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Histone H3 methylation on Lys4 (H3K4me) is associated with active gene transcription in all eukaryotes. In Sac-
charomyces cerevisiae, Set1 is the sole lysine methyltransferase required for mono-, di-, and trimethylation of this
site. AlthoughH3K4me3 is linked to gene expression, whether H3K4methylation regulates other cellular processes,
such as mitosis, is less clear. Here we show that both Set1 and H3K4 mutants display a benomyl resistance phe-
notype that requires components of the spindle assembly checkpoint (SAC), including Bub3 and Mad2. These
proteins inhibit Cdc20, an activator of the anaphase-promoting complex/cyclosome (APC/C). Mutations in Cdc20
that blockMad2 interactions suppress the benomyl resistance of both set1 andH3K4mutant cells. Furthermore, the
HORMA domain in Mad2 directly binds H3, identifying a new histone H3 “reader” motif. Mad2 undergoes a con-
formational change important for execution of the SAC.We found that the closed (active) conformation of both yeast
and human Mad2 is capable of binding methylated H3K4, but, in contrast, the open (inactive) Mad2 conformation
limits interaction with methylated H3. Collectively, our data indicate that interactions between Mad2 and H3K4
regulate resolution of the SAC by limiting closed Mad2 availability for Cdc20 inhibition.
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Lysine methylation within histone H3 is commonly
associated with gene regulation. H3K4 trimethylation in
particular is associated with gene activation and is local-
ized to gene promoters. In contrast, H3K4 dimethylation
is present across the gene bodyof both active and repressed
genes (Bernstein et al. 2002; Santos-Rosa et al. 2002). Ly-
sinemethylationalsocontributes toothercellularprocess-
es, such as DNA damage repair (Sollier et al. 2004) and
telomeremaintenance (Krogan et al. 2002). H3K4methyl-
ation alters chromatin structure and also serves to recruit
or exclude binding of nonhistone proteins to chromatin.
A single lysine methyltransferase, Set1, mediates all

H3K4 methylation events in Saccharomyces cerevisiae

(Briggs et al. 2001). Set1 is incorporated into a multipro-
tein complex termed COMPASS (Miller et al. 2001;
Roguev et al. 2001; Krogan et al. 2002) and is homologous
to human MLL1, which also methylates H3K4 and is in-
corporated into a COMPASS-like complex (Shilatifard
2012). Translocations of MLL1 are associated with leuke-
mogenesis (Zeleznik-Le et al. 1994) and a poor prognosis
(Pui et al. 1994). However, how mutations in MLL1 con-
tribute to leukemogenesis and an unfavorable outcome
is not clear. Identifying novel pathways regulated by
SET1 in yeast can help elucidate cellular functions regu-
lated by MLL1 in humans (Schneider et al. 2005; Milne
et al. 2010; Shilatifard 2012).

Present addresses: 9Deans’ Office, Graduate School of Biomedical Scienc-
es, University of Texas, Houston, TX 77030, USA; 10Department of Biol-
ogy, Furman University, Greenville, SC 29613, USA.
Corresponding author: sroth@mdanderson.org
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.278887.116.

© 2016 Schibler et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 30:1187–1197 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/16; www.genesdev.org 1187

mailto:sroth@mdanderson.org
mailto:sroth@mdanderson.org
http://www.genesdev.org/cgi/doi/10.1101/gad.278887.116
http://www.genesdev.org/cgi/doi/10.1101/gad.278887.116
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


COMPASS also methylates Dam1, a kinetochore pro-
tein (Zhang et al. 2005). Like H3K4 methylation, Dam1
methylation is regulated in trans by histone H2B ubiquiti-
nation (Latham et al. 2011). Moreover, Dam1 dimethyla-
tion on K233 inhibits phosphorylation of surrounding
serines by the Aurora kinase Ipl1. Accordingly, mutations
that eliminate Set1 expression or activity suppress the ef-
fects of conditional mutations in Ipl1 (Zhang et al. 2005).

Ipl1 phosphorylates a number of kinetochore proteins
in response to inappropriate microtubule–kinetochore in-
teractions that lead to triggering of the spindle assembly
checkpoint (SAC) (Biggins and Murray 2001). The SAC
guards against aberrant chromosome segregation during
mitosis by preventing progression to anaphase until defec-
tive microtubule–kinetochore attachments are resolved
and mitotic spindle tension is established (Rieder et al.
1994; Li and Nicklas 1995).

S. cerevisiae has provided a usefulmodel to identify sev-
eral SAC components, including Mad1 (mitotic arrest
defect 1), Mad2, Mad3 (Li and Murray 1991), Bub1 (bud-
ding uninhibited by benomyl 1), and Bub3 (Hoyt et al.
1991). The SAC involves an orchestration of protein–pro-
tein interactions and phosphorylation events that ulti-
mately prevent activation of the anaphase-promoting
complex/cyclosome (APC/C) (Jia et al. 2013). The APC
is an E3 ubiquitin ligase that requires Cdc20 to recruit pro-
teins for ubiquitination and subsequent degradation. SAC
proteins bind directly to Cdc20, preventing proteolysis of
key APC substrates such as Securin (Pds1).

As our previous studies indicated that Set1 opposes the
functions of Ipl1 (Zhang et al. 2005), we reasoned that Set1
might have additional functions during mitosis. Here we
report that the highly conserved HORMA domain in
Mad2 is a novel H3K4methyl reader and that this modifi-
cation and Set1 play an important role in regulating the re-
lease of the SAC through Mad2 interactions.

