A levels to between 94% and 125% of Msh4 levels seen in control wild-type
cells (Figure 4D). MG132 treatment did not have a significant effect on wild-type Msh4
levels at 4 and 5 hrs, but at 6 hrs levels were 1.8-fold higher than in untreated cells.
Unexpectedly, the phosphorylated form of wild-type Msh4 was diminished following
MG132 treatment (Figure 4C). We suspect that this is due to the synapsis defects caused by
proteasome inhibition (Ahuja et al., 2017; Rao et al., 2017), which is consistent with our
analysis below showing that SC component Zipl is required for Msh4 phosphorylation
(Figure 7B). Regardless, MG 132 has a differential effect on the turnover of the
phosphorylation-defective msh4-6A protein relative to wild-type Msh4. These data suggest
that phosphorylation stabilizes Msh4 during meiotic prophase | by protecting it from
proteasomal degradation.

If the primary function of phosphorylation is to stabilize Msh4, then high levels of
phosphorylation-defective msh4-6A protein might bypass the requirement for
phosphorylation. Strikingly, overexpression of msh4-6A using the strong, copper-inducible
CUP1 promoter (Figure 4E) supported high levels of crossing-over and restored spore
viability to near wild-type levels (Figure 4F and 4G). In fact, crossover levels in cells
overexpressing msh4-6A were 29% higher than those of control wild-type cells, consistent
with the interpretation that the steady-state level of Msh4, and not Msh4 phosphorylation per
se, is a major determinant of crossing over.

To understand how Msh4 levels influence the formation of MutSy complexes, levels of
Msh4 and Msh5 were measured in whole cell extracts from wild-type, msh4-6A, msh6D and
Peyp1-msh46A strains; and relative efficiencies of MutSy complex formation were inferred
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by measuring the amount of Msh4 that co-immunoprecipitated with Msh5 (Figure 4H and
41; and Supplemental Information Figure S6). Despite a 9.4-fold range of Msh4 levels in
these four strains, Msh5 levels remained constant. In cells expressing the unstable msh4-6A
protein, the relative efficiency of MutSy complex formation was 2.6-fold lower than that of
wild-type cells (Figure 4H and 4l). In Pp,,;-msh4-6A strains, MutSy complexes were
restored to wild-type levels revealing how overexpression of unstable msh4-6A supports
high levels of crossing over.

Wild-type MutS+y levels were also observed in cells expressing hyper-stable
phosphomimetic msh4-6D protein (Figure 4H and 41). However, in contrast to the hyper-
crossover phenotype of £, ,;-msh46A strains (Figure 4F), crossover levels in msh4-6D
strains were not higher than wild type (Figure 1 and Supplemental Figure S2). To understand
this discrepancy, we examined the abilities of purified MutSy complexes containing
phosphomimetic msh4-3D and msh4-6D proteins to bind to model Holliday Junction (HJ)
substrates /in vitro (Figure 4J and 4K). By EMSA, both Msh4(3D)-Msh5 and Msh4(6D)-
Msh5 complexes bound HJs less efficiently than wild-type MutSy, by 2.8- and 5.2-fold
respectively. These data suggest that the hyperstability of phosphomimetic msh4-3D and
msh4-6D Jn vivo may be offset by a reduced ability to bind JM intermediates such that
crossing over is not elevated. Consistent with this interpretation, Ppy,;-MSH4 strains,
overexpressing wild-type Msh4 protein, formed 26% more crossovers than MSH4 control
cells (Figure 4L).

The Msh4 N-Terminus Encodes a Portable Degron That Directly Targets Proteasomal

Proteolysis

Our analysis points to a model in which Msh4 is an intrinsically unstable protein that is
stabilized by phosphorylation of N-terminal residues to form MutSy complexes that are
sufficiently long-lived to effect crossing over. To determine whether the N-terminal region
confers intrinsic instability to Msh4, full-length protein and an N-terminally truncated
derivative (Msh4-AN50) were co-expressed in vegetative (non-meiotic) cells (Figure 5A-C).
Levels of full-length Msh4 were 3-fold lower than those of Msh4-AN50 and MG 132
treatment showed that this difference was due to proteasomal degradation. By contrast, the
N-terminus of Msh5 had no effect on its stability (Supplemental Information Figure S7).
Comparison of protein levels in strains co-expressing msh4-6D and Msh4-AN50, or wild-
type Msh4 and Msh4-AN50 revealed that phospho-mimetic S/T-D mutations attenuated N-
terminal degron activity (Figure 5D—F). Protein half-lives, estimated from cycloheximide
chase experiments, were ~14, 31 and 61 minutes respectively for Msh4, msh4-6D and
Msh4-ANS50 (Supplemental Information Figure S8). Autonomous, portable degron activity
of the Msh4 N-terminus was demonstrated by fusing residues 1-50 to GFP and co-
expressing this Degron-GFP construct together with wild-type GFP (Figure 5G-I and
Supplemental Information Figure S8). The Msh4 degron destabilized GFP, reducing its half-
life from ~59 to 19 mins. By contrast, stability of a phospho-mimetic Degron(6D)-GFP
fusion was similar to that of wild-type GFP (half life of ~49 mins). Together, these data
indicate that the N-terminal domain of Msh4 comprises an autonomous degron that is
neutralized by phosphorylation.
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Failure to detect ubiquitylated forms of the Degron-GFP fusion (not shown) raised the
possibility that Msh4 is directly targeted for proteasomal degradation (Jariel-Encontre et al.,
2008). Consistently, a degron lacking the four potential ubiquitin acceptor lysines
(KODegron) was indistinguishable from the wild-type degron with respect to destabilization
of GFP; and further mutation of the 19 lysines in GFP (KODegron-KOGFP) ruled out the
possibility that GFP was being ubiquitylated (Figure 5J-L). Incubation of purified MutSy
with 20S proteasomes /n vitro confirmed that Msh4, but not Msh5, is a direct target of
proteasomal degradation with a half-life of ~14 mins, identical to that observed /in vivo
(Figure 5M and 5N). Thus, while Msh4 is subject to regulated proteasomal proteolysis, this
can occur without ubiquitin and/or SUMO modification.

Msh4 Phosphorylation is Catalyzed by Dbf4-Dependent Kinase, Cdc7

To identify the kinase(s) responsible for Msh4 phosphorylation, we systematically analyzed
candidate kinases (Figure 6 and Supplemental Information Figure S9). Mec1ATR and
Tel1A™ are primary sensor kinases for the DNA-damage response and regulate various
aspects of meiotic recombination (Subramanian and Hochwagen, 2014). Although
Mec1ATR/Tel1A™ were required for Msh4 phosphorylation (Supplemental Information
Figure S9), identified modification sites are not S/T-Q consensus sequences making Msh4
unlikely to be a direct target. Similarly, the downstream effector kinase, Mek1 (Subramanian
and Hochwagen, 2014), was required for Msh4 phosphorylation, but neither Msh4 nor Msh5
were direct targets of Mek1 /n vitro (Supplemental Information Figure S9). Moreover,
mapped phosphorylation sites do not match the Mek1 consensus (RXXT).

