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The SUMO ligase activity ofMms21/Nse2, a conservedmem-
ber of the Smc5/6 complex, is required for resisting extrinsically
induced genotoxic stress. We report that the Mms21 SUMO
ligase activity is also required during the unchallenged mitotic
cell cycle in Saccharomyces cerevisiae. SUMO ligase-defective
cells were slow growing and spontaneously incurred DNA dam-
age. These cells required caffeine-sensitiveMec1 kinase-depen-
dent checkpoint signaling for survival even in the absence of
extrinsically induced genotoxic stress. SUMO ligase-defective
cells were sensitive to replication stress and displayed synthetic
growth defects with DNA damage checkpoint-defective mu-
tants such asmec1, rad9, and rad24.MMS21 SUMO ligase and
mediator of replication checkpoint 1 gene (MRC1) were epi-
static with respect to hydroxyurea-induced replication stress or
methyl methanesulfonate-induced DNA damage sensitivity.
SubjectingMms21 SUMO ligase-deficient cells to transient rep-
lication stress resulted in enhancement of cell cycle progression
defects such as mitotic delay and accumulation of hyperploid
cells. Consistent with the spontaneous activation of the DNA
damage checkpoint pathway observed in the Mms21-mediated
sumoylation-deficient cells, enhanced frequency of chromo-
some breakage and loss was detected in these mutant cells. A
mutation in the conserved cysteine 221 that is engaged in coor-
dination of the zinc ion in Loop 2 of the Mms21 SPL-RING E3
ligase catalytic domain resulted in strong replication stress sen-
sitivity and also conferred slow growth andMec1 dependence to
unchallenged mitotically dividing cells. Our findings establish
Mms21-mediated sumoylation as a determinant of cell cycle
progression and maintenance of chromosome integrity during
the unperturbed mitotic cell division cycle in budding yeast.

Accurate transmission of genetic information without alter-
ation or loss is important during every cell division cycle. Mon-
itoring systems that survey, alert, and aid in repair of harmful

DNA damage help prevent the acquisition of genetic changes
(1). Failure of these systems can result in genomic instability
often observed in some genetic disorders and in cancer cells (2).
Studying mechanisms that suppress genomic instability is
therefore important to gain insight into the causes of genetic
disorders associated with genomic instability such as cancer.
During the normal unchallenged mitotic cell cycle, sponta-

neous DNAdamage can occur during DNA replication. During
replication, DNA is unwound and duplicated and is particularly
vulnerable to breakage, especially if any of the protective repair
and rescue mechanisms fail. Replication forks can stall or col-
lapse atDNA lesions, resulting in activation of theMec1/Ataxia
telangiectasia and Rad3 related kinase-dependent replication
checkpoint response (3, 4). The replication checkpoint stabi-
lizes stalled forks, prevents their breakdown, and coordinates
fork restart processes (5). In addition, it delays cell cycle pro-
gression to facilitate the repair and completion of DNA repli-
cation (3, 4).
Structural alterations in chromosome organization facilitate

chromosome segregation and aid in maintenance of chromo-
some stability. Such alterations in chromosome architecture
include sister chromatid cohesion, kinetochore assembly, and
chromosome condensation and are brought about by a number
of chromatin-associated proteins, e.g. the structural mainte-
nance of chromosomes (Smc)4 protein complexes. SMC pro-
teins are a conserved, essential family of proteins required for
chromosome organization and are involved in coordinating a
number of chromosomal processes (6–9). The budding yeast
Saccharomyces cerevisiae has three Smc protein complexes:
Cohesin (Smc1/3 complex), Condensin (Smc2/4 complex), and
the Smc5/6 complex required for sister chromatid cohesion,
chromosome condensation, and DNA repair (10–12). Each
Smc complex consists of a heterodimer of two Smc proteins
associated with additional essential non-Smc subunits. For
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example, the chromatin-associated Smc5/6 complex consists of
Smc5, Smc6, and six non-smc elements (Nse1–Nse6) (12–14).
The smc6 gene (also called rad18 in fission yeast) was first

discovered in a genetic screen for � radiation-sensitivemutants
in Schizosaccharomyces pombe (15). Smc6 complex mutants
are defective in repair of DNA damage induced by exogenous
agents. Genetic interaction studies indicate a crucial role for the
Smc5/6 complex in recombination-mediated DNA damage
repair that is epistatic to the Rad51-dependent homologous
recombination repair pathway (16–18). For example, measure-
ment of the survival of rad18-X, rhp51�, and rad18-X rhp51�
after UV irradiation revealed that, although the rad18-X
mutant is more sensitive than rhp51� to UV irradiation, dele-
tion of rhp51 in the rad18-X mutant background rescues the
UV irradiation sensitivity of rad18-X to an extent equivalent to
that seen in the rhp51� singlemutant (15). Fission yeast rhp51�
mutant cells are more sensitive to ionizing radiation than
rad18-X mutant cells as are double mutant rhp51� rad18-X
cells (15). Furthermore, in budding yeast, deletion of RAD52
(also required for homologous recombination-mediated pro-
cesses) partially suppresses the temperature-sensitive pheno-
type of smc6–9 mutants (19), indicating that recombination
processes may be toxic in the absence of Smc6 function and
suggesting a distinct role for Smc6 in this process.
In budding yeast, Smc5 and Smc6 are required for stability of

repetitive chromosomal regions and sister chromatid recombi-
nation-mediated repair of induced DNA double strand breaks
(19, 20). In particular, the role of the Smc5/6 complex in rDNA
maintenance has been well characterized. Smc6 is enriched at
ribosomal DNA and telomeres and is required for their segre-
gation (13, 19). Segregation defects in rDNA may arise from
non-disjunction of the rDNA region prior to metaphase execu-
tion (21) in smc5/6 mutants. In these mutants, replication of
rDNA is incomplete, resulting in instability of the rDNAduring
segregation, which can be alleviated by conditions that may
facilitate replication through this locus (21).
Among the Smc protein complexes, the Smc5/6 complex is

unique in that one of its essential subunits, Mms21/Nse2, is a
small ubiquitin-related modifier (SUMO) E3 ligase. Mms21 of
S. cerevisiaewas discovered in a screen for methyl methanesul-
fonate (MMS)-sensitive mutants (22) and has a really interest-
ing new gene (RING) domain at its C-terminal end having
SUMOE3 ligase activity. SUMO (23, 24), also known as Smt3 in
S. cerevisiae (25), is covalently conjugated to lysine residues of a
variety of proteins by SUMO E3 ligases and is deconjugated by
SUMO-specific proteases (26, 27). Mms21/Nse2 sumoylates
Smc5 and Yku70, a protein involved in non-homologous end
joining-mediated repair (28). In S. pombe, Nse2 sumoylates
Smc6, whereas in human cells, it is known to sumoylate Smc6
and several telomere-associated proteins such as translin-
associated factor X, TRF1 and TRF2, TIN2, and RAP1 (28–
30). Although Mms21/Nse2 has been reported to be essen-
tial for viability in all organisms analyzed, SUMO ligase
domain-defective mutants are hypersensitive to DNA-dam-
aging agents but are viable, indicating that the SUMO ligase
activity of Mms21 is dispensable under normal growth con-
ditions. The C-terminal region of Mms21 including the
SUMO ligase domain is required for resisting extrinsically

induced genotoxic stress, maintenance of nucleolar integ-
rity, and telomere clustering (28). X-shaped DNA interme-
diates (detected by two-dimensional gel electrophoresis)
that are generated at damaged replication forks encounter-
ing MMS-induced DNA lesions accumulate in Mms21
SUMO ligase-defective mutants, suggesting a role for
Mms21-dependent sumoylation in counteracting accumula-
tion of X-structures at MMS-damaged forks (31).
Although the requirement for the SUMO ligase activity of