Results

Loss of SET1 induces benomyl resistance

To further address how lysinemethylationmight regulate
mitosis, we subjected cells bearing deletions in SET1 or in
other SET domain-encoding genes to growth in the pres-
ence of the microtubule depolymerizing agent benomyl,
which interferes with mitotic spindle stability and antag-
onizes mitotic progression. Mutations in genes required
for formation of the mitotic spindle, in components of
the kinetochore, or in the activation and maintenance of
mitotic checkpoints are characteristically sensitive tomi-
crotubule depolymerizing drugs (Spencer et al. 1990;
Stearns et al. 1990; Hoyt et al. 1991; Li and Murray 1991).

We discovered that set1 mutant cells are highly resis-
tant, rather than sensitive, to high levels of benomyl
(Fig. 1A; Supplemental Fig. S1A). set1 mutant cells grow
similarly to wild-type cells on rich medium or in the
presence of dimethyl sulfoxide (DMSO) alone but display
continued growth in levels of benomyl (30–40 µg/mL) that
completely block growth of wild-type cells. Benomyl re-
sistance was not observed upon deletion of any other

SET domain-containing gene, indicating a unique func-
tion for Set1 in responding to microtubule poisons (Fig.
1A). Interestingly, since SET2 encodes the lysine methyl-
transferase required for histone H3K36 mono-, di-, and
trimethylation, which is also associated with active tran-
scription, our results suggest that defective transcription
is not sufficient to confer benomyl resistance.

To address whether the benomyl resistance phenotype
reflects loss of Set1 catalytic activity, we subjected cells
bearing a mutation in the Set1 catalytic site, G951S
(Nagy et al. 2002), to growth in the presence of the drug.
Although some Set1 mutations that affect methyltrans-
ferase activity result in lower amounts of total Set1 pro-
tein (Soares et al. 2014), we detected equal amounts of
wild-type Set1 and Set1G951S protein in immunoblots
of whole-cell extracts (Fig. 1B). Moreover, we found equal
incorporation of wild-type and mutant Set1 into the
COMPASS complex, isolated via affinity purification of

Figure 1. Loss of COMPASS-mediated lysine methylation re-
sults in benomyl resistance. (A) A serial fivefold dilution assay
of yeast strainswith the indicated genotypes was performed to vi-
sualize growth phenotypes. Cells were placed onto YPD plates
(YPD) with or without 30 µg/mL benomyl, and these plates
were placed for 2 d at 30°C. (B) Whole-cell extracts (WCEs) were
isolated from strains with the indicated genotypes. The amount
of total Set1 protein was assessed by immunoblot analysis using
an antibody specific for Set1 (1:100; Santa Cruz Biotechnology,
SC-101858). Pgk1 protein levels were used as a loading control.
(C ) Both wild-type Set1 and Set1G951S proteins similarly associ-
ate with the COMPASS component Bre2. Immunoprecipitation
(IP) assays were used to pull down Bre2, and the associated levels
of Set1 were assessed in the wild-type (WT) and set1G951S
strains. Bre2-TAP (α-protein A) and Pgk1 (α-Pgk1) were used as
loading controls. (D) bre1Δ, set1Δ, and the catalytically inactive
mutant set1G951S were subjected to the same assay as in A. (E)
COMPASS mutants were assessed for growth phenotypes using
the same serial fivefold dilution assay as in A and D.
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Bre2, another COMPASS component (Fig. 1C). As expect-
ed, the G951S mutation abrogated the ability of Set1 to
methylate histone H3K4 (Supplemental Fig. S1B). Impor-
tantly, cells bearing the set1G951S mutation displayed
benomyl resistance equivalent to that caused by SET1
deletion (Fig. 1D), indicating that Set1 catalytic activity
is required for a normal response to microtubule
depolymerization.
Our results are consistent with a previous large-scale

screen that indicated that BRE1 mutants display resis-
tance to benomyl (Rieger et al. 1999). Bre1 is an E3 ubiqui-
tin ligase and a targeting factor for the E2 enzyme Rad6.
Both Bre1 and Rad6 are required for histone H2BK123
monoubiquitination (Nakanishi et al. 2009), an event re-
quired upstream of Set1-mediated methylation of both
H3K4 andDam1K233 (Lee et al. 2007; Lathamet al. 2011).
Mutations in different components of the COMPASS

complex (Fig. 1E) affect distinct methylation states of
Set1 substrates (Schneider et al. 2005).We found that dele-
tion of genes encoding subunits required for all three
methylation states, such as SWD1 and SWD3, also results
in benomyl resistance (Fig. 1E). Deletion of BRE2 or SDC1
inhibits dimethylation and trimethylation of H3K4
(Schneider et al. 2005; Latham et al. 2011), and these mu-
tations also induce substantial resistance to benomyl, al-
though not quite to the same degree as caused by SET1
mutations. Deletion of SPP1 eliminates trimethylation
of H3K4 without affecting mono- and dimethylation
(Schneider et al. 2005). Interestingly, spp1mutants display
only a slight benomyl resistance, indicating that loss of
trimethylation of COMPASS substrates is not sufficient
to trigger resistance. Deletion of SHG1 increases di- and
trimethylation of H3K4 (Dehe et al. 2006) but does not af-
fect benomyl resistance. Together, our results indicate
thatmono- and dimethylation of substrates by Set1, work-
ingwithin theCOMPASS complex, are required for proper
response to microtubule poisons.

Benomyl resistance of set1G951S cells requires an intact
SAC and Cdc20 inhibition

Resistance to spindle poisons likely reflects failure in the
regulation of the SAC, which maintains genome integrity
by preventing anaphase progression in the presence of de-
fective microtubule–kinetochore attachments (Fig. 2A).