Dbf4-dependent kinase (DDK, comprising Cdc7 and Dbf4) regulates multiple aspects of
meiotic prophase including DSB formation and synapsis (Chen et al., 2015; Matsumoto and
Masai, 2013). DDK preferentially targets serines and threonines immediately upstream of a
negative charge, which can be conferred either by negatively-charged amino acids or by
phosphorylation. By these criteria, Msh4 S2, S7 and S46 are candidate DDK sites (Figure
1C). Inhibition of an analog-sensitive cdc7-asallele (after Cdc7 has activated DSB and SC
formation) diminished phosphorylation of Msh4 and reduced its levels (Figure 6A and 6B).
DDK and MutS+y interacted in solution (Figure 6C), and /n vitro phosphorylation showed
that DDK directly phosphorylates the N-terminus of Msh4, specifically at the sites identified
by mass spectrometry (Figure 6D and Supplemental Information Figure S10). Moreover,
DDK attenuated the proteasomal degradation of Msh4 /n vitro, increasing its half-life from
~15 mins to >60 mins (Figure 6E and 6F).

Evidence That Msh4 Phosphorylation Occurs In Situ At Sites of Recombination

To understand how Msh4 phosphorylation is coupled to the key events of meiotic prophase,
the genetic requirements for Msh4 phosphorylation were delineated using mutant strains
defective for successive steps of recombination, chromosome pairing and synapsis (Figure
7A). Spol1l initiates recombination by catalyzing DSB formation (Lam and Keeney, 2014).
Mnd1 is an essential co-factor for DNA strand-exchange (Brown and Bishop, 2015). Zip1 is
the major component of SCs, assembling into linear oligomeric structures that connect
homologous chromosomes and facilitate crossing over (Sym et al., 1993). In zjp1A cells,
initial DNA strand exchange and homolog pairing ensue, but synapsis is abolished and JM
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maturation and crossing over are defective (Borner et al., 2004). Ecm11-Gmc2 comprises
the central element of SCs (Humphryes et al., 2013; Voelkel-Meiman et al., 2013).
Abnormal, patchy Zipl structures are formed in ecm11A/gmc2A mutants, but crossovers
form at high levels (Voelkel-Meiman et al., 2016). SUMO E3 ligase, Zip3, accumulates at
prospective crossover sites and facilitates synapsis and the loading of pro-crossover factors,
including MutSy (Agarwal and Roeder, 2000; Cheng et al., 2006; Shinohara et al., 2008).
ZIp3A mutants are defective for synapsis, JM maturation and crossing over (Agarwal and
Roeder, 2000; Borner et al., 2004). Msh4 phosphorylation was not detected in spol1-Y135F
(catalytically dead), mndi4, zip1Aand zjp3A mutants. By contrast, phosphorylation of
Msh4 reached wild-type levels in ecm11A4 cells, indicating that full synapsis is not required
(Figure 7B).

Analysis of two additional mutants showed that Msh4 phosphorylation is coincident with the
formation of dHJs, but does not require their resolution into crossovers (Figure 7A). Cells
lacking the transcription factor Ndt80 arrest with fully synapsed chromosomes and
unresolved dHJs (Allers and Lichten, 2001). In nat80A cells, phospho-Msh4 accumulated to
very high levels (>60% of total Msh4) and persisted in arrested cells (Figure 7B). MIh3 is a
component of MutLy, an endonuclease that promotes crossover-biased resolution of dHJs
(Manhart and Alani, 2016). Phosphorylation of Msh4 appeared normal in m/h34 cells. The
analysis above implies that Msh4 is phosphorylated /n situ at sites of recombination after
MutS-y has bound nascent JMs in the context of the nascent SC. Consistent with this
inference, chromatin-associated Msh4 was highly enriched for the phosphorylated form
relative to soluble Msh4 (Figure 7C).

DISCUSSION

Our findings identify an important mechanism underlying the enigmatic process of meiotic
crossover/non-crossover differentiation, and point to a model in which the stability of
MutSy complexes bound to nascent JMs determines whether they will mature into
Crossovers.

Regulated Proteolysis Is A Key Aspect of Meiotic Crossing Over

The molecular mechanisms that underpin the differentiation of meiotic crossover and
noncrossover pathways have remained elusive. Specifically, it is not known how events
leading to dHJ formation are facilitated at some recombination sites but not at others, and
how dHJs maintain their crossover fate and undergo crossover-biased resolution. Here,
regulated proteolysis is revealed as a key determinant of crossing over, with MutSy stability
being determined by a phospho-regulated degron that targets Msh4 for ubiquitin-
independent proteasomal proteolysis. This discovery substantiates previous studies
implicating proteasomal degradation in crossover/non-crossover differentiation (Ahuja et al.,
2017; Qiao et al., 2014; Rao et al., 2017; Reynolds et al., 2013). Notably, when proteasomes
are inactivated in mouse spermatocytes, meiotic recombination stalls and ZMM factors
(including MutSy) persist at sites that would normally mature into non-crossovers,
suggesting that ZMMs may be targeted for proteolysis at these sites (Rao et al., 2017). At
least one ZMM factor, Msh4, can now be designated as a direct target of proteasomal
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degradation. Moreover, the atypical mode of Msh4 regulation reveals unanticipated facets of
crossover differentiation: intrinsic instability of an essential crossover factor dictates that
non-crossover will be the default outcome; and kinase-dependent stabilization activates
crossing over.

The Crossover Activity of MutSy Is Activated by Stabilizing Msh4

Distinct activities of the ZMMs influence different aspects of crossover maturation and
couple these events to homolog synapsis. The DNA helicase, Mer3, functions both to
regulate the extension of nascent D-loops by DNA synthesis, and to stabilize JMs (Borner et
al., 2004; Duroc et al., 2017; Mazina et al., 2004; Nakagawa and Kolodner, 2002); the XPF-
ERCC1 related complex, Zip2-Spo16, specifically binds JMs (De Muyt et al., 2018;
Guiraldelli et al., 2018; Macaisne et al., 2011); Zip1 acts both locally to promote ZMM
function and globally as the major component of SCs (Chen et al., 2015; Sym et al., 1993;
Voelkel-Meiman et al., 2015); Zip3 is a SUMO E3 ligase that helps localize other ZMMs to
nascent crossover sites and facilitates synapsis (Agarwal and Roeder, 2000; Cheng et al.,
2006; Macqueen and Roeder, 2009; Shinohara et al., 2008); and Zip4 is a large TPR repeat
protein thought to bridge interactions between Zip2-Spo16, Zip3, MutSy and the
chromosome axis protein Red1 (De Muyt et al., 2018). Several activities are ascribed to
MutSry: (i) specific binding and stabilization of nascent JMs (Lahiri et al., 2018; Snowden et
al., 2004); (ii) protection of dHJs from the anti-crossover “dissolution” activity of the STR
decatenase complex, Sgs1-Top3—-Rmil (equivalent to the human BTR complex, BLM—
TOPIaARMI1/2)(Jessop et al., 2006; Kaur et al., 2015; Oh et al., 2007; Tang et al., 2015)
(Tang and Hunter, unpublished); (iii) direct or indirect recruitment and activation of
crossover-biased JM resolving factors such as the MutLy endonuclease (Manhart et al.,
2017; Nishant et al., 2008; Ranjha et al., 2014; Zakharyevich et al., 2012); and (iv)
formation and/or stabilization of homolog synapsis (Borner et al., 2004; Novak et al., 2001)
(Tang and Hunter, unpublished).