Mms21/Nse2 in countering genotoxic stress has been estab-
lished, its requirement under non-stress conditions has not
been explored extensively. Previous studies in S. pombe indi-
cated that the SUMO ligase activity of Nse2was dispensable for
its essential function; nse2.SA mutant cells having two muta-
tions in the SPL-RING domain (C195S/H197A) that inactivate
the SUMO ligase activity are viable, whereas a deletion of Nse2
is lethal (29). The nse2.SA cells are sensitive to MMS and
hydroxyurea, but no defects in survival or optimal growth of
SUMO ligase-defective mutants in the absence of extrinsic
stressors have been reported. An equivalentmutant in S. cerevi-
siae having substitutions in analogous residues Cys-200 and
His-202 of Mms21 (mms21-CH allele) shows accumulation of
X-molecules at MMS-damaged forks (31), but no other defects
under normal unperturbed mitotic cell division were reported.
In this study, we investigated the role of the SUMO ligase activ-
ity of Mms21 during the unchallenged mitotic cell division
cycle in S. cerevisiae and found evidence for its requirement in
the absence of extrinsically induced genotoxic stress for main-
tenance of normal growth and chromosome integrity and pre-
vention of DNA damage.

EXPERIMENTAL PROCEDURES

Media and Reagents—Cells were grown in YPD medium or
supplemented minimal medium as indicated. We purchased
MMS, hydroxyurea (HU), and G418 from Sigma; 12CA5
anti-HA antibody from Roche Applied Science, and HRP-con-
jugated secondary antibodies from Bangalore Genei.
Yeast Strains and Plasmids—The yeast strains used or gen-

erated in this study are listed in Table 1. Oligonucleotides used
for construction of strains and plasmids in this study were syn-
thesized by Sigma Genosys; sequences of these oligonucleo-
tides are provided in Table 2.
Generation of mms21�sl Strains—The mms21�sl mutant

allele was created by replacing the C-terminal SPL-RING
domain of Mms21 with KanMX6 by one-step gene disruption
to produce a mutation genetically equivalent to mms21-11, a
previously described mutant containing a transposon insertion
at the SPL-RING domain (28). A 1.8-kb fragment containing
MMS21 was PCR-amplified from S288C genomic DNA with
Pfu polymerase using the primers SLO60 and SLO62 and
cloned into pCR-Blunt II-TOPO (Invitrogen) to generate
pRR52. A 1.1-kb HincII-EcoRI fragment excised from pRR52
was subcloned into HincII-EcoRI sites of pUC19, resulting in
pRR53. A 1.4-kb KanMX6 fragment was excised from pFA6a-
KanMX6 vector (32) by PvuII and EcoRV digestion and sub-
cloned in the EcoRV site of pRR53, resulting in pRR71. The
mms21::KanMX6 disruption cassette was excised from pRR71
by PvuII and XbaI and used for integrative yeast transforma-
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tion. Transformants were selected on YAPD (YPD supple-
mented with adenine to a final concentration of 0.01 mg/ml)-
G418 (200 �g/ml) plates and screened by colony PCR to
identify insertions at the correct genomic locus thatwould yield

a product of 525 bp using the primers KanMX6FP (SLO124)
and MMS21R (SLO61).
An mms21�sl::LEU2 disruption cassette was generated by

subcloning LEU2 (PCR-amplified from pRS425 by Pfu Turbo

TABLE 1
Strains used in this study

Strain Genotype Source/Ref.

YPH499 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 59
SLY792 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 mms21�sl::KanMX6 This study
SLY861 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 MRC1-3HA-HIS5 This study
SLY1095 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 RAD9-3HA-klTRP This study
SLY1100 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 RAD53-3HA-klTRP1 This study
SLY872 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 MRC1-3HA-HIS5 mms21�sl::KanMX6 This study
SLY1098 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 RAD9-3HA-klTRP mms21�sl::KanMX6 This study
SLY1104 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 RAD53-3HA-klTRP1 mms21�sl::KanMX6 This study
VPS106 MATa ade2 can1r leu2-3,112 �trp1 ade3 �ura3 lys2-801 60
SLY1351 MATa ade2 canl r leu2-3,112 �trp1 ade3 �ura3 lys2-801 MRC1-3HA-klTRP1 This study
SLY1415 MATa ade2 canl r leu2-3,112 �trp1 ade3 �ura3 lys2-801 MRC1-3HA-klTRP1 mms21�sl::KanMX6 This study
tel1 MATa ade2 can1r leu2-3,112 �trp1 ade3 �ura3 lys2-801 tel1::MET17 60
mec1 MATa ade2 can1r leu2-3,112 �trp1 ade3 �ura3 lys2-801 sml1 mec1::leu2::hisG 60
SLY1353 MATa ade2 can1r leu2-3,112 �trp1 ade3 �ura3 lys2-801 tel1::MET17 MRC1-3HA-klTRP1 This study
SLY1412 MATa ade2 can1r leu2-3,112 �trp1 ade3 �ura3 lys2-801 sml1 mec1::leu2::hisG mms21�sl::KanMX6 This study
SLY1416 MATa ade2 can1r leu2-3,112 �trp1 ade3 �ura3 lys2-801 tel1::MET17 MRC1-3HA-klTRP1mms21�sl::KanMX6 This study
DH1003/102 MATa leu2 trp1 ura3-52 can1 ade2::KanMX/yWSS1572-1 35
DH2004/101 MATa leu2 trp1 ura3-52 can1 ade2::KanMX/PA3-1 35
SLY1348 MATa leu2 trp1 ura3-52 can1 ade2::KanMX mms21�sl::LEU2/yWSS1572-1 This study
SLY1344 MATa leu2 trp1 ura3-52 can1 ade2::KanMX mms21�sl::LEU2/PA3-1 This study
Y1127 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 mrc1�-3::his5� 40
Y1134 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 HIS::MRC1-MYC13 40
Y2297 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 rad9�::HIS3 mrc1�-2::HIS3/pMRC1 39
SLY1516 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 mrc1�-3::his5� mms21�sl::LEU2 This study
SLY1523 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 HIS::MRC1-MYC13 mms21�sl::LEU2 This study
SLY1526 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 rad9�::HIS3 mrc1�-2::HIS3 mms21�sl::LEU2/pMRC1 This study
SLY1534 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 HIS::MRC1-MYC13 rad24::hphNT1 This study
SLY1543 MATa ade2-1 his3-11, 15 leu2-3,112 can1-100 trp1-1 ura3-1 HIS::MRC1-MYC13 rad24::hphNT1 mms21�sl::LEU2 This study
JK9-3da MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa 61
JK350-21a MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa tor1::LEU2-4 tor2::ADE2-3/pJK5 61
JK350-18a MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa tor2::ADE2-3/pJK5 61
SLY1546 MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa tor2::ADE2-3 mms21�sl::KanMX6/pJK5 This study
SLY1549 MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa tor1::LEU2-4 tor2::ADE2-3 mms21�sl::KanMX6/pJK5 This study
SLY1552 MATa leu2-3,112 ura3-52 trp1 his4 rme1 HMLa mms21�sl::KanMX6 This study
SLY782 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 mms21::KanMX6 (pRR50) This study
SLY1620 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 mms21::KanMX6 (pRR51) This study
SLY1621 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 mms21::KanMX6 (pRR55) This study
SLY1622 MATa ade2-101 his3-�200 leu2-�1 lys2-801 trp1-�63 ura3-52 mms21::KanMX6 (pRR56) This study