Importantly, although the components and functions of
the SAC are highly conserved across evolution, kineto-
chore–microtubule interactions are maintained through-
out the yeast cell cycle, with only a short disruption
during early S phase (Kitamura et al. 2007). Unlike mam-
malian cells, the SAC becomes essential in S. cerevisiae
only upon active damage to the spindle, such as upon
exposure to benomyl (Hoyt et al. 1991; Li and Murray
1991). Consistent with those findings, set1Δ cells do not
display any cell cycle aberrations, as measured by flow cy-
tometry (Supplemental Fig. S1C) or a budding index assay
(Supplemental Fig. S1D).Our set1Δ cells did growat amar-
ginally slower rate than wild-type cells (Supplemental
Fig. S1E), as previously reported (Miller et al. 2001), corre-
lating with a slight reduction in colony-forming units
(Supplemental Fig. S1F), but no abnormal cellular mor-
phologies were observed (Supplemental Fig. S1G). There-
fore, the benomyl resistance phenotype displayed by set1
mutants is unlikely to be a downstream effect of other
cell cycle anomalies.
To determine whether activation of the SAC is required

for the benomyl resistance of set1 mutants, we deleted
genes encoding SAC components in the set1G951S strain.
Deletion of BUB1 and BUB3 eliminated the resistance of
set1G951S cells to benomyl (Fig. 2B). These data indicate
that these SAC components are required for the resistance
phenotype and also that the set1 mutation does not pre-
vent uptake of the drug, as the double mutants displayed
a sensitivity to benomyl similar to that of bub1 and
bub3 single mutants. Deletion of MAD1, MAD2, and
MAD3 also suppressed the benomyl resistance phenotype
of set1G951S cells (Fig. 2C). Collectively, these data indi-
cate that the SAC must be activated and intact for the
benomyl resistance to occur in the set1 mutant cells.
SAC component proteins inhibit Cdc20 to block

entry into anaphase upon disruption of microtubule–
kinetochore interactions. To further define the role of
SAC activation in the benomyl resistance phenotype, we
introduced a Cdc20 mutation that blocks inhibition into
set1G951S cells. The dominant cdc20-127 allele disrupts
binding of Mad2 andMad3, thereby inhibiting SAC-medi-
atedcell cyclearrestuponexposure tomicrotubulepoisons
(Hwang et al. 1998). We found that set1G951S cdc20-127
double mutants are sensitive to benomyl compared with
set1G951Smutants alone, indicating that binding of SAC

Figure 2. The set1G951Smutant requires the SAC and
Cdc20 inhibition for benomyl resistance. (A) An illustra-
tion of Cdc20 associated with the APC complex in both
an active and an inactive state. Mad2 and Mad3 bind to
Cdc20 to inhibit the ubiquitination of APC substrates.
(B–D) Serial fivefold dilution assay of yeast strains
with the indicated genotypes grown on normal YPD
plates (YPD) or plates containing 30 µg/mL benomyl
for 2 d at 30°C.
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components to Cdc20 is required for benomyl resistance
(Fig. 2D) and that lysine methylation events mediated by
Set1 function to limit Cdc20 inhibition.

set1mutants display a thick mitotic spindle and a defect
in the release of the SAC

One phenotype reported previously for cdc20-1, a temper-
ature-sensitivemutant of Cdc20, is a thickmitotic spindle
(Sethi et al. 1991), although this phenotype appears to be
variable (Lim et al. 1998). Confocal analyses indicated
that the mitotic spindles in set1G951S mutant cells are
thicker than in wild-type cells (Fig. 3A). Indeed, although
thick spindles were rarely observed in wild-type cells
(e.g., three of 34 cells examined [8.8%]), they occurred in
a majority (10 of 13 [76.9%]) of set1 mutant cells (Fig.
3A). As Cdc20 recruits proteins to the APC/C for ubiquiti-
nation and degradation, the thick mitotic spindles in
cdc20 mutants likely reflect a failure in the degradation
of microtubule-bundling proteins (Sethi et al. 1991; Juang
et al. 1997). To determine whether the thick mitotic spin-
dles in set1G951S mutants also reflect Cdc20 inhibition,
we monitored destruction of a Cdc20–APC/C substrate,
Pds1 (Securin), after SACactivation and release. Pds1ubiq-
uitination andproteolysis are required for the separation of
sister chromatids and progression through anaphase. Both
wild-type and set1G951S cells were treated with nocoda-
zole to activate the SAC. Flow cytometry indicated that
both wild-type and set1G951S cells arrested in G2/M, as
expected. The cells were then released into fresh medium
without drugs, and mitotic progression was monitored by
assessing Pds1 stability coupled with cell cycle analysis.
Immunoblots indicate that Pds1 is degraded at a slower
rate in set1 mutant cells (Fig. 3B, cf. lanes labeled 45′ and
60′). These results indicate that set1 mutants arrest nor-
mally after SAC activation but exhibit prolonged inhibi-
tion of the APC after checkpoint release.