Phosphorylation-defective msh4-6A protein can still localize to chromosomes and retains
significant function for both synapsis and JM formation. However, the essential crossover
function(s) of MutSy is inactive unless Msh4 is stabilized via phosphorylation. We suggest
that these essential functions are to protect nascent JMs from the anti-crossover
“dissolution” activity of the STR decatenase complex, Sgs1-Top3-Rmil (equivalent to the
human BTR complex, BLM-TOPIIla-RMI1/2)(Kaur et al., 2015; Tang et al., 2015), and
facilitate crossover-biased resolution of dHJs. This proposal is also consonant with our
inference that DDK targets MutSy complexes that have bound JMs in the context of
synapsing chromosomes. Notably, STR/BTR complexes also accumulate at crossover sites
(Jagut et al., 2016; Rockmill et al., 2003; Woglar and Villeneuve, 2018); and the symmetric
arrangement of dual foci of MutSy and BTR observed in C. e/egans suggests a specific
model in which MutSy sliding clamps accumulate between the two junctions of a dHJ to
impede dissolution into a non-crossover (Woglar and Villeneuve, 2018). Mechanistically,
MutSy appears to stabilize HJs in their stacked X conformation, which renders them
refractory to branch migration (Lahiri et al., 2018), but likely also functions as a sliding
clamp downstream of initial JM binding to stabilize JMs and recruit resolution factors
(Milano et al., 2019; Snowden et al., 2004).
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We suggest that sliding clamps of MutSy must accumulate above a minimum number to
ensure crossing over, be it through dHJ stabilization, recruitment or activation of resolving
enzymes, or by maintaining dHJs in a geometry that is conducive to crossover-biased
resolution. Under this model, the requisite threshold of dHJ-bound MutS-y clamps requires
the stabilization of Msh4 by phosphorylation. We note that the estimated half-life of
stabilized Msh4 (30-60 mins) is similar to the estimated lifespan of dHJs (Allers and
Lichten, 2001; Hunter and Kleckner, 2001) suggesting a causal relationship.

If MutSy were the sole limiting crossover factor for crossing over, then strains
overexpressing Msh4 (as analyzed in Figure 4F and 4L) might be expected to show more
than the observed 26—29% increase in crossing over. Thus, some additional factor(s) must
limit crossover numbers. One possibility is that crossover numbers are limited by
interference, and stabilization of Msh4 occurs downstream of the initial crossover patterning
process. However, the proteolysis mechanism revealed here for Msh4 could be a more
general mechanism, possibly coupled to interference, to regulate the availability of other
essential crossover factors.

We further suggest that the intrinsic instability of Msh4 may be locally enhanced by
proximity to proteasomes, which are recruited in high numbers along chromosome axes as
they synapse (Ahuja et al., 2017; Rao et al., 2017). This SC-associated population of
proteasomes could accelerate the loss of MutSy from sites where Msh4 is not stabilized by
phosphorylation and thereby drive recombination at most sites towards a non-crossover
outcome.

Whether MutSvy is similarly regulated in other organisms remains unclear. An N-terminal
region appears to be common to all Msh4 proteins, but sequence conservation is low.
However, these regions are typically S/T rich, contain candidate DDK sites and are predicted
to undergo disorder-enhanced phosphorylation (Supplemental Information Table S8).

Msh4 Is An Ubiquitin-Independent Target of Proteasomes

Msh4 adds to a growing list of proteins that can be directly targeted for degradation by 20S
proteasomes, independently of ubiquitylation (Ben-Nissan and Sharon, 2014; Jariel-
Encontre et al., 2008). An unfolded or intrinsically unstructured region appears to be a
primary determinant of 20S targets, and hydrophobic stretches may enhance recognition and
promote opening of the ring channel formed by the a-subunits of the proteasome core.
Indeed, the N-terminal region of Msh4 is predicted to be largely unfolded, with patches of
relatively high hydrophobicity (https://fold.weizmann.ac.il/fldbin/findex; https://
iupred2a.elte.hu/; https://web.expasv.org/protscale/). Phosphorylation could act to locally
disrupt hydrophobicity and/or induce folding, suggesting a simple biophysical impediment
to degradation by 20S proteasomes. The mechanism described here for Msh4, i.e.
phosphorylation-mediated inactivation of an intrinsically unstructured degron, appears to be
shared with other ubiquitin-independent proteasomal targets such as phosphatidate
phosphatase (Hsieh et al., 2015) and the Fos-family transcription factors c-Fos and Fra-1
(Jariel-Encontre et al., 2008).
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DDK Is A Key Effector of Meiotic Prophase

DDK is the primary effector kinase for the major events of meiosis. In addition to stabilizing
Msh4 to activate MutSy for crossing over, DDK facilitates meiotic S-phase (Valentin et al.,
2006); triggers DSBs and couples their formation to the passage of replication forks (Lam
and Keeney, 2014); promotes synapsis and crossing over via phosphorylation of Zipl (Chen
et al., 2015); enables progression beyond pachytene by removing the Sum1 repressive
complex from the NDT80 promoter (Lo et al., 2008); drives the destruction of SCs
(Argunhan et al., 2017); helps recruit monopolin to kinetochores to enable mono-orientation
of homologs on the meiosis-I spindle (Lo et al., 2008; Matos et al., 2008); and facilitates the
cleavage of cohesin to allow homolog disjunction at meiosis-1 (Katis et al., 2010).

Direct targeting of both Zip1 and Msh4 implies that DDK is a general activator of ZMM-
mediated crossing over. However, the timing, requirements and modes of regulation are
distinct. By contrast to Msh4, phosphorylation of Zip1 is an early event that depends on
DSB formation but not later steps of recombination, and doesn’t act by stabilizing Zipl
protein (Chen et al., 2015). Moreover, DDK-mediated phosphorylation of Zip1 is inferred to
function upstream of the other ZMMs. Consistent with this inference, Msh4 phosphorylation
requires Zipl (Figure 7B). Importantly, the upstream but indirect requirement for the Mek1
kinase in DDK-mediated Zip1 phosphorylation (Chen et al., 2015) explains why Msh4
phosphorylation is also Mek1 dependent.

Contingent Kinase Cascades Order The Events of Meiotic Prophase

While DKK appears to be the ultimate effector kinase for many prophase events, other
kinases dictate its activity in space and time. CDK primes DDK phosphorylation of Mer2 to
trigger DSB formation (Henderson et al., 2006; Sasanuma et al., 2008; Wan et al., 2008).
DSB-dependent activation of Mec1ATR/Tel1A™ |ocally activates Mek1 (Carballo et al.,
2008), which promotes inter-homolog recombination via its direct targets (Callender et al.,
2016; Niu et al., 2009), and indirectly activates synapsis and the ZMM pathway by licensing
DDK to phosphorylate Zip1 and subsequently Msh4 (Chen et al., 2015)(this study). CDK,
DDK and the meiosis-specific kinase Ime2 collectively target the Sum1 transcriptional
repressor to help activate expression of the transcription factor Ndt80, allowing cells to
progress beyond pachytene (Winter, 2012). The polo-like kinase Cdc5, whose expression is
Ndt80 dependent, then collaborates with CDK and DDK to disassemble SCs (Argunhan et
al., 2017; Sourirajan and Lichten, 2008). Cdc5 also collaborates with DDK to localize the
monopolin complex to MI kinetochores (Lo et al., 2008; Matos et al., 2008). Finally, casein
kinase &/e works with DDK to activate the cleavage of cohesin by separase and trigger the
meiosis-1 division (Katis et al., 2010). Understanding the spatial-temporal regulation of
DDK with respect to the activation of ZMM-dependent crossing over, and its relationship to
crossover control are important goals for the future.