TABLE 2
Oligonucleotide primers used in this study

Primer Sequence

SLO38 5�-GGGGATCCACATTCTCTTCAACAAGTTT-3�
SLO60 5�-TAGCCAATTTCCAGTCGTCC-3�
SLO61 5�-CAACCATCGTATCCGCTAGT-3�
SLO62 5�-ATTAATCTAGACCTAAAACATCGATGGCTTGAC-3�
SLO69 5�-CAATCGATAAAAAGAAAAGGAGAG-3�
SLO124 5�-CGCTATACTGCTGTCGATTC-3�
SLO131 5�-AAAACAAAATCGAATAAACTTTTTGAAAGCGGACAAGATAGCTTTGATAATTACCCATACGATGTTCCTGAC-3�
SLO132 5�-CAAGACAGCTTCTGGAGTTCAATCAACTTCTTCGGAAAAGATAAAAAACCACGATAAGCTTCGTACGCTGCA-3�
SLO295 5�-CACGATGATATTACGGACAATGATATATACAACACTATTTCTGAGGTTAGACGTACGCTGCAGGTCGAC-3�
SLO296 5�-TTTAATCGTCCCTTTCTATCAATTATGAGTTTATATATTTTTATAATTTCAATCGATGAATTCGAGCTCG-3�
SLO297 5�-CTTCTCTCTTAAAAAGGGGCAGCATTTTCTATGGGTATTTGTCCTTGGTTAATCGATGAATTCGAGCTCG-3�
SLO298 5�-AGGGCAAAAATTGGACCAAACCTCAAAAGGCCCCGAGAATTTGCAATTTTCGCGTACGCTGCAGGTCGAC-3�
SLO348 5�-CTGACAAGAAGAACATTGCTGATG-3�
SLO355 5�-AAAACAAAATCGAATAAACTTTTTGAAAGCGGACAAGATAGCTTTGATAATCGTACGCTGCAGGTCGAC-3�
SLO356 5�-ACAGCTTCTGGAGTTCAATCAACTTCTTCGGAAAAGATAAAAAACCACTAATCGATGAATTCGAGCTCG-3�
SLO366 5�-ATGGATTCTAGAACAGTTGG-3�
SLO367 5�-CCTTAAGTTGAACGGAGTCC-3�
SLO368 5�-GCTACATATAAGGAACGTGC-3�
SLO369 5�-CTTCCCTTTGCAAATAGTCC-3�
SLLEU2-R1B 5�-TCGCATTATCCTCGGGTTCAG-3�
SLLEU2-R1F 5�-GGGCACCACACAAAAAGTTAGG-3�
SLO135 5�-TCAAGAAAATGTAATGCTGTCTTCGATAGAGAC-3�
SLO136 5�-GTCTCTATCGAAGACAGCATTACATTTTCTTGA-3�
SLO137 5�-TACACGACAAGAGATGCTCCGCAAGCAGCGTGT-3�
SLO138 5�-ACACGCTGCTTGCGGAGCATCTCTTGTCGTGTA-3�
SLO283 5�-ATCGATGAATTCGAGCTCG-3�
SLO408 5�-CACGCATTGATATCTGAGAG-3�
SLO409 5�-GTTAATAGTACTTGATTCAACACCACTAATTATCAAGTTTGTTCCTGTCTGAATGATATGCGTACGCTGCAGGTCGAC-3�
SLO410 5�-ATAGATTTGTGTGGAATATTTCCTGGGGTTTTCTCGTCAAATTTAAAGAGTAAAAAGTTAATCGATGAATTCGAGCTCG-3�
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DNApolymerase using the primers SLO348 and SLLEU2-R1B)
in the EcoRV site of pRR53, resulting in pRR72. The
mms21�sl::LEU2 disruption cassette was excised from pRR72
by PvuII and Xba1 and used for integrative yeast transforma-
tion. The transformants were selected on SC-Leu plates, and
the desired mms21�sl mutants were identified by colony PCR
using the primers SLLEU2-R1F and MMS21R (SLO61), result-
ing in amplification of an 871-bp fragment corresponding to
the insertion of the disruption cassette at the correct genomic
locus. The results reported in this studywere verifiedwith three
independent isolates of mms21�sl mutant strains derived as
detailed above.
Generation of rad24 Deletion Strain—RAD24 was disrupted

with hygromycin resistance marker (hphNT1) by PCR-medi-
ated one-step gene disruption. Primers (SLO409 and SLO410)
that have homology to upstream and downstream sequences of
RAD24were used to amplify�2-kb hphNT1 from pYM16 (33).
The PCR amplicon was used for integrative yeast transforma-
tion, and transformants were selected for hygromycin resis-
tance on YAPD-hygromycin (300 �g/ml) plates. Integration of
hphNT1 at the RAD24 locus was confirmed by genomic DNA
PCR using the primers SLO283 and SLO408, which produce a
�2-kb fragment in the case of desired integrants.
Generation of Epitope-tagged Strains—Mediator of replica-

tion checkpoint 1 (Mrc1), Rad9, andRad53were tagged at theC
terminus with three copies of the HA epitope (3HA) by one-
step PCR-mediated gene tagging (33) using the primer pairs
SLO355/SLO356, SLO295/SLO296, and SLO297/SLO298,
respectively. The PCR was carried out using pYM22 (33) as the
template. For Mrc1-3HA tagging, p473 (kindly provided by
Doug Koshland) was used as a template for PCR (using primers
SLO131/SLO132). The linear PCR products were transformed
into appropriate yeast strains, and transformants were selected
on SC-Trp plates (when pYM22was used as the template) or on
SC-His plates (when p473 was used as the template). In each
case, the tagging at the correct chromosomal locus was con-
firmed by immunoblotting.
Generation of mms21 Point Mutants by Site-directed Muta-

genesis—The mms21-C221A and mms21-H202A mutants of
MMS21were generated by introducing the required substitution
in the primers, resulting in the desiredmutations. Primers hav-
ing the required missense mutations (SLO135/SLO136 and
SLO137/SLO138) were synthesized by Sigma-Genosys and
used for PCR amplification as detailed below.
Inverse PCRs for introducing missense mutations were per-

formed using Pfu Turbo DNA polymerase and the plasmid
pRR51 (pRS314-MMS21-3HA) grown in the Escherichia coli
TOP10 strain as the in vivo methylated DNA template. Two
complementary mutagenic primers of length �30–35 nucleo-
tides containing the desired mutation(s) flanked by �15 nucle-
otides of wild-type sequences were used as primers in a 50-�l
inverse PCR. The PCR cycling parameters were �95 °C for 2
min followedby 20 cycles of 95 °C for 1min, 55 °C for 1min, and
72 °C for 5min followed by a final extension step at 72 °C for 15
min. As a control, mock PCRs using the same plasmid template
were set up without addition of Pfu Turbo DNA polymerase.
The input methylated circular plasmid DNA template was
selectively digested by adding 10 units of the restriction endo-

nuclease DpnI to the completed PCR and allowing 6–8 h of
digestion at 37 °C. This treatment leaves the PCR-generated
non-methylated mutant DNA intact. 10 �l of the DpnI-treated
PCR-amplified DNA was transformed into chemically compe-
tent E. coli TOP10 cells. In a successful attempt, the expected
colony number is �10-fold higher when the mutated PCR-am-
plified DNA is transformed compared with transformation of
control mock PCRs that were also DpnI-treated. Plasmids from
the colonies thus obtained were isolated, and the presence of
the mutations was verified by sequencing the insert containing
plasmid DNA from two independent colonies, thus generating
the plasmids pRR55 (mms21-C221A) and pRR56 (mms21-
H202A).
Growth and Drug Sensitivity Assays—For assaying growth