Loss of H3K4 methylation results in benomyl resistance
and a thick mitotic spindle

Two COMPASS substrates have been identified so far:
H3K4 (Briggs et al. 2001) and Dam1 K233 (Zhang et al.
2005). We created genomic mutations in these methyla-
tion sites in order to determine whether either of these
COMPASS substrates plays a role in regulating cellular re-
sponses to mitotic poisons. We found that dam1K233R
cells are sensitive to benomyl, much like wild-type cells.
However, cells bearing mutations in H3K4 (H3K4R) dis-
play benomyl resistance very similar to that seen in
set1G951S cells (Fig. 3C). The yeast genome contains
two alleles encoding H3:HHT1 andHHT2. To determine
whether partial loss ofH3K4methylationwas sufficient to
induce benomyl resistance, we compared growth of wild-
type cells, cells bearing single mutations (hht1K4R or
hht2K4R), and cells harboring mutations in both H3 al-
leles (labeled here as H3K4R for simplicity). We found
that only the double mutation conferred benomyl resis-
tance (Supplemental Fig. S2A). Moreover, the loss of
SET1 in H3K4R cells did not confer any further resis-
tance, suggesting that H3K4 is the primary Set1 sub-
strate regulating normal cellular response to mitotic
poisons (Supplemental Fig. S2B). Importantly, we con-
firmed that Set1 protein levels and incorporation into
the COMPASS complex were not affected by the
H3K4R mutation (Supplemental Fig. S2C,D).

We also examined the mitotic spindle in wild-type,
dam1K233R, H3K4R, and set1G951S cells (Fig. 3D). The
mitotic spindle in dam1K233R cells appeared similar to
that in wild-type cells. Only one in 16 (6.2%) displayed a
thick spindle. In contrast, a majority (24 of 28 cells
[85.7%]) of H3K4R cells displayed a thick mitotic spindle
phenotype resembling that of set1G951S cells (Fig. 3D).
These data indicate that methylation of H3K4 plays a
novel role in regulating the response to microtubule

Figure 3. Loss of H3K4 methylation results in a
thick mitotic spindle. (A) Cells bearing a SET1 cata-
lytic mutant allele (set1G951S) display a more robust
mitotic spindle staining compared with wild-type
cells (WT). Immunofluorescent confocal images of
wild-type and set1G951Smitotic cells are shown. Tu-
bulin (green) and DAPI (blue) stainings were used to
identify cells undergoing mitosis in an asynchronous
culture. Mitotic cells are outlined in white. (B) Cell
cycle arrest and release experiments reveal that
Pds1 is more stable in SET1 mutants (set1G951S)
than in wild-type cells. Cells were arrested in G2/M
and released into fresh medium. Samples were taken
at the indicated time points, and whole-cell extracts
and immunoblots were prepared and probed with α-
Myc antibody to assess the protein levels of Myc-
tagged Pds1. Immunoblots of Pgk1 served as a loading
control. Cells from the indicated time points were
taken for analysis by flow cytometry. Histograms of
DNA content reveal the cell cycle profile of the indi-

cated strains at specific times after cell cycle arrest and release. (C ) Serial fivefold dilution assays of wild-type and mutants with the in-
dicated genotype placed onto either control plates (YPD) or plates containing 30 µg/mL benomyl as in previous figures. (D)
Immunofluorescent confocal images of wild type and mutants with the indicated genotypes. Staining and selection of cells were pre-
formed as in A.

Schibler et al.

1190 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.278887.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.278887.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.278887.116/-/DC1


depolymerizing drugs, related to increased amounts of po-
lymerized tubulin or increased stability of the mitotic
spindle, consistent with inhibition of Cdc20 function.
We next determined whether an intact SAC is required

for benomyl resistance of H3K4R cells. As seen in
set1G951S cells (Fig. 2), deletion of SAC component genes
suppressed the benomyl resistance phenotype caused by
H3K4R mutations (Fig. 4A,B). Immunoblots confirmed
that loss of SAC components such as Mad2 had no effect
onH3K4methylation events, as H3K4 di- and trimethyla-
tion were unaltered in mad2Δ cells (Fig. 4C). Eliminating
SAC function through deletion of MAD2 in H3K4R cells
also resulted in suppression of the thick mitotic spindle
phenotype (two of 18 [11.1%] for the double mutant and
one of 18 [5.5%] for the MAD2 deletion alone, compared
with 24 of 28 [85.7%] as noted above) (Fig. 4D; multiple
panels in Supplemental Fig. S2E). These data further
link the mitotic spindle phenotype with the benomyl re-
sistance observed in the H3K4R cells. To test whether
the H3K4R mutant also regulates the SAC through
Cdc20 inhibition, we introduced theCdc20-127mutation
into the H3K4R strain. As in set1G951S cells, H3K4R
cells require Cdc20 inhibition for benomyl resistance
(Fig. 4E), supporting a model of an overactive SAC when
H3K4 methylation is inhibited.
Since H3K4 methylation is involved in transcriptional

regulation, we compared previously published microarray
data (Venkatasubrahmanyam et al. 2007) with known

loss-of-function mutants that cause benomyl resistance
(Brown et al. 2006). Loss of SET1 results in 127 signifi-
cantly down-regulated genes, none of which are associat-
edwithmitosis or the SAC.We confirmed that expression
of SAC components is not down-regulated upon loss of
H3K4 methylation by comparing levels of Bub1, Bub3,
Mad1, Mad2, and Mad3 RNA in both wild-type and
set1Δ cells (Supplemental Fig. S2F). We also evaluated
H3K4 methylation (H3K4me) events at pericentric re-
gions through chromatin immunoprecipitation (ChIP)
followed by sequencing (ChIP-seq) but found little enrich-
ment of H3K4 dimethylation (H3K4me2) or trimethyla-
tion (H3K4me3) in locations proximal to the centromere
(Supplemental Fig. S2G). These results indicate that the
presence of H3K4me2/me3, but not a pericentromeric lo-
cation of this mark, is important for normal cellular re-
sponse to benomyl.