EXPERIMENTAL PROCEDURES

Extended methods are described in the STAR Methods.

Mol Cell. Author manuscript; available in PMC 2020 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

He et al. Page 14

STAR Methods
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact Neil Hunter, nhunter@ucdavis.edu

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The genotype of the diploid Saccharomyces cerevisiae strains (SK1 background) used in this
study are listed Table S6.

Synthetic dropout and YPD solid and liquid media were prepared according to standard
protocols (Owens et al., 2018; Sherman, 2002) SPS and SPM media for meiotic time courses
were prepared as described (Owens et al., 2018). All yeast cultures were incubated at 30°C.

METHOD DETAILS

Yeast Strains and Tetrad Analysis.—Full genotypes are shown in Table S6. The
HI54::L EUZlocus has been described (Hunter and Kleckner, 2001). The strain carrying
chromosome 111 with eight linked intervals strain was described previously (Lao et al.,
2013b). The strain with nine intervals located in three different chromosomes has been
described (Oh et al., 2007). Tetrad analysis was performed using standard techniques as
described (Perkins, 1949). Map distances and NPD ratios were calculated using Stahl Lab
Online Tools (http://elizabethhousworth.com/StahlLabOnlineTools/). msh4 phosphorylation
site alleles were created by using QuikChange Il Site-Directed Mutagenesis Kit (Agilent
Technologies Inc, 200524) and confirmed by DNA sequencing by Eurofins Genomics LLC.
All alleles were sequenced in their entirety to ensure that no additional mutations were
introduced. The Ppyp;-MSH4 and Py p-MSHS copper-inducible expression cassettes were
created by replacing the native promoters of the MSH4 and MSH5 genes with the CUP1
promoter. P, ,;-GFPwas created by replacing the MSH4 ORF in the £, ,;-MSHA4 cassette
with the GFP gene from plasmid pF6A-GFP-KanMX4.

Meiotic Time Courses and DNA Physical Assays.—Detailed protocols for meiotic
time courses and DNA physical assays have been described (Owens et al., 2018). Meiotic
progression was analyzed by fixing the cells in 40% ethanol, 0.1 M sorbitol, staining with
DAPI. 100 cells were counted for each time point. Error bars show averages (+ SD) from
three to six experiments.

Immunoprecipitation and LC-MS/MS Analysis—For immunoprecipitation of Msh4-
HA, all steps were performed at 4°C unless stated otherwise. 20g of pelleted cells harvested
6 hrs into meiosis were lysed in denaturing lysis buffer (1.85M NaOH, 7.4% 2-
Mercaptoethanol), proteins were precipitated with 50% TCA followed by centrifugation for
20 min at 20,000 rpm. Pelleted cells were washed with 10 volume of cold acetone and
resuspended in resuspension buffer (130ul 0.5M Tris PH 7.5, 6.5% SDS, 12% Glycerol + 13
ul 1M DTT). After 20 minutes of heating and mixing at 65°C, the extract was clarified by
centrifugation for 10 minutes at 20,000 rpm. The clarified supernatant was diluted 1:10 in
RIPA buffer (50mM Tris PH 7.4, 5mM EDTA, 150mM NacCl, 1% Triton X-100 +
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complete™ Protease Inhibitor Cocktail; Millipore Sigma 11697498001), and incubated with
1ml anti-HA affinity matrix beads (Millipore Sigma 11815016001) for 4 hours. The beads
were then washed 5 times with 10ml RIPA buffer and boiled in 500ul p2X Laemmli buffer
for 5 minutes. Proteins were separated by standard SDS-PAGE, stained with Coomassie
brilliant blue staining solution (0.04% CBB G-250, 10% ethanol, 2% orthophosphoric acid),
and pertinent gel slices were excised and processed for tandem mass spectrometry by
University of California, Davis Proteomics Core (UCDPC; http://proteomics.ucdavis.edu).
Protein samples were digested with trypsin and cleaned up using a MacroSpin column. The
peptides were then separated using a Proxeon Easy-nLC Il HPLC (Thermo Scientific) and
loaded into a O Exactive Orbitrap mass spectrometer with a Proxeon nanospray source
(Thermo). Detected spectra and fragmentation profiles were matched against a Uniport
Saccharomyces cerevisiae proteome database. Peptide matches were analyzed using
Scaffold4.

Western Blotting Analysis—Whole cell extracts were prepared using the TCA
extraction method, essentially as described (Johnson and Blobel, 1999). Samples were then
analyzed by standard SDS-PAGE and Western analysis. Anti-HA monoclonal antibody
(12CAD5) (Millipore Sigma; 11583816001) was diluted 1:2,000 to detect msh4-3HA and
Msh5-3HA,; anti-GFP monoclonal antibody (B34) (Abcam ab73933) was diluted 1: 5,000 to
detect GFP; Arp7 polyclonal antibody (Santa Cruz, SC-8960) was used at a 1: 10,000
dilution as a loading control. The antibodies used in cell fractionation assay (Figure 6) were
anti-tubulin monoclonal antibody (10D8) (Santa Cruz sc-53646) diluted at 1: 5,000, and
anti-Histone H3 (tri methyl K4) polyclonal antibody (Abcam ab8580) diluted at 1: 10,000.
The anti-hapten antibody (Aceam, ab92570) used for the semisynthetic epitope method was
diluted at 1: 2,000. The secondary antibodies were IRDye® 800CW Donkey anti-Mouse
1gG (LI-COR, 925-32212), IRDye® 680LT Donkey anti-Goat 1gG (LI-COR, 925-68024),
IRDye® 680LT Donkey anti-Rabbit IgG (LI-COR, 925-68023) and IRDye® 800CW
Donkey anti-Rabbit 1gG (LI-COR, 925-32213). Membranes were imaged with Odyssey
Infrared Imager (LI-COR). Quantification of protein bands was performed using Image
Studio Lite Ver 4.0 software.