and sensitivity to various drugs, cells were grown in YAPD
medium to midlog phase, and cultures were diluted serially (by
10-fold) and spotted adenine supplemented (10�g/ml) on YPD
plates or on YAPD plates containing the indicated drug. The
plates were incubated at 23 °C for 3–5 days and photographed.
For analysis of sensitivity to UV radiation, cells were serially
diluted and spotted on YPD plates and irradiated with the indi-
cated doses of UV radiation using a UVC-500 cross-linker
(AmershamBiosciences). The plateswere immediately covered
with aluminum foil, incubated at 23 °C for 3–5 days, and
photographed.
To assay the growth in liquidmedium, cells were grownover-

night in YAPD. The cultures were diluted in duplicate with
freshYAPD toA600 of 0.1, and an aliquot of cellswas removed at
time 0 and every 2 h thereafter to measure A600.
Preparation of Yeast Extracts and Western Blotting—Total

protein extracts were prepared from S. cerevisiae as described
previously (34). Cells were grown at 25 °C to midlog phase, and
10A600 units of the culture were harvested and used per extrac-
tion. The clear crude preparation was nearly 150 �l of which 25
�l was resolved per lane by polyacrylamide gel electrophoresis
in the presence of sodium dodecyl sulfate (SDS-PAGE). The
resolved proteins were transferred to a PVDFmembrane using
a wet electroblotting apparatus in transfer buffer (39 mM gly-
cine, 48 mM Tris-HCl, 20% methanol). The membrane was
blocked overnight in 5% nonfat milk (HiMedia) made in 1�
TBS (25 mM Tris-HCl, 125 mM NaCl, pH 8.0). The HA epitope
was detected using 12CA5 monoclonal anti-HA antibody
(Roche Applied Science) at a 1:5000 dilution in 5% nonfat milk
prepared in 1� TBS with peroxidase-conjugated anti-mouse
IgG secondary antibody (purchased from Bangalore Genei).
Mad1 protein was detected using anti-Mad1 antibodies (1:2000
dilution prepared in 5% nonfatmilk prepared in 1� phosphate-
buffered saline (PBS) with Tween 20), a kind gift from Kevin
Hardwick, and peroxidase-conjugated anti-rabbit IgG second-
ary antibody (1:5000 dilution; purchased from Bangalore
Genei). The blots were developed with PerkinElmer Life Sci-
ences Chemiluminescence Plus reagents according to theman-
ufacturer’s instructions.
Quantitative Assay for TelomereMarker Loss and Total YAC

Loss—The YAC assay for measuring gross chromosomal rear-
rangements was performed as described previously (35). In
brief, single colonies fromSC-Ura plates that select for the YAC
telomere marker (URA3) were picked and resuspended in 1 ml
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of sterile water. These cell suspensions were diluted 103-fold
and plated onto YPD plates such that �150–200 colonies
formed on each plate. Colonies on the YPD plates were replica-
plated to SC-Trp and SC-Ura, and growth was scored after
incubation at 23 °C for 3–4 days. The percentage of cells with
telomere marker loss (Trp�ura�) or entire YAC loss
(trp�ura�) in medium selective for the full-length YAC is a
direct measure of the rate of these events.
PCRAnalysis for Assaying YACMarkers to ConfirmChromo-

someBreakage—For PCR analysis, yeast genomicDNAwas iso-
lated and quantified. PCRs were carried out using Taq DNA
polymerase (Promega) and standard conditions for amplifica-
tion. The PCR products were resolved on a 1.5% agarose gel.
Gene-specific primers were used to amplify TRP1 (SLO38/
SLO69), URA3 (SLO368/SLO369), and ADE2 (SLO366/
SLO367), respectively.
Multiple Sequence Alignment—The multiple sequence

alignment of Mms21-related proteins was generated using
ClustalW2using default parameters. The sequences ofMms21-
related proteins were obtained by using Blastp to search the
non-redundant protein sequence database using the Mms21
protein sequence (NCBI reference sequence NP_010896.1) as a
query and default search parameters. The sequences of the
Mms21 orthologs included in the alignment shown in Fig. 6 are
from Homo sapiens (gi�16552560�dbj�BAB71338.1�), Equus
caballus (gi�194215096�ref�XP_001497689.2�), Salmo salar (gi�
221221686�gb�ACM09504.1�), Arabidopsis thaliana (gi�
11994504�dbj�BAB02569.1�), Oryza sativa Indica group
(gi�218197269�gb�EEC79696.1�), Anopheles gambiae (gi�
158285718�ref�XP_001687938.1�), S. pombe, gi�162312472�
ref�XP_001713077.1�), S. cerevisiae (gi�6320817�ref�NP_010896.1�),
Caenorhabditis elegans (gi�17538091�ref�NP_495157.1�), and Plas-
modium vivax (gi�156100297�ref�XP_001615876.1�).
Fluorescence-activated Cell Sorting (FACS) Analysis—For

flow cytometric DNA analysis, yeast cells were fixed in 70%
ethanol. Cells were then washed in 1� PBS, mildly sonicated
(Branson Sonifier; duty cycle, 40%; six to seven pulses; 1 s each),
and pelleted briefly. Cells were then resuspended in 1� PBS
with 0.25 mg/ml RNase A and incubated overnight at 37 °C.
Propidium iodide was added to the sample to a final concen-
tration of 16 �g/ml, and DNA analysis was performed on a
BD Biosciences FACScan. The histograms were plotted and
overlaid with Win MDI 2.8 software using standard
parameters.

RESULTS

Mms21/Nse2 C-terminal SUMO Ligase Domain Is Required
during Unchallenged Mitotic Cell Cycle—The C-terminal
SUMO E3 ligase domain of Mms21/Nse2 is required for resist-
ing extrinsically induced genotoxic stress but has been reported
to be dispensable for the essential function of Nse2 (28, 29). To
study the function of the SUMO ligase activity of Mms21, we
created a mutantmms21�sl, which results in truncation of the
Mms21 protein prior to the E3 ligase domain, by insertion of
the KanMX6 selectablemarker prior to the start of the E3 ligase
coding sequence. The mutant cells were sensitive to various
genotoxic agents such as MMS, bleomycin, and UV irradiation
as expected (28) (Fig. 1A). Although viable, we observed that the

mms21�sl cells were slow growing when compared with wild-
type cells on solid and liquid media (Fig. 1, B and C).

To investigate whether the slow growth may be the conse-
quence of activation of a checkpoint pathway resulting from
enhanced occurrence of spontaneous DNA damage in the
mutant cells, we assessed the modification status of various