Mad2 bindsmethylated histoneH3K4 in a conformation-
specific manner

A number of protein domains “read” the methylation
state of H3K4, including PHDs, WD40 domains, and Tu-
dor domains (Huyen et al. 2004; Wysocka et al. 2005;
Kim et al. 2006; Shi et al. 2006).Mad2 lacks those domains
but does contain a HORMA domain, which is found in
several chromatin-associated proteins (Aravind and Koo-
nin 1998; Muniyappa et al. 2014). To test whether Mad2
can bind directly to histones, we performed pull-down ex-
periments using recombinantGST-yMad2 fusion proteins
and calf thymus histones. We found that GST-yMad2
binds directly to H3, but not to H2A or H2B, in vitro
(Fig. 5A). SinceMad2 is composed almost entirely of a sin-
gle HORMA domain, our data indicate that the HORMA
domain likely acts as an H3 interaction domain.
Mad2 adopts two conformations—an inactive, open

state (O-Mad2) and an active, closed state (C-Mad2)—in
both yeast and human cells (Luo et al. 2000; Sironi et al.
2002; Nezi et al. 2006). After SAC activation, Mad2 as-
sumes the C-Mad2 conformation upon binding to Mad1
at the kinetochore. C-Mad2 then binds and inhibits
Cdc20. Recombinant wild-type Mad2 can adopt both O-
Mad2 andC-Mad2 conformations and can dimerize in sol-
ution (Fang et al. 1998; Luo et al. 2004). Specificmutations
limit dimerization and structurally constrainMad2 to the
O-Mad2 form or promote the C-Mad2 conformation (Luo
et al. 2004; Nezi et al. 2006). Mutations that delete the C-
terminal tail of Mad2 result exclusively in a monomeric
O-Mad2 conformation (Fang et al. 1998). In contrast, the
Mad2RQEA mutation, which also blocks dimerization, re-
sults in a high ratio of C-Mad2 to O-Mad2 monomers
(Luo et al. 2004; Nezi et al. 2006). To determine whether
Mad2 conformational changes affect binding to H3, we
generated GST fusions to yeast wild-type, O-yMad2, and
yMad2RQEA proteins. We found that recombinant O-
yMad2 interacted less well with H3 than did wild-type
yMad2. In contrast, yMad2RQEA pulled down more H3
than did either the wild-type or O-yMad2 conformations.
None of the yMad2 proteins bound to H2A or H2B, con-
firming specificity for H3 interactions (Fig. 5A).

Figure 4. TheH3K4Rmutant requires the SAC and Cdc20 inhi-
bition for benomyl resistance. (A,B) Serial fivefold dilution assay
of wild-type (WT) and mutants with the indicated genotypes
placed onto either control plates (YPD) or plates containing 30
µg/mL benomyl, as in previous figures. (C ) Immunoblots of
whole-cell extracts from wild-type, set1Δ, and mad2Δ cells to
compare di- and trimethylation of histone H3 levels. Total H3
was used as a loading control. (D) Immunofluorescent confocal
images of wild-type and mutants with the indicated genotypes.
Tubulin (green) andDAPI (blue) were used to identify cells under-
going mitosis from an asynchronous culture. Mitotic cells are
outlined in white, as in previous figures. (E) Serial fivefold dilu-
tion assay of wild-type andmutants with the indicated genotypes
placed onto either control plates (YPD) or plates containing 30 µg/
mL benomyl, as above.
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Importantly, O-yMad2 and yMad2RQEA displayed strik-
inglydifferent profiles binding tomodified andunmodified
forms of H3. yMad2RQEA clearly bound to all methylation
states of H3, whereas O-yMad2 bound best to H3K4me0
and displayed limited interaction with H3K4me1 (Fig.
5B). Both O-yMad2 and yMad2RQEA are monomeric, and
yMad2RQEA –H3K4me binding indicates that C-Mad2,
rather than O-Mad2, interacts with H3K4me. These find-
ings identify Mad2 as a conformation-sensitive reader of
lysine methylation states.

Yeast and humanMad2 structure and function are strik-
ingly conserved. To determine whether human Mad2
(hMad2) also selectively binds H3 in a conformation-spe-
cific manner, we repeated the histone-binding assays
with GST-hMad2 proteins. We purified GST fusions of
wild-type hMad2, monomeric O-hMad2, and monomeric

hMad2RQEA. Wild-type hMad2 did not bind well to any
histone, but both O-hMAD2 and hMAD2RQEA bound
H3 but not H2A or H2B. Like yMad2, hMad2RQEA

pulled down more H3 than did O-hMad2 (Fig. 5C), indi-
cating that the conformation sensitivity of Mad2 inter-
actions with H3 is conserved from yeast to humans.
Failure of the wild-type hMad2 to bind H3 suggests that
hMad2 dimerization may limit its interactions with his-
tones. Importantly, recombinant hMad2RQEA interacted
with methylated H3K4 much like yMad2RQEA (Fig. 5D),
indicating that closed hMad2 also serves as a reader of
H3K4me states.

A sequence highly similar to a known consensusMad2-
binding site is found in amino acids 23–30 of H3. To test
whether yMad2 requires this consensus sequence to
directly bind histone H3, we generated two recombinant
histone H3 mutant proteins K23A (H3.1K23A) and a sec-
ond containing two mutations to both R26A and K27A
(H3.1R26A/K27A). Wild-type histone H3 and the K23A
mutant both bound to yMad2, while the R26A/K27Amu-
tant H3 did not (Fig. 5E). Use of a GST-hMad2 construct
confirmed that hMad2 also does not interact with the
R26A/K27A H3 mutant (Fig. 5F). These results demon-
strate that both yMad2 and hMad2 share a conserved
H3-binding sequence.