Yeast Cytology and Chromosome Spreading.—Meiotic cells were collected at
indicated time points and then fixed and spread as described (Grubb et al., 2015; Loidl and
Lorenz, 2009). Immunostaining was performed as described (Grubb et al., 2015).
Chromosome spreads were incubated overnight at room temperature with anti-HA antibody
(Millipore Sigma; 11583816001, 1:200) and anti-Zip1 antibody (gift from Dr. Akira
Shinohara, 1:200) in 100ul TBS/BSA buffer (10mM Tris PH7.5, 150mM NacCl, 1% BSA),
followed by incubation with goat fluorochrome-conjugated secondary antibodies for 1 hr at
37°C (anti-rabbit 568, A11036 Molecular Probes, 1:1000; and anti-mouse 488, A11029
Molecular Probes, 1:1000). Coverslips were mounted with Proong Gold antifade reagent
(Invitrogen P36930). Digital images were captured using a Zeiss AxioPlan Il microscope,
Hamamatsu ORCA-ER CCD camera and analyzed using Volocity software. Scatterplots
were generated using the Graphpad program in Prism.
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Chromatin Fractionation Assay—The chromatin fractionation assay was performed as
described (Kunoh and Habu, 2014).

Msh4-Msh5 expression constructs—For wild type Msh4-Msh5, the MSH4 gene was
amplified from genomic DNA of the S. cerevisiae SK1 strain using forward primer 258

(5" GGCTAGCTGCTAGCGGATCCATGAGTGAATCTAATCTATCTAG-3") and reverse
primer 259b

(5" CGCAAATCAAGCTTTATTTTTCGAACTGCGGGTGGCTCCACTCGAGTTCTTCAA
AATTTTCGATGAAG-3"). For mutant variants of the Msh4-Msh5 complex, the msh4-3A
and msh4-6A genes were amplified from the corresponding mutant strains. The reverse
primer includes a sequence coding for the Strep-Tactin Il affinity tag to create a C-terminal
fusion with Msh4. MSH4 genes were cloned into pFB-GST-MLH1(Ranjha et al., 2014)
using Bam HI and Hind 111 to create pFB-MSH4-strep. The MSH5 gene was amplified from
genomic DNA of the S. cerevisiae W303 strain using forward primer 265

(5" GGCTAGCTGCTAGCGGATCCATGTCCCATGAATGGCTCATAAG-3") and reverse
primer 266 (5’-
CGCAAATCCTCGAGCCCGGGGCGAAGGAAATTTTTCAATTTAAGC-3"). MSH5was
cloned into pFB-MBP-MLH3-his (Ranjha et al., 2014) using BamYW and Xhol restriction
sites to create pFB-MSH5-his. Baculoviruses were prepared using Bac-to-Bac system
(Invitrogen) according to manufacturer’s instructions and Sf9 cells were co-infected with
optimized ratios of both viruses to express Msh4 and Msh5 together as a heterodimer. The
cells were harvested 52 hrs post-infection, pellets were washed with phosphate buffered
saline, frozen in liquid nitrogen and stored at —80°C until use.

Protein Purification—To purify Msh4-Strep—Msh5-His complex, 3.2L (for wild-type
Msh4) or 1L (for Msh4 mutants) Sf9 cells were harvested 52 hr after infection with 15 ml of
high titer virus for each expression construct. Cell pellets were incubated with mixing for 30
mins with lysis buffer (50mM Tris, pH7.5, 2mM B-ME, 1ImM EDTA, 1 mM PMSF, 1:400
(v/v) Sigma protease inhibitory mixture (P8340), 30 ug/ml Leupeptin, 20mM imidazole,
16% glycerol, 325 mM NaCl). The suspension was then centrifuged at 18 000 rpm for 3 0
min. Cleared extract was incubated with 5 ml recycled Ni-NTA resin on a roller for 1 hr, the
resin was washed with NTA wash buffer (50mM Tris pH7.5, 2mM B-ME, 300mM NacCl,
10% glycerol, 1 mM PMSF, 10 ug/ml Leupeptine, 40mM imidazole), and eluted with NTA
elution buffer (50mM Tris pH7.5, 2mM B-ME, 300mM NaCl, 10% glycerol, 1 mM PMSF,
250mM imidazole). The NiNTA eluates were then incubated with 1ml Strep-tactin resin for
1 hr, washed with Strep wash buffer (50 mM Tris pH 7.5, 2 mM B-mercaptoethanol, 10%
glycerol, ImM phenylmethylsulfonyl fluoride and 300mM NacCl), then with wash buffer |1
(50 mM Tris pH 7.5, 2 mM B-mercaptoethanol, 10% glycerol, 1ImM phenylmethylsulfonyl
fluoride and 150 mM NaCl) before eluting with Strep elution buffer (2.5mM desthiobiotin,
50mM Tris pH 7.5, 2mM B-mercaptoethanol, 10% glycerol, 1mM phenylmethylsulfonyl
fluoride and 150mM NacCl). The sample was aliquoted, frozen in liquid nitrogen and stored
at —80 °C. Cdc7-as3-FLAG was partially purified from meiotic cultures of ndf80A cells
(strain NHY9625), as described (Chen et al., 2015). GST-Mek1-as was partially purified
from strain NH520/pLW3 as described (Chen et al., 2015).
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Inhibition of analogue-sensitive kinases—Meiatic cultures were split at 5hr, one half
was treated with as-kinase inhibitor, and an equivalent volume of DMSO was added to the
half. To inhibit Cdc7-as3, PP1 (Tocris, 1397) was added to a final concentration of 30uM. To
inhibit Cdc28-as, 1-NM-PP1 (Santa Cruz, sc-203214) was added to a final concentration of
5uM. To inhibit Mek1-as, 1-NA-PP1 (Cayman Chemicals, 10954) was added to a final
concentration of 10uM. To inhibit Hrr25-as, 1-NM-PP1 (Santa Cruz, sc-203214) was added
to a final concentration of 5uM. Samples were then collected at indicated timepoints. TCA
cell extracts prepared and Western blotting were performed and as described above.

In Vitro Kinase Assays—GST-Mek1-as kinase assays using the semisynthetic epitope
system were performed as described (Chen et al., 2015), with 280 ng of the Msh4-strep—
Msh5-his complex was added as substrate with or without 1uM 1-NA-PP1 to inhibit Mek1-
as. For the Cdc7-as3FLAG kinase assays, 280 ng Msh4-strep—Msh5-his, msh4-3A-Strep—
Msh5-his, or msh4-6A-Strep—Msh5-his were added as substrate. 20 uM PP1 (Tocris, 1397)
was used as inhibitor of Cdc7-as-3FLAG. To purify Msh4 from kinase reactions, 100 pl
kinase reactions were dialyzed using an Amicon Ultra-0.5 Centrifugal Filter Unit with
Ultracel-30 membrane (Millipore Sigma, UFC503024), diluted with 500 ul of Strep wash
buffer (50 mM Tris pH 7.5, 10 % glycerol, 1 mM PMSF and 300 mM NacCl), incubated with
20 pl resin of Strep-Tactin® Sepharose (IBA, 2-1201-002) for 1 hr at 4°C. The resin was
washed 5 times with 1ml high salt wash buffer (50 mM NaH,PO4 pH 8, 10 % glycerol, 1
mM PMSF, 750mM NacCl) and 5 times with 1ml Strep wash buffer. An equal volume of 2x
Laemmli sample buffer was added to the resin and incubated for 5 mins at 95°C. Samples
were then analyzed by Western blotting. 10% of the kinase reactions were analyzed as
loading controls using anti-Msh4 primary antibodes (a kind gift from Dr. Akira Shinohara).