FIGURE 1. Characterization of growth properties of SUMO ligase-defec-
tive mms21�sl mutant. A, sensitivity of mms21�sl cells to DNA damage
induction. A schematic showing the strategy for creation of
mms21�sl::KanMX6 mutant is shown at the top. To confirm the sensitivity of
the nse2�sl mutant cells to extrinsic genotoxic stress, WT (YPH499) and
mms21�sl (SLY792) strains were grown to midlog phase, serially diluted (10-
fold), spotted onto YPD containing MMS (0.02%) or bleomycin (5 �g/ml) or
subjected to UV irradiation (4000 �J/cm2), and incubated for 3– 4 days at
23 °C. B, slow growth of unchallenged mms21�sl cells. WT (YPH499) and
mms21�sl (SLY792) strains were grown to midlog phase, serially diluted,
spotted on a YPD plate, and incubated for 3 days. C, the graph depicts the
slow growth of mms21�sl mutant cells (circles) relative to wild-type cells
(squares) in liquid medium. D, accumulation of checkpoint signals in unchal-
lenged mms21�sl mutant cells. Whole cell extracts from midlog phase asyn-
chronous cultures of MRC1-3HA (SLY861), Mrc1-3HA/mms21�sl (SLY872),
Rad53-3HA (SLY1100), Rad53-3HA/mms21�sl (SLY1104), Rad9-3HA (SLY1095),
and Rad9-3HA/mms21�sl (SLY1098) strains were resolved by SDS-PAGE and
analyzed by immunoblotting using anti-HA antibody. The arrows indicate the
locations of modified forms of the activated checkpoint proteins Mrc1, Rad9,
and Rad53. The lower panels are corresponding regions from the Ponceau
S-stained Western blots.
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checkpoint proteins by Western blot analysis of cell lysates
derived from wild-type or mms21�sl mutant cells expressing
HA epitope-tagged variants of the checkpoint genes. DNA
damage induces Mec1 kinase-dependent phosphorylation of
Rad9 and Rad53 (36–38). In addition, upon induction of repli-
cation stress, Mrc1 is phosphorylated byMec1 kinase, also ulti-
mately resulting in Rad53 phosphorylation (39, 40). Bands cor-
responding to phosphorylated forms of Rad9 and Rad53 were
clearly visible in lysates from mutant cells but not wild-type
cells; subtle modification of Mrc1 was also observed in the cor-
responding mutant cell lysates (Fig. 1D). This observation sug-
gests that mms21�sl mutant cells spontaneously incur DNA
damage, resulting in activation of the DNA damage checkpoint
pathway to a limited extent even in unchallenged mitotically
dividing cells.
Cysteine 221 ofMms21 SUMOLigase Domain is Essential for

Genotoxic Stress Tolerance and Normal Growth of Unchal-
lengedMitotically Dividing Cells—Themms21�slmutant lacks
the SUMO E3 ligase domain and a short C-terminal region of
�40 amino acids following it. To directly test whether the phe-
notypes reported above are a direct consequence of a defect in
the function of the SUMO ligase domain of Mms21, we
attempted to make mutations in conserved residues in the
SUMO E3 ligase catalytic domain based on homology-based
sequence alignment. Multiple sequence alignment of the
sequence of Mms21 with other SUMO ligases revealed a lim-
ited number of conserved residues in the SPL-RING domain
including four cysteine residues (Cys-184, Cys-200, Cys-221,
and Cys-226) and one histidine (His-202) that are highly con-
served (Fig. 2A) in agreement with an earlier study (41). A
recent structural analysis of Mms21 associated with Smc5 arm
revealed that Cys-200, His-202, Cys-221, and Cys-226 are
engaged in coordinating a zinc ion in Loop 2 of the SPL-RING
domain (41). Inclusion of two worm and insect Mms21
orthologs from C. elegans and A. gambiae revealed that substi-
tutions at position Cys-184 are tolerated; i.e. this conserved
residue located in Loop 1 of the SPL-RINGdomain ofMms21 is
not conserved in all orthologs (Fig. 2A). Earlier studies in S.
pombe revealed that mutation of Cys-195 and His-197 in the
Nse2 RING finger-like motif abolishes Nse2-dependent
sumoylation, and nse2.SA cells, which have the nse2.C195S/
H197A mutant allele, are sensitive to DNA-damaging agents
and to exposure to hydroxyurea (29). Furthermore, mutations
in analogous residues Cys-200 and His-202 in S. cerevisiae
(mms21-CH allele) result in accumulation of X-molecules at
MMS-damaged forks (31). We created new single point muta-
tions in His-202 and Cys-221 (which has not been mutated
earlier in any of the Mms21 orthologs) in which these con-
served histidine or cysteine residues were substituted by ala-
nine (Fig. 2A). Themms21-C221A andmms21-H202Amutant
cells were sensitive toMMSandHU (Fig. 2B) like themms21�sl
cells. Upon prolonged incubation up to 7 days (HU panel,mid-
dle) or longer (9 days; MMS panel, right) we observed that
mms21-H202A mutant cells were less sensitive to MMS- or
HU-induced genotoxic stress relative to mms21-C221A cells,
which are strongly sensitive. Our findings reveal that cysteine
221 is a key functionally important residue of the SPL-RING

ligase domain required for the role ofMms21 in resisting geno-
toxic stress.
We further examined whether the slow growth observed in

the mms21�sl cells resulted from a defect solely in the SPL-
RING domain using the mutants having substitutions in the
conserved residues of the SPL-RING domain described above.
Mutant cells having the mms21::KanMX6 null allele comple-
mented by a centromeric plasmid having MMS21 and URA3
marker were transformed with centromeric plasmids bearing
either wild-type MMS21, mms21-H202A, mms21-C221A, or
no insert. Strains that had lost the URA3 plasmid bearing
MMS21 were obtained by plasmid shuffling on plates having
5-FOA. The mms21-C221A mutant cells showed slow growth
on SC-Trp 5-FOA, YPD, and SC-Trp media unlike wild-type
MMS21 (Fig. 2C), indicating that Cys-221 of the SPL-RING
domain is required for optimal growth of unchallenged mitot-
ically dividing cells. Furthermore, these phenotypic differences
are unlikely to arise from differential stability or expression of
themutant proteins as indicated by detection of equivalent lev-
els of wild-type and mutant Mms21 proteins in cell extracts
(Fig. 2D, top panel) having comparable protein concentration
(Fig. 2D, bottom panel).
Activation ofMec1-dependent Checkpoint Pathway Is Impor-

tant for Survival of mms21�sl Cells—The DNA damage check-
point pathway is activated in response to DNA damage and
delays cell cycle progression in the presence of damaged DNA,
thereby facilitating repair of the damage prior to segregation (1,
42).We observedmodest activation of theDNAdamage check-
point pathway in the mms21�sl mutant cells as described ear-
lier. To test whether the activation of this checkpoint pathway
was important for survival of the mutant cells, we used a chem-
ical-genetic approach. Caffeine is an inhibitor of the human
phosphatidylinositol 3-kinases Ataxia telangiectasia mutated
andAtaxia telangiectasia and Rad3 related, which are similar to
the Mec1/Tel1 kinases in S. cerevisiae, and it overrides the
Ataxia telangiectasia mutated/Ataxia telangiectasia and Rad3
related-dependent checkpoint pathways in irradiated human
cells (43–46). We compared the caffeine sensitivity of
mms21�sl mutant cells with wild-type cells and found that
unchallenged mutant cells were caffeine-sensitive (Fig. 3A).
To confirm whether caffeine indeed inhibits Mec1 kinase in