The interactions of Mad2 with H3 suggest that the
binding is bipartite, involving both the consensus se-
quence (amino acids 23–30) and the region around K4 in
H3. To further test this idea, we tested previously de-
scribed alanine scanning mutations in H3 (Dai et al.
2008) within the consensus Mad2 interaction motif (Luo
et al. 2002; Sironi et al. 2002) for benomyl resistance
(Supplemental Fig. S3A; Dai et al. 2008). As expected,
H3K4A mutant cells displayed a striking benomyl resis-
tance phenotype, as didH3R2Amutants. Previous reports
indicated a functional like between R2 methylation and
K4 methylation (Kirmizis et al. 2007). In addition, muta-
tions to amino acids 23–30 also caused a moderate resis-
tance to benomyl, consistent with the data above,
indicating that this region also contributes to Mad2 inter-
actions (Supplemental Fig. S3A).

set1G951S and the H3K4R mutations affect Mad2
localization in dividing cells

To further assess the consequences of loss of H3K4me on
Mad2 function in vivo, we examinedMad2 localization in
wild-type and set1G951S andH3K4Rmutant cells. As we
did not have an antibody for native Mad2, we sought to
use established epitope-tagged Mad2 alleles. However,
we found that C-terminal tags (both GFP and TAP tags)
introduced into theMAD2 locus suppressed the benomyl
resistance of set1Δ cells, further emphasizing the impor-
tance of the Mad2 C-terminal region in interactions
with H3K4 (Supplemental Fig. S3B). Therefore, we used
an inducible, N-terminally tagged GST-Mad2 fusion pro-
tein construct to assess the subcellular localization of
Mad2. As expected, we found that GST-Mad2 localizes
to both the nucleus and the cytoplasm in wild-type
and set1G951S and H3K4R mutant cells (Supplemental

Figure 5. Mad2 binds H3 methylated at K4 in a conformation-
specificmanner. (A,C ) Colloidal staining of purified recombinant
proteins. Pull-down assays of the indicated recombinant proteins
to identify direct binding with calf thymus histones, assayed us-
ing immunoblots of membranes probed with antibodies against
H2A, H2B, or H3. (B,D) Pull-down assay with recombinant
GST-Mad2 fusion proteins and unmodified H3 (K4me0) or MLA
full-length histones generated to mimic H3K4monomethylation
(K4me1), H3K4 dimethylation (K4me2), or H3K4 trimethylation
(K4me3).Direct bindingwas assayedusing immunoblots ofmem-
branes probed with an antibody recognizing histone H3. (E,F)
GST pull-down assays using recombinant GST-yMad2 and
GST-hMad2 with wild-type histone H3 or H3 with various point
mutations. Direct binding was assessed by using immunoblots of
membranes probed with an antibody against H3.
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Fig. S4A). However, in large buddedG2/Mcells,Mad2was
enriched around the bud neck (Supplemental Fig. S4A).
This staining pattern is consistent with that reported pre-
viously for Kel2, a negative regulator of mitotic exit and
Mad2-binding protein that localizes to the same region
(Wong et al. 2007). Interestingly, this localization pattern
was enriched roughly twofold in set1G951S and H3K4R
mutant cells (Supplemental Fig. S4B), consistent with dis-
ruption of Mad2 localization upon loss of H3K4me.
We propose a model in which methylated H3K4 acts as

a negative regulator of the SAC by sequestering active C-
Mad2, thereby limiting Cdc20–Mad2 interactions and
Cdc20 inhibition. In set1mutants, loss of H3K4me releas-
es C-Mad2, allowing greater inhibition of Cdc20 and also
possibly favoring binding of O-Mad2 to chromatin (Fig. 6).

Discussion

Our data reveal a new function for H3K4me in regulating
the SAC and identify theMad2 HORMA domain as a con-
formation-specific reader of H3K4me. These studies illus-
trate how specific chromatin states can provide critical
regulatory scaffolds for regulation of essential cellular pro-
cesses where the HORMA domain likely acts as a histone
interaction domain in several important, evolutionarily
conserved processes.
We found that Mad2RQEA binds dimethylated and tri-

methylated H3K4, whereas O-Mad2 does not. In wild-
type cells, O-Mad2 dimerizes to C-Mad2 at the kineto-
chore, where it undergoes a structural change resulting
in an active form of Mad2 that binds to and inhibits
Cdc20 (Nasmyth 2005; Yu 2006). Cells that cannot form
an O-Mad2–C-Mad2 dimer or in which Mad2 is locked
into an open conformation fail to arrest in mitosis after
treatment with microtubule poisons (Nezi et al. 2006).
Mad2 binds to Cdc20 after SAC activation by adopting a

conformation that inhibits ubiquitination of APC sub-
strates, such as Pds1. Our data indicate that binding of
C-Mad2 to H3K4me2 inhibits Cdc20 inhibition, likely
by sequestering C-Mad2 and blocking O-Mad2 interac-
tions with H3 (Figs. 4E, 5B). After tension is achieved by
kinetochore attachments to the mitotic spindle, the
SAC is deactivated, allowing APC activation and ubiquiti-
nation of APC substrates. We propose that loss of
H3K4me allows continued inhibition of Cdc20 through

the C-Mad2–Cdc20 interaction, leading to a delay in the
release of the SAC, as indicated by the prolonged stability
of Pds1.
Our model is similar to that proposed for negative regu-

lators that act to silence the SAC, such as p31comet

(MAD2L1BP), in vertebrate cells (Xia et al. 2004). Like
H3K4me, p31comet interacts directly with C-Mad2 but
not O-Mad2. We propose that H3K4me2 and H3K4me3
may function similarly to p31comet to sequester C-Mad
and inhibit binding to Cdc20. Loss of this histone modifi-
cation leads to excessive availability of active C-Mad2,
which in turn leads to heightened inhibition of Cdc20
functions and delayed release of the SAC. p31comet is not
expressed in S. cerevisiae, so H3K4me may serve as the
primary regulator of C-Mad2 and O-Mad2 interactions
in yeast. Intriguingly, p31comet is itself a HORMA domain
protein, raising the question of whetherH3K4memay reg-
ulate its function as well.
Multiple chromatin-associated proteins contain