In vitro Phosphatase Treatment—15ml of meiotic cells (strain NYH779) were
harvested at 6hr, cell extracts were prepared as described in section “Immunoprecipitation
and LC-MS/MS Analysis”, and Msh4-HA was immunoprecipitated with 30l of anti-HA
affinity matrix (Millipore Sigma 11815016001) as described above. The beads were divided
into three aliquots: mock, phosphatase treatment and phosphatase + inhibitor.
Dephosphorylation was carried out by mixing 10pl beads, 5ul 10X PMP buffer, 5ul 10mM
MnCly, 2ul A-phosphatase (400U/ul; New England Biolabs, P0753S), 28ul of H20 and
incubating at 37 °C for 2hr. In the phosphatase inhibitor reaction, 10ul 1M NaF, 2ul 1M
NaVCU and 5 pl 10X PhosStop (Millipore Sigma, 4906845001) were added. Phosphatase
reactions were stopped by mixing with an equal volume of 2x Laemmli sample buffer and
immediately heating at 95°C for 5 min. Western analysis was then performed as described
above.

Cycloheximide Chase Assay—100 mg/ml Cycloheximide solution (Millipore Sigma,
C7698) was added at 1: 1,000 dilution to vegetative cell cultures in log phase (OD ~0.3-0.5)
for a final concentration of 100 pg/ml. 1ml of culture was harvested at indicated time points
and processed for protein extraction and Western analysis as descried above.

MG132 treatment for proteasome inhibition in vivo—Meiotic cell cultures of
MSH4/MSH4 pdr5A/pdr5A (NHY 7643) and msh4-6A/msh4-6A pdr5A/pdr5A (NHY 7812
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cells were treated with 25 uM MG 132 (and equivalent volume of DMSO was added to
control cultures) at 2 hrs. The par54 mutation sensitizes strains to inhibition by MG132.
Samples were collected at indicated time points and processed for Western analysis, as
described above. For vegetative cultures, par5A/pdr5A derivatives were treated with 25 pM
MG132 at log phase (OD ~0.3-0.5) and samples collected after 1 hr.

Purification of proteasomes—20S proteasomes were purified from yeast expressing
TAP-tagged Prel using IgG-Sepharose affinity chromatography (MP Biomedical, SKU
0855961) as described (Leggett et al., 2005). The protein A tag was cleaved using 6His-TEV
protease (New England Biolabs, P8112S), which was then removed via Ni-NTA agarose
chromatography (QIAGEN, 30210). Protein content was estimated by the Bradford method.

Proteasomal degradation in vitro—Msh4/5 (20 nM) was incubated with purified 20S
proteasomes (50 nM) at 30°C in a reaction mixture containing 50 mM Tris-HCI (pH 7.5),
150mM NacCl, 0.02% SDS, 1mM MgCl,. Where indicated, MG132 (dissolved in 2%
dimethyl sulfoxide) was added at a final concentration of 100 pM to inhibit proteasome
activity. Reactions were sampled at indicated time points, terminated by boiling in an equal
volume of 4X SDS Laemmli buffer, and analyzed by SDS-PAGE and Western blotting.

Co-immunoprecipitation of Msh4-Msh5 complexes from meiotic yeast
samples—Indicated strains carrying C-terminally tagged msh4-3HA and Msh5-3FLAG
were induced to undergo meiosis. Cells from 50 mL samples were harvested after 6 hrs,
washed with dH,0O and snap-frozen in liquid nitrogen. Frozen cells were ground in a
FreezerMill Cryogenic Grinder (SPEX SamplePrep, 6970EFM) and the cell powder was
incubated with a equal volume of lysis buffer (50 mM HEPES-KOH (pH 7.8, 150 mM
KCI.1 mM EDTA, 10% glycerol, 0.005% NP-40, 0.05% Tween-20, complete™ Protease
Inhibitor Cocktail) for 2 hrs at 4°C. The cell extract was clarified by centrifugation for 1 hr
at 40,0009 and the supernatant incubated with 30 pl of anti-FLAG M2 Magnetic Beads
(Sigma Aldrich, M8823) for 4 hrs at 4°C. Beads were then washed five time with lysis
buffer. Immuno-precipitated proteins were then eluted by boiling in 20 pl of 2X Laemmli
buffer for 5 min and analyzed by western blotting.

Analysis of MutSy-DDK interaction in solution—7 pM purified Msh4-Strep—-Msh5-
His (above) was added to 500 pl binding buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl,
10% (v/v) glycerol, 0.1 % Triton X-100, 10 mM MgCl,, 1 mM PMSF and protease
inhibitors) and filtered through an Amicon Ultra-0.5 Centrifugal Filter Unit with Ultracel-30
membrane (Millipore Sigma, UFC503024) to remove excess desthiobiotin. 20 uM partially
purified Cdc7-3FLAG and 20 pl Strep-Tactin® Sepharose resin (IBA, 2-1201-002) were
added and the mixture was incubated with end-to-end shaking for 3 hrs at 4°C. The Strep-
Tactin resin was washed five times with 500 ul binding buffer and bound proteins eluted by
boiling in 20 ul 2X Laemmli buffer. Proteins were analyzed by SDS-PAGE and Western
blotting with anti-Msh4 and anti-FLAG M2 (Sigma Aldrich, F1804) antibodies.

EMSA—DNA substrates were prepared as described (Ranjha et al., 2014) except that the
oligonucleotides were biotinylated at 3* end and blocked by addition of streptavidin
immediately before binding reactions were performed. DNA binding reactions (15 pl)
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comprised 25 mM Hepes pH7.8, 5 mM magnesium chloride, 5% glycerol, 1 mM DTT, 50
ug/ml BSA, 15 nM Streptavidin, 0.5 nM of P32-labeled DNA substrate and 30 nM Msh4-
Msh5 protein or its phosphomimetic variants. The reactions were assembled and incubated
on ice for 15 mins followed by the addition of EMSA loading dye (5 pl) containing 50%
glycerol, and 0.25% bromophenol blue. The products were separated on 4% native PAGE at
4°C. The gels were then dried, exposed to storage phosphor screens (GE Healthcare Life
Sciences) and scanned using a Phosphorimager (Typhoon FLA 9500, GE Healthcare Life
Sciences). DNA-binding efficiency was quantitated using Imagequant (GE Healthcare Life
Sciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

Most data are presented as means £ SEM or SD and represent at least three independent
experiments. Statistical tests, Pand /7 values are described in the figures and figure legends
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Figure 1. Phosphorylated of Msh4 is essential for its crossover function.
(A) Western analysis of Msh4 throughout meiosis. Arp7 is used throughout as a loading

control (Sourirajan and Lichten, 2008). P-Msh4 indicates phosphorylated Msh4. (B) Lambda
phosphatase treatment of immuno-precipitated Msh4. A, phosphatase inhibitor; I,
phosphatase inhibitor. (C) Positions of phosphorylation sites (red) mapped by LC-MS/MS.
Underlined residues highlight the high S/T content of the Msh4 N-terminal region. Diagrams
show protein domains of eukaryotic nuclear MutS homologs relative to 7hermus aquaticus
MutS (adapted from (Nishant et al., 2010). (D) Cartoon of rendering of predicted MutSy
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structure bound to a D-loop (Rakshambikai et al., 2013; Yang et al., 2000) highlighting the
location of phosphorylation sites (represented as negative charges). Msh4 is colored blue,
Msh5 is green. (E) Marker configurations in strains used to analyze recombination. CEN3is
marked with the ADEZgene and CENSis marked with URA3 (Oh et al., 2007). (F)
Cumulative frequencies of tetrads with gene conversions (non 2:2 segregations) for markers
shown in (E). (G) Top: marker configuration in strains used to analyze crossover assurance
for chromosome I11. CEN3is heterozgously marked with the LYS2 and URA3 (see
Supplemental Information Table S6). Bottom: distributions of crossover classes (see
Supplemental Information Table S5). (H) Spore viabilities of indicated strains (see
Supplemental Information Table S1). Also see Supplemental Information Figures S1-S4.
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Figure 2. Physical analysis of the DNA events of meiotic recombination.
(A) Map of the H/S4.LEUZlocus highlighting the DSB site, X#ol restriction sites (circled