S. cerevisiae, we examined the effect of caffeine on HU- and
MMS-induced Mec1-dependent modification of Mrc1 (Fig.
3B). Both HU and MMS induced the modification of Mrc1
upon treatment with MMS and HU in WT and mms21�sl
mutant cells as expected. The modified forms of Mrc1, which
areMec1-dependent (40), were not produced in the presence of
caffeine (Fig. 3B), demonstrating that caffeine indeed abrogates
the activity of the Mec1 kinase in budding yeast cells. Addition
of caffeine also abolished themodified forms of Rad53 andRad9
that were detected in extracts from unchallenged mms21�sl
mutant cells (Fig. 3C).
In addition to Mec1, other potential cellular targets of caf-

feine include the Ataxia telangiectasia mutated-related kinases
Tel1 and Tor1 (47). To determine the individual contribution
of these kinases to the survival of mms21�sl mutant cells, we
constructed double mutants ofmms21�sl in combination with
mec1, tel1, tor1, and tor2. When the SUMO ligase of Mms21
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was inactivated in amec1mutant strain (also having a deletion
of sml1 that bypasses the essential function of MEC1 (48)), we
found that the mms21�sl mec1 double mutant selectively
exhibited a clear synthetic sick phenotype (Fig. 4A, top left
panel). However,mms21�sl combined with other putative caf-
feine targets such as tel1 did not exhibit synthetic lethality, and
when themms21�slmutation was created inmutants defective
in tor1 and tor2 kinases, only a very subtle growth defect was
seen in the tor1 tor2 mms21�sl triple mutant (Fig. 4A, bottom

panels).We also found that themms21�sl mec1 doublemutant
was highly sensitive to UV radiation compared with either sin-
gle mutant or similarly treated wild-type cells (Fig. 4A, middle
left panel). Furthermore, the synthetic sick phenotype of the
mec1 mms21�sl double mutant cells could be complemented
efficiently by MMS21 but not by mms21-C221A (Fig. 4B, left
panel, top right and bottom left plates), whereas the comple-
mentation bymms21-H202A was to an intermediate level (Fig.
4B, left panel, bottom right plate), although the transformation
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efficiency in all cases was equivalent (Fig. 4B, bottom right panel
showing plates incubated for 4.5 days). Collectively, these
results suggest that activation of a Mec1 kinase-dependent
checkpoint pathway is required for viability ofmitotically divid-

FIGURE 2. Genotoxic stress sensitivity of strains having point mutations in conserved residues of SPL-RING domain of Mms21. A, multiple sequence
alignment showing conserved residues (depicted in bold) of S. cerevisiae Mms21 (His-202 and Cys-221) that were mutated to alanine in this study. Other known
functionally important residues of S. cerevisiae and S. pombe Mms21/Nse2 proteins are underlined. “*” denotes identical residues (100% identity), “:” denotes
conserved substitutions, and “.” denotes semiconserved substitutions. The color denotes regions having 100% identity (red), 80 –90% identity (magenta), and
50 –70% identity (blue) among the Mms21-related proteins shown. The sequences included are H. sapiens (Hs), E. caballus (Ec), S. salar (Ss), A. thaliana (At), O.
sativa Indica group (Os), A. gambiae (Ag), S. pombe (Sp), S. cerevisiae (Sc), C. elegans (Ce), and P. vivax (Pv). B, HU and MMS sensitivity of mutants having C221A and
H202A substitutions. Haploid strains having the mms21�sl mutation (SLY792) and yeast centromeric plasmid pRS314 (no insert), pRR51 (expressing MMS21),
pRR55 (mms21-C221A), or pRR56 (mms21-H202A) were grown to midlog phase, serially diluted, spotted onto an SC-Trp (Trp omission) plate and SC-Trp plates
containing 100 mM HU or 0.02% MMS, and incubated at 23 °C. Images were recorded after 7 days in the case of SC-Trp and 100 mM HU plates and after 9 days
in the case of 0.02% MMS-containing plates. C, slow growth of unchallenged strains having the mms21-C221A and mms21-H202A point mutations. A haploid
strain (SLY782) having the mms21::KanMX6 null allele complemented by pRR50 having MMS21 on a centromeric URA3-bearing plasmid was transformed with
yeast centromeric plasmid pRS314 (no insert; indicated by �), pRR51 (expressing MMS21; indicated by WT), pRR55 (mms21-C221A; indicated by C-A), or pRR56
(mms21-H202A; indicated by H-A) and subjected to counterselection on SC-Trp 5-FOA plates. Top panel, growth on counterselective medium (3 days) following
one round of incubation on 5-FOA. Bottom panel, growth of strains (which had lost pRR50 after plasmid shuffling) having WT (SLY1620), mms21-C221A (C-A)
(SLY1621) point mutation, or mms21-H202A (H-A) (SLY1622) point mutation on YPD (2.5 days), 100 mM HU (9 days), or SC-Trp (3 days) plates. D, Western blot
analysis of lysates from cells expressing HA epitope-tagged mms21-H202A, mms21-C221A, and MMS21 proteins using anti-HA antibody. U, untagged lysate.
The arrow indicates the position of 3HA-tagged Mms21 proteins. The bottom panel is a Ponceau S-stained image of the same blot showing equivalent loading
of samples.

FIGURE 3. Caffeine-sensitive checkpoint pathway signaling is important
for survival of unchallenged mms21�sl cells. A, caffeine-sensitive growth
of mms21�sl mutant cells. Wild type (SLY1351) and mms21�sl (SLY1415) were
grown to midlog phase, serially diluted, and spotted onto a YPD agar plate
(top left) and YPD agar plates having the indicated concentrations of caffeine.
B, caffeine overrides activation of Mrc1 in HU- and MMS-treated cells. HU (150
mM) or MMS (0.03%) was added to asynchronous cultures of strains Mrc1-3HA
(SLY1351) and Mrc1-3HA/mms21�sl (SLY1415) growing at 25 °C in YPD
medium. After 2 h of incubation, caffeine (10 mg/ml) was added to one-half of
the culture and further incubated for 1 h. Whole cell extracts were resolved by
SDS-PAGE and analyzed by immunoblotting using anti-HA antibody. The
arrow indicates the location of Mrc1, * indicates location of the replication
stress-induced modified Mrc1, and the label B indicates an anti-HA cross-
reactive background band present in these cell lysates. The label b indicates a
blank lane, and u denotes a lane having lysate from the parental untagged
strain. C, caffeine abrogates activation of Rad9 and Rad53 in unchallenged
mms21�sl cells. Rad53-3HA (SLY1100), Rad53-3HA/mms21�sl (SLY1104),
Rad9-3HA (SLY1095), and Rad9-3HA/mms21�sl (SLY1098) strains were grown
to midlog phase, caffeine (10 mg/ml) was added to one-half of the culture,
and strains were incubated further for 1 h. Whole cell extracts were resolved
by SDS-PAGE and analyzed by Western blotting using the anti-HA antibody.
� indicates samples in which caffeine was added, � indicates that no caffeine
was added, and * indicates the location of caffeine-sensitive modified bands
of Rad9 (left) or Mrc1 (right).

FIGURE 4. A, genetic interactions of mms21�sl with mutants defective in
known caffeine targets. WT (VP106), mec1 (also having the sml1 mutation),
tel1 (SLY1353), mec1 mms21�sl (also having the sml1 mutation; SLY1412), and
tel1 mms21�sl (SLY1416) strains were grown to midlog phase, serially diluted,
and spotted on YPD plates (top panels) and further analyzed for UV radiation
(500 �J/cm2) or MMS (0.0025%) sensitivity (middle panels). The bottom panels
show WT (Jka-3da), tor2 (JK350-18a), tor1 tor2 (JK350-21a), mms21�sl
(SLY1552), and tor1 tor2 mms21�sl (SLY1549) strains that were grown to mid-
log phase, serially diluted, spotted on YPD plates, and incubated for 3 or 4
days at 23 °C. B, genetic interaction of mms21-C221A and mms21-H202A point
mutants with mec1. A haploid strain having the mms21�sl and mec1 muta-
tions (SLY1412) was transformed with the centromeric plasmid pRS314 (no
insert; top left), pRR51(expressing MMS21; top right), pRR55(mms21-C221A;
bottom left), or pRR56 (mms21-H202A; bottom right); plated on SC-Trp plates;
and incubated at 23 °C. Images were recorded 3 and 4.5 days after plating.
Representative data from three independent transformation experiments are
shown.
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ing SUMO ligase SPL-RING domain-defectivemms21mutant
cells.
Chromosome Integrity in Wild-type and mms21�sl Cells—