HORMA domains in mammals, including not only
p31comet and MAD2 but also REV7, HORMAD1, and
HORMAD2. Like Mad2, both HORMAD proteins and
REV7 are thought to undergo a conformational switch, al-
though such structural changes have yet to be studied in
detail (Hara et al. 2010; Kim et al. 2014). REV7 is required
for proper DNA translesion synthesis and double-strand
break repair (Prakash et al. 2005; Kolas and Durocher
2006; Sale 2015). Loss of REV7 results in PARP inhibitor
resistance in cancer, highlighting the importance of its
functions (Xu et al. 2015). HORMAD proteins align mei-
otic chromosomes for efficient homologous recombina-
tion (Handel and Schimenti 2010). It will be interesting
to determine how binding of H3 by these proteins influ-
ences their functions. Perhaps, for example, loss of H3–
REV7 interactions might also contribute to PARP inhibi-
tor resistance.
H3 is subject to lysine methylation at a number of

other sites, and lysines are subject to multiple types of
post-translational modifications (PTMs) in addition to
methylation. Lysine methylation and acetylation are
also subject to regulation by other modifications, such
as phosphorylation or ubiquitination, at other sites
(Latham and Dent 2007). Given the multiple kinases
and phosphorylation events required for proper execu-
tion of the SAC, it will be important to determine
whether such cross-talk occurs between H3K4me and
these events and how such cross-talk impacts binding
to Mad2 with histone H3.
Misregulation of histonemodifications or the SAC is as-

sociated with severe human disease conditions, including
cancer (Sharma et al. 2010; Fang and Zhang 2011). Several
MLL proteins highly homologous to yeast Set1 exist in hu-
mans. Translocations of Mll1, in particular, that result in
fusion of MLL to various members of the superelongation
complex are associated with human leukemias (Smith
et al. 2011). Although Mll1 functions in both normal
and disease cells are usually thought of in terms of tran-
scription, our work indicates that these proteins may
also be important tomaintain normal chromosome ploidy
through regulation of the SAC.

Figure 6. A model showing that methylated H3K4 binds to C-
Mad2. An H3 sequence required forMad2 binding, which is simi-
lar to theMad2-binding consensus sequence, is underlined.Our in
vivo and in vitro data indicate thatH3K4me acts as a negative reg-
ulatorof theSACthroughdirect bindingofmethylatedH3K4toan
active C-Mad2, thereby limiting C-Mad2–Cdc20 interactions.
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Materials and methods

Yeast strains, media, and culture conditions

All strains generated for this study are isogenic to BY4741
(Supplemental Table S1). Cells were grown in YPD medium at
30°C under standard conditions unless otherwise stated.

Benomyl resistance assays

Plates were prepared with the indicated amounts of benomyl dis-
solved in DMSO. Wild-type and mutant strains were grown over-
night in rich medium and placed onto either control plates (YPD
or YPD with DMSO) or plates containing increasing amounts of
benomyl (10, 20, 30, and 40 µg/mL). Plates were placed for 2 d
at 30°C unless otherwise stated.

Flow cytometry

Five milliliters of culture of mid-log phase cells was pelleted and
resuspended in 3 mL of dH2O. Seven milliliters of 95% ethanol
was added to the culture and incubated overnight at 4°C. Cells
were pelleted andwashed in 5mL of sodiumcitrate (pH 7.4). Cells
were pelleted, resuspended in 1 mL 50 mM sodium citrate with
0.25 mg/mL RNase, and incubated for 1 h at 50°C. Proteinase K
was then added for a final concentration of 1 mg/mL and incubat-
ed for an additional hour at 50°C. Onemilliliter of sodium citrate
containing 16 µg/mL propidium iodide was added for a final con-
centration of 8 µg/mL and incubated for 30 min before flow cy-
tometry analysis. Data were collected on a BD LSRFortessa
(Becton Dickinson) and analyzed using FlowJo 7.6 software. The
protocol was courtesy of Stephen P. Bell and can be found at
http://web.mit.edu/flowcytometry/www.

Immunofluorescence

Immunofluorescence experiments were performed according to
standard techniques (Burke et al. 2000). To visualize the mitotic
spindle and nuclei, we used an anti-tubulin antibody (1:500;
Millipore, CBL270) and 1 µM DAPI (Molecular Probes). To visu-
alize GST-Mad2, cells were grown in YEP + 2% raffinose until
mid-log phase. GST-Mad2 protein expression was induced by
the addition of galactose to a final concentration of 2% for 30
min. We used an anti-GST antibody (1:500; GE, 27-4577-01) for
immunofluorescence staining. Following staining procedures,
images of wild-type and mutant yeast cells were acquired with
a LSM510-Meta confocalmicroscope (Carl Zeiss,Germany) using
a 100× PlanApochromat/1.4 N.A. objective. Images were pro-
cessed using ImageJ software (National Institutes of Health) and
Adobe Photoshop.