Xs) and the position of the probe used in Southern blotting. Sizes of diagnostic fragments
are shown below. (B) Representative 1D gel Southern blot images for analysis of DSBs and
crossovers. Time points are 0, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 9 and 11 hours. (C) Quantification
of DSBs, crossovers and meiotic divisions. %DNA is percentage of total hybridizing DNA
signal. MI £ Ml is the percentage of cells that have completed one or both meiotic
divisions. (D) Schematic of JM structures detected at the H/S4:L EU2 locus. Positions of the
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DSB site, diagnostic Xhol sites (circled Xs) and the Southern probe are shown. (E)
Representative 2D gel Southern blot images for time points where JM levels peak. Positions
of the various JM signals are indicated in the first panel. (F) Quantification of JM species
over time. (G) Quantification of JM species at their peak levels from three independent time
courses. IH-dHJs, inter-homolog dHJs; 1S-JMs, intersister JMs; SEls, single-end invasions;
mcJMs, multi-chromatid JMs. Averages + S.E. were calculated from three independent
experiments. * p<0.05; Students t-test for comparisons to wild type.
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Figure 3. Chromosome synapsis and localization of MutSy arefacilitated by Msh4
phosphorylation.
(A) Representative images of spread meiotic nuclei immuno-stained for Msh4 (green) and

Zipl (red). (B) Quantification of Msh4 immuno-staining foci. Foci were counted in class 11
and class 11 nuclei (represented in panel C) such that equivalent stage nuclei were being
compared, regardless of the altered synapsis seen in msh4-6A cells. 2100 nuclei were scored
for each strain. (C) Chromosome spreads showing representative examples of the three
different Zipl immuno-staining classes and a Zip1 polycomplex. (D) Quantification of Zipl
staining classes and polycomplexes. =100 nuclei were scored for each time point. * A<0.05;
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**£<0.01 two tailed Mann Whitney test. Scale bars = 30 pm. Also see Supplemental
Information Figure S5.

Mol Cell. Author manuscript; available in PMC 2020 June 11.

Page 30



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

He et al. Page 31

MSH4

A time (rs) 0 2.4 5 6 8 10 B ¢ W wsHa Wl msha-60
p-Msh4 § 3 1 Wl msh46A
Msh4 o -
Arp7 Ez I
rp g i T

B msh4-6A B msh4-6D
time(hrs) 0 2 4 5 6 8 10 0 2 4 5 6 8 10 0 -

0 2 4 5 5] g8 10
time (hrs)

W msH4  [O] MSH4+MG132

B msha6a [[] mshd-64+MG132

C W MSH4 W msh4-6A
time (hrs) 0 2 4 5 6 02 4 5 6
MG132 - - - + — + - + - - = = = #
Mshd
| —
E -
Il msh4-6A Peypr-msh4-6A |
tme(hrs) 0 2 4 5 6 8 02 4 5 6 8 s » 100
S g0 @
5 40 o 60
= @
h > 20
g o0 =0
|
1.25
3 W MSH4
33 ! hd-6A
I mshd.-
=55 075 u
_2 'g.?, 05 B msh4-6D
25a ]
g2 02 Peyp-mshd-6A
E 0
W Msh4-Msh5
J e K [C] Msha(3D)-Mshs L W vsH4 Pups-MSH4
w @ B msha(sD-)-Mshs
5 g 60
<2 53 20 s N
23 8¢ = e
ERE g 151 B 401
zZ = = = 3 S
S 401 3
]—HJ*-MutSy = 2 20 \
5 - £ \\
NN

5 i
3% .- H!freeHJ i) 0

Figure 4. Phospho-regulated proteasomal proteolysisregulates the crossover function of Msh4
(A) Western analysis of Msh4 during meiosis in MSH4, msh-6A and msh4-6D strains. (B)

Quantification of Msh4 protein relative to the Arp7 loading control. Averages + S.E. were
calculated from three independent experiments. (C) Western analysis of Msh4 with and
without addition of the proteasome inhibitor, MG132, at 2 hrs. (D) Quantification of Msh4
protein with and without MG 132 treatment. (E) Western analysis of msh4-6A protein in the
msh4-6A strain and following copper-induced overexpression in a Pgy,;-msh4-6A strain. (F)
Map distances (= S.E.) for intervals flanking the H/54::L EU2 recombination hotspot (see
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Supplemental Information Figure S4B) in MSH4, msh4-6A and Py ;-msh4-6A strains. (G)
Spore viabilities of MSH4, msh4-6A and Py p;-msh4-6A strains. (H) Western analysis of
Msh4 and Msh5 protein levels in Msh5 immunoprecipitates. (1) Levels of Msh4 protein co-
precipitated per Msh5 relative to wild type. (J) EMSA analysis of HJ binding by MutS+y
complexes containing phosphomimetic Msh4 variants. (K) Quantification of HJ binding by
MutS+y variants. (L) Map distances (+ S.E.) for intervals flanking the H/S4..LEUZ
recombination hotspot in MSH4and Peyp;-MSH4 strains. Averages + S.E. were calculated
from three independent experiments. * p<0.05, ** p<0.01; Students t-test. Also see
Supplemental Information Figure S6.
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Figure 5. The M sh4 N-terminus encodes an autonomous degron that directly targets proteasomal
degradation and is attenuated by phosphorylation.