The requirement forMec1 kinase-dependent signaling for sur-
vival ofmms21�sl cells suggests the presence or persistence of
damaged DNA in these cells. To investigate whether damaged
or broken chromosomes could be produced at a higher fre-
quency inmms21�slmutant cells, we tested themaintenance of
genomic integrity and stability using a previously described
YAC-based genetic assay for scoring gross chromosomal rear-
rangements (35) in these cells. This assay uses two extremely
telocentric YACs (PA3-1 and yWSS1572-1) having a short arm
of 6 kb and a long arm of 330 kb (yWSS1572-1) or 1600 kb
(PA3-1) (Fig. 5A). The short arm has a selectablemarker,TRP1,
whereas the telomere proximal end of the long arm has two
markers,ADE2 andURA3. Because these YACs are dispensable
for growth, DSBs that lead to very large gross chromosomal
rearrangements are tolerated. Loss of integrity as well as stabil-
ity can be measured using this assay by scoring for telomere
marker loss (indicating chromosome breakage) or loss of
telomere as well as centromere-proximal markers (indicating a
chromosome loss event). Telomere marker loss and total YAC
loss were quantified for wild-type and mms21�sl strains har-
boring the YACs PA3-1 and yWSS1572-1 grown at 23 °C. The
telomere marker loss was higher in mms21�sl cells relative to
wild-type cells for the YACs PA3-1 and yWSS1572-1 (Fig. 5B,
top panels). A small but reproducible enhancement in the loss
of both geneticmarkers on theYACs (indicating destabilization
or loss of the YAC) was also observed in the mutant relative to
wild-type cells (Fig. 5B, bottompanels). To confirm that the loss
of the selectable phenotype corresponding to the telomere-
proximal marker (resulting in uracil auxotrophy) observed in
this genetic assay was indeed a consequence of actual loss of the
marker and was not due to enhancement of telomeric silencing
aswas reported in the case of themms21�slmutant earlier (28),
we carried out PCR to amplify the YAC-specific markers.
Genomic DNA was isolated from random Trp�ura� colonies
that were scored as having lost the telomere-proximal marker
in the mutant, and PCR was performed to amplify the
sequences corresponding to the telomere-proximal markers
ADE2 and URA3 and the centromere-proximal marker TRP1.
The presence of the TRP1-specific band but absence of ADE2-
and URA3-specific bands confirmed the occurrence of a chro-
mosome break in these isolates (Fig. 5C).
Replication Stress Sensitivity of SUMO Ligase-deficient

mms21 Mutant Cells—Because the function of the Smc5/6
complex has been ascribed to S phase, we tested the sensitivity
ofmms21�sl cells to the replication inhibitorHU, which causes
replication delay due to reduction of production of deoxyribo-
nucleotides by selective inhibition of ribonucleoside-diphos-
phate reductase, an enzyme required to convert ribonucleoside
diphosphates into deoxyribonucleoside diphosphates (49). HU
induces replication stress resulting in the activation of theDNA
replication stress checkpoint pathway, which delays S phase
progression until DNA replication is completed (5). We found
thatmms21�sl cells were strongly sensitive to HU (Fig. 6A).
Genetic interactions of mms21�sl mutant with various caf-

feine targets revealed a requirement for Mec1 kinase-depen-

dent signaling for survival ofmms21�sl cells (Fig. 4). Mec1 ini-
tiates signal transduction in response to bothDNAdamage and
replication stress (for a review, see Ref. 50). Therefore, to test
the contribution of these two overlapping but independent
pathways for optimal growth of mms21�sl cells, we extended
our genetic interaction studies to include additional checkpoint
pathway genes such asMRC1, RAD9, and RAD24.

Mrc1 is a replication fork component that is required to acti-
vate Rad53 in response to replication stress (39).We found that
unchallenged mrc1 mms21�sl cells did not exhibit any addi-
tional growth defect when compared with either single mutant
alone (Fig. 6B). Because both mrc1 and mms21�sl cells are
exquisitely sensitive to HU, we used low doses of HU to inves-
tigate whether there was any genetic interaction between these
mutants. Slight growth retardation of each single mutant rela-
tive to wild-type cells was observed at doses of 10 and 25 mM

HU (Fig. 6B). However, the double mutant did not exhibit sig-
nificant enhancement in sensitivity to HU relative to the single
mutants under these conditions (Fig. 6B, top panel). Likewise,
the phenotype of mrc1 mms21�sl cells was indistinguishable
from that of mms21�sl single mutant cells when subjected to
low doses ofMMS (Fig. 6B, bottom panels). These observations
suggest that the effect of themms21�slmutation is epistatic to
Mrc1.
Genetic Interactions of mms21�sl with DNA Damage Check-

point PathwayGenes—Rad9 andRad24 participate in two addi-
tive branches of the DNA damage checkpoint pathway that
converge on Mec1 and Rad53 and are required to modify and
activate Rad53 in response to DNA damage (51). Mutants
defective inMms21 SUMO ligase andDNAdamage checkpoint
genes encoding Rad9 or Rad24 also do not exhibit any addi-
tional growth defect compared with the single mutants under
normal growth conditions (Fig. 6C) perhaps due to functional
overlap between the two respective branches of the damage
response pathway that may be sufficient to cope with low levels
of DNA damage occurring in unchallenged cells. However,
upon treatment with the replication inhibitor HU, both rad9
mms21�sl and rad24 mms21�sl double mutants exhibited a
synthetic sick phenotype compared with the respective single
mutants. Likewise, MMS treatment revealed a clear synthetic
sick growth phenotype in the rad9 mms21�sl and rad24
mms21�sl double mutants compared with the single mutants
(Fig. 6C). Thus, replication-stressed mms21�sl cells require
both Rad9- andRad24-dependent signaling to copewith result-
ant DNA damage.
Cell Cycle Progression Defects in Transiently Replication-

stressed SUMO Ligase-deficient Cells—The activation of the
DNA damage checkpoint generally results in a delay in cell
cycle progression to enable recovery from theDNAdamage. To
test whether replication-stressed Mms21 SUMO ligase-defi-
cient cells show a delay in cell cycle progression, we subjected
wild-type and mms21 mutant cells to HU-induced replication
stress and subsequently released the S phase-arrested cells from
replication stress by transfer to medium lacking HU. We ana-
lyzed the distribution of cells having varying DNA content by
determining the FACS profile of wild-type, mms21�sl, and
mms21-C221A cells at varying intervals after release from
arrest. Following release from replication stress, all three types
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of cell populations were able to progress and double their DNA
content as revealed by the appearance of peaks corresponding
to 2C DNA content (Fig. 7A). As expected, wild-type cells were
able to progress further and partition DNA to give rise to hap-

loid cells as suggested by the appearance of a prominent peak
having 1CDNA content in these samples. However, only a very
small peak corresponding to 1C DNA content could be
detected in the case ofmms21�sl andmms21-C221A cells even

FIGURE 5. Measurement of chromosome integrity in wild-type and mms21�sl mutant cells. A, quantitative genetic assay for telomere marker loss and total
YAC loss. The schematic shows the organization of the YACs used for the gross chromosomal rearrangement assay (adapted from Ref. 35). B, chromosome
instability in mms21�sl cells. Shown is the quantification of telomere marker loss (YAC integrity; top panels) and total YAC loss (YAC stability; bottom panels)
plotted as percent loss on the y axis in WT (DH2004-1/101 and DH1003/102) and mms21�sl (SLY1344 and SLY1348) cells that harbored the YACs PA3-I (left
panels) and yWSS1572-1 (right panels). C, confirmation of telomere marker loss or chromosome breakage. Genomic DNA was prepared from randomly isolated
Trp�ura� mms21�sl cells identified in B and subjected to PCR analysis (to amplify telomere-proximal markers ADE2 and URA3 or the centromere-proximal
marker TRP1) to confirm chromosome breakage in samples scored as telomere marker loss events. M, molecular weight marker; WT, PCR analysis of DNA
isolated from wild-type cells bearing the intact YAC.
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after several hours of release from HU-induced replication
stress (Fig. 7A), suggesting that these cells are defective in pro-
gression through mitosis. Similar results were obtained in the
case of cells having MMS21 (wild type) or mms21-C221A
expressed from centromeric plasmids in a strain background
having a null allele,mms21::KanMX6, as the sole chromosomal
copy (Fig. 7B). In addition,mms21�sl cells consistently showed
a small peak corresponding to cells having greater than 2C
DNA content, indicating formation of hyperploid cells (Fig. 7A,
middle panel).
Because transiently HU-stressed mutant cells showed a

mitotic progression defect, we tested whether this could result
from a defect in the activity of one ormoremitotic checkpoints.
We compared the activation of the replication stress check-
point between wild-type andmms21�slmutant cells by analyz-
ing HU-induced Mec1-dependent modification of Mrc1, the
mediator of the replication checkpoint, and Rad53, which is
downstream in this pathway (Fig. 8). Modified forms of Mrc1

and Rad53 could be readily detected after addition of HU in
both wild-type andmms21�slmutant cells (Fig. 8A). However,
upon release from HU-induced replication stress, we found
that modified forms of Mrc1 and Rad53 persisted in mutant
cells up to 6 h after release, whereas they could no longer be
detected in wild-type cells after 2 h of release. The persistence
of replication stress checkpoint signals indicates that mutant
cells are unable to recover from replication stress fully perhaps
due to defects downstream of Rad53 signaling. Upon progres-
sion, these cells may accumulate DNA damage resulting in
mitotic arrest as observed (Fig. 7). Phosphorylation of Rad53, as
observed in mutant cells, is known to contribute to the G2M
DNA damage checkpoint (50) and may explain the observed
mitotic arrest inmutant cells. Becausemms21�sl cells accumu-
late tetraploid cells when they are subjected to transient repli-
cation stress, we tested the activity of the spindle assembly
checkpoint in these cells in the presence of nocodazole, a drug
that inhibits proper spindle assembly. We observed that when
cells that had been treated with HU for 3.5 h (as in our earlier
experiments) were released from HU-induced arrest into
medium having nocodazole both wild-type and mms21�sl
mutant cells were able to activate the spindle assembly check-
point as evidenced by the appearance of a modified form of
Mad1, a spindle assembly checkpoint protein that is known to
be phosphorylated in response to nocodazole (Fig. 8B). Fur-
thermore, both wild-type and mms21�sl mutant cells were
arrested with a 2C DNA content up to 4 h after nocodazole
treatment (Fig. 8B) as would be expected if the spindle assembly
checkpoint were functional.

DISCUSSION

Maintenance of genomic stability is achieved by a number of
mechanisms that act in concert to ensure accurate transfer of
unaltered genetic information to progeny cells. These include
DNA repair systems, cell cycle checkpoint signaling pathways,
and elaborate machinery including the mitotic spindle, kineto-
chores, and the chromosomes themselves, which facilitate high
fidelity chromosome segregation. Post-translational modifica-
tions of proteins (e.g. phosphorylation, ubiquitination, acetyla-
tion, etc.) play an important role in regulating these complex
events. Sumoylation is a recently described modification in
which a ubiquitin-like protein, SUMO, is attached to various
protein targets by an enzymatic mechanism similar to ubiquiti-
nation involving E1-activating, E2-conjugating, and E3 ligase
enzymes (27, 52). The requirement of sumoylation in resisting
genotoxic stress has been documented previously (28). In this
study, we report the requirement for the SUMO ligase associ-
ated with the Smc5/6 complex in the maintenance of chromo-
somal stability in unchallenged mitotically dividing cells.
Previous studies have established a role for Mms21/Nse2

SUMO ligase in resisting extrinsically induced genotoxic stress
(28). We found that the Mms21 SUMO ligase activity was
required evenwhen no external stress was imposed on the cells.
Our findings that the DNA damage checkpoint was activated
and thatMec1 kinase was required for the survival of cells lack-
ing Mms21 SUMO ligase activity suggest that these cells may
incur DNA damage resulting in lesions that activate the DNA
damage checkpoint and delay the growth rate. Although the

FIGURE 6. Genetic interactions of mms21�sl with mutants defective in
replication stress and DNA damage checkpoint pathways. A, the
mms21�sl mutant cells are HU-sensitive. WT (YPH499) and mms21�sl
(SLY792) strains were grown to midlog phase, serially diluted, spotted onto a
YAPD plate containing 150 mM HU, and incubated at 23 °C for 5 days.
B, genetic interaction of mms21�sl with checkpoint-defective mutants mrc1
and rad9. WT (Y1134), mrc1 (Y1127), mms21�sl (SLY1523), mrc1 mms21�sl
(SLY1516), rad9 (Y2297), and rad9 mms21�sl (SLY1526) strains were grown to
midlog phase, serially diluted, spotted on adenine supplemented YPD plates
or YAPD plates having the indicated concentrations of MMS and HU, and
incubated for 3 days. C, genetic interaction of mms21�sl with DNA damage
checkpoint-defective mutants rad9 and rad24. WT (Y1134), mms21�sl
(SLY1523), rad9 (Y2297), rad9 mms21�sl (SLY1526), rad24 (SLY1534), and
rad24 mms21�sl (SLY1543) strains were grown to midlog phase and analyzed
for MMS and HU sensitivity.
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nature of these lesions is not known, it is likely that they occur at
a high enough frequency and severity in unchallenged cells such
that activation of the Mec1-dependent checkpoint pathway
becomes crucial for the survival of these cells.We speculate that
Mms21-mediated sumoylation of one or more Mms21 sumoy-
lation targetsmay be crucial formaintenance of genomic integ-
rity in cells undergoingmitotic cell division in S. cerevisiae. This
observation contrasts with the role of Nse2-mediated sumoyla-
tion in S. pombe in which the SUMO ligase activity of Nse2 was
reported to be dispensable for the viability of unchallenged
mitotically dividing cells (29). It is possible that this disparity

may arise fromadifference in the functions and/or repertoire of
Mms21/Nse2 sumoylation targets in these different organisms.
Our chemical and genetic interaction studies with various

replication stress inducers andmutants defective in checkpoint
pathway proteins revealed that Mms21 SUMO ligase activity
was required to counter replication stress, and its inability to do
so may result in DNA damage. Mms21 SUMO ligase-defective
mutants were sensitive to hydroxyurea, a replication inhibitor.
Our finding that the sensitivity of the Rad9/Rad24 and Mms21
SUMO ligase-deficient cells to HU was enhanced suggests that
the activation of a (Rad9- or Rad24-dependent) DSB-specific

FIGURE 7. Cell cycle arrest in SUMO ligase-deficient cells released from transient HU-induced replication stress. A, FACS profiles showing the distribution
of cells having varying DNA content were determined for cells having the mms21�sl mutation (SLY792) transformed with yeast centromeric plasmid pRR51
(expressing MMS21; top), pRS314 (no insert; middle; labeled as mms21�sl), or pRR55 (mms21-C221A; bottom). In each case, the series of histograms represent
(from bottom to top) untreated cycling cells having an A600 of �0.2, cells treated with 150 mM hydroxyurea for 3 h, and cells that were released from HU-induced
arrest for varying intervals (10 min, 30 min, 40 min, 60 min, 1 h 20 min, 1