Nocodazole arrest and release

Cells were diluted into YPDmedium fromovernight cultures and
allowed to grow until a density of 107 cells per milliliter. Nocoda-
zole was added to a final concentration of 15 µg/mL, and the cells
were allowed to arrest for 2 h. Cells were released from the G2/M
arrest bywashing twice in dH2O, resuspended into fresh YPDme-
dium, and collected at the indicated time points.

Recombinant protein generation and purification

Budding yeast geneswere cloned into a pGEX4T1 vector to gener-
ate an N-terminally tagged GST fusion proteins. The plasmids
used in this study are listed in Supplemental Table S2. Mutations

were generated by using the QuikChange XL kit (Stratagene) and
sequenced. Proteins were expressed in the Escherichia coli strain
Rosetta 2 (Novagen) by the additionof 0.2mMIPTG for 20h at14°
C. After protein expression, cells were collected and suspended in
lysis buffer (50mMTris at pH 7.5, 150mMNaCl, 0.05%NP-40, 1
mM PMSF, protease inhibitors, 0.5 mg/mL lysozyme solution).
The cells were incubated for 45min at 4°C and lysed using a EpiS-
hear Probe sonicator (ActiveMotif). Lysed cells were centrifuged,
and the supernatantwas removed and incubatedwith glutathione
sepharose 4B (GE). RecombinantGST fusion proteinswere eluted
by the addition of 15 mg/mL L-glutathione (Sigma) dissolved in
100 mM Tris (pH 8.0). Recombinant proteins were run on a 4%–

12% BisTris gel and analyzed with colloidal staining.

Calf thymus histone-binding assays

Calf thymus histone-binding assays were performed by incubat-
ing 50 µg of calf thymus histones (Worthington) with 10 µg of re-
combinant GST fusion proteins in buffer (50mMTris at pH 7.5, 1
MNaCl, 1%NP-40) overnight. GST fusion protein histone inter-
actions were assessed by adding glutathione sepharose 4B (GE)
beads for 1 h and washing five times in buffer. The beads were re-
suspended in 5× SDS sample buffer, run on a 4%–12% Tris-Bis
gel, and transferred to a nitrocellulose membrane followed by
Western blot analysis. We used the following antibodies: anti-
H3 (1:5000; Active Motif, 39163), anti-H2A (1:2000; Millipore,
07-146), and anti-H2B (1:2500; Millipore, 07-371).

MLA histone-binding assays

Similar to the calf thymus histone-binding assay, 2 µg of recom-
binantGST fusion proteinswas incubatedwith 1 µg of full-length
recombinant histone H3 with either no methylation on K4 or
methylated lysine analogs (K4me1, K4me2, and K4me3) (Active
Motif). GST-yMad2 fusion proteins were incubated in 50 mM
Tris (pH 7.5), 1MNaCl, and 1%NP-40, andGST-hMad2 proteins
were incubated in 50 mM Tris (pH 7.5), 750 mM NaCl, and 1%
NP-40 overnight. Glutathione sepharose 4B (GE) beads were add-
ed for 1 h, washed five times with the indicated buffer, and resus-
pended in 5× SDS sample buffer. Proteins were resolved on a gel,
and interactionswere assessed by transferring the proteins to a ni-
trocellulose membrane followed by Western blot analysis.

Histone H3.1 purification and binding assay

A gene encoding humanH3.1was cloned into the pET-30a(+) vec-
tor to create H3.1 C-terminally tagged with a 6xHIS epitope. Mu-
tations were generated by using the QuikChange XL kit
(Stratagene) and sequenced. Plasmids used in this assay are listed
in Supplemental Table S2. Proteins were expressed in the E. coli
strain Rosetta 2 (Novagen) by the addition of 0.2 mM IPTG for 16
h at 20°C. After protein expression, cells were collected and sus-
pended in buffer (50 mM Tris at pH 8.0, 500 mMNaCl, 5% glyc-
erol, 1 mM PMSF). The cells were disrupted using an EpiShear
Probe sonicator (Active Motif). Cells were then pelleted and re-
suspended in denaturing buffer (50 mM Tris at pH 8.0, 500 mM
NaCl, 5% glycerol, 6 M urea). The mixture was centrifuged,
and the supernatant was removed and incubated with Ni-NTA
agarose beads (Qiagen). Recombinant H3.1-6xHIS fusion proteins
were eluted by the addition of 150 mM imidazole added to buffer
containing 50 mMTris (pH 8.0), 500 mMNaCl, and 5% glycerol.
Eluates were run on a 4%–12% BisTris gel and evaluated with
colloidal staining. Purified recombinant proteins were dialyzed
overnight into buffer containing 20 mM Tris (pH 8.0), 5 mM
DTT, 1mMPMSF, 1mMEDTA, 500mMNaCl, and 5% glycerol

Schibler et al.

1194 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.278887.116/-/DC1
http://web.mit.edu/flowcytometry/www
http://web.mit.edu/flowcytometry/www
http://web.mit.edu/flowcytometry/www
http://web.mit.edu/flowcytometry/www
http://web.mit.edu/flowcytometry/www
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.278887.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.278887.116/-/DC1


to remove urea. Purified proteins were then used in binding as-
says. Twomicrograms of recombinantGST fusion proteinwas in-
cubatedwith 2 µg of full-length recombinant histoneH3 in buffer
(50 mM Tris at pH 7.5, 750 mM NaCl, 0.1%NP-40) overnight.
Glutathione sepharose 4B (GE) beads were added to the binding
assay for 1 h, washed five times with buffer, and resuspended in
5× SDS sample buffer. Proteins were resolved on a gel, and inter-
actions were analyzed by transferring the proteins to a nitrocellu-
lose membrane followed by Western blot analysis.
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