(A) Experimental system for copper-inducible expression of Msh4 and Msh4-AN50 proteins
in vegetative cells. (B) Western analysis of strains shown in (A) following copper induction,
with and without MG132 treatment. (C) Quantification of the experiments represented in
(A) and (B). Averages + S.E. were calculated from four independent experiments. (D)
Strains to compare co-expression of Msh4 and Msh4-AN50, with that of msh4-6D and
Msh4-ANS50 proteins. (E) Western analysis of stains shown in (D) following copper
induction. (F) Quantification of experiments represented in (D) and (E). Average ratios £
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S.E. were calculated from four independent experiments. (G) Experimental systems for co-
expression of GFP and the Msh4 N-terminal region (“degron™) fused to GFP; or co-
expresson of GFP and a phospho-mimetic derivative of the Msh4 N-terminal region
(“degron 6D) fused to GFP. (H) Western analysis of the stains shown in (G) following
copper induction. (1) Quantification of experiments represented in (G) and (H). Average
ratios + S.E. were calculated from four independent experiments. (J) Experimental strains
co-expressing GFP and a mutant version of the Msh4 N-terminal region, with all lysines
mutated to arginine, fused to GFP (KODegron-GFP); or co-expressing GFP and a Msh4
degron-GFP fusion in which all lysines were mutated to arginines (KODegron-KOGFP). (K)
Western analysis of the strains shown in (J) following copper induction. (L) Quantification
of experiments represented in (G) and (J). Average ratios + S.E. were calculated from three
independent Western blots. (M) Western analysis of /n vitro proteolysis of MutSy by 20S
proteasomes + MG132. (N) Quantification of the experiments represented in (M). Relative
levels of Msh4 and Msh5 + S.E. were calculated from triplicate experiments. Also see
Supplemental Information Figures S7 and S8.
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Figure 6. Msh4 isphosphorylated is catalyzed by DDK and antagonizes proteasomal degradation
in vitro.

(A) Western analysis of Msh4 in strains containing the ATP-analog sensitive cdc7-as allele,
with and without addition of the inhibitor PP1 at 5 hrs. (B) Relative levels of total and
phosphorylated Msh4 quantified from the experiment shown in (A). Levels were normalized
to the 5 hrs timepoint. (C) Western analysis demonstrating interaction between MutS+y and
DDK (Cdc7-Dbf4) in solution. (D) Western analysis of Cdc7-as3-Dbf4 jn vitro kinase
assays with wild-type MutSy or mutant derivatives containing S/T-A substitutions in the N-
terminus of Msh4. The anti-thiophosphate ester (a-hapten) antibody recognizes
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phosphorylation products of the semisynthetic epitope system. Phosphorylation efficiency
was calculated relative to wild-type Msh4. In the lower panels, 10% of each reaction was
probed for Msh4 as a loading control. (E) Western analysis of 7 vitro proteolysis of MutSy
by 20S proteasomes + DDK (Cdc7-Dbf4). (F) Quantification of the experiments represented
in (E). Relative levels of Msh4 and Msh5 + S.E. were calculated from triplicate experiments.
Also see Supplemental Information Figure S9 and S10.

Mol Cell. Author manuscript; available in PMC 2020 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

He et al. Page 37
A S-phase prophase | M Ml
r

Zip1 ” 3

"

Ecmi1 n /

E— — (—
pairing synapsis crossing over AN

i —

L/ i [—
noncrossover
Spo11 Mnd1
- e - “-f._.f
double-strand strand invasion N

break
L Mih3
Zip1 ——_— - YY" - i_‘{__

Zip3 —

double Hollida
Single-End junction d
Invasion

-y
w
(=]
o
=
o

time(hrs) 0 2

wild type

spo11-Y135F

p-Msh4
mndiA

Zip1A

ecmii1A

Zip3A

ndt804

mih3A

Figure 7. Genetic requirements of M sh4 phosphorylation.

% total Msh4

% phospho-Msh4

M chromatin [l unbound

100
75 1

50 1 7
25 1

100

Mshd + p-Msha

o

50 A
25 A
0_

(A) Chromosomal and recombination events of meiosis highlighting steps affected by the
mutants analyzed in (B). Blue, chromatin; red lines, homolog axes; yellow ling,
synaptonemal complex central region. (B) Western analysis of Msh4 in the indicated mutant
strains. (C) Top: Western analysis Msh4 in whole cell extracts (“WCE”), and extracts
separated into soluble (“unbound™) and chromatin fractions. Tubulin and histone H3 are
markers for these two fractions. Bottom: Quantification of total Msh4 (top graph) and

Mol Cell. Author manuscript; available in PMC 2020 June 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Heetal.

phosphorylated Msh4 (bottom graph) in the two fractions. Means values +S.E. were
calculated from three independent experiments.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-HA Monoclonal Antibody, Millipore Sigma Cat#

Unconjugated, Clone 12CA5 11583816001, RRID:AB_514505
GFP antibody [B34] Abcam Cat# ab73933, RRID:AB_1268985
Monoclonal ANTI-FLAG® M2 antibody Millipore Sigma Cat# F3165, RRID: AB_259529

Arp7 (yN-20) antibody

Santa Cruz Biotechnology

Cat# sc-8960, RRID:AB_671731

aTubulin (10D8) antibody

Santa Cruz Biotechnology

Cat# sc-53646, RRID: AB_630403

Histone H3 (tri methyl K4) antibody

Abcam

Cat# ab8580, RRID: AB_306649

Thiophosphate ester antibody [51-8]

Abcam

Cat# ab92570, RRID:AB_10562142

IRDye® 800CW Donkey anti-Mouse 1gG antibody

LI-COR Biosciences

Cat#:925-32212

IRDye® 680LT Donkey anti-Goat 1gG antibody

LI-COR Biosciences

Cat#: 925-68024

IRDye® 680LT Donkey anti-Rabbit 1gG antibody

LI-COR Biosciences

Cat#: 925-68023

IRDye® 800CW Donkey anti-Rabbit 1gG antibody

LI-COR Biosciences

Cat#: 925-32213

Msh4 polyclonal antibody Gift from Dr. A. Shinohara N/A
Msh5 polyclonal antibody Gift from Dr. A. Shinohara N/A
Zip1 polyclonal antibody Gift from Dr. A. Shinohara N/A
Plasmids

pFAGa-natMX4-pGAL1-3HA Gift of Dr. A. Amon (Chan and Amon, 2010) N/A

pFA6a-3HA-kanMX4

(Wach et al., 1994)

pFA6a-3HA-hphMX4

(Wach et al., 1994)

pFA6a-GFP-kanM X4

(Wach et al., 1994)

see Table S6

pUBH3FLAG Gift from Dr. K. Ohta N/A
Chemicals, Peptides, and Recombinant Proteins
PP1 Tocris Cat#: 1397
1-NM-PP1 Santa Cruz Biotechnology Catt: sc-203214
1-NA-PP1 Cayman Chemicals Ca#: 10954
p-Nitrobenzyl mesylate Abcam Ca#: ab138910
PhosSTOP Millipore Sigma Catt: 4906845001
Lambda Phosphatase New England Biolabs, Ca#: P0753S
Msh4-Strep-Msh5-His This paper N/A
Critical Commercial Assays
%JtikChange Lightning Site-Directed Mutagenesis Agilent Technologies Catt: 210518

i
Prime-It RmT Random Primer Labeling Kit Stratagene Cat#: 300392
Experimental Models: Organisms/Strains
Saccharomyces cerevisiae; Individual genotypes N/A N/A

Oligonucleootides
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REAGENT or RESOURCE SOURCE IDENTIFIER
See Table S7 for primers used in this paper

Recombinant DNA

pUC18-msh4-3HA-KanMX4 (pNH 599) This paper N/A
Software and Algorithms

\Volocity 6.3 Perkin Elmer N/A

Image Studio Lite 4.0 LI-COR Biosciences N/A

Scaffold 4.8.1 Proteome Software N/A

Stahl Lab online tool

http://elizabethhousworth.com/
StahlLabOnlineTools/

Vassarstats online tool

http://vassarstats.net/newcs.html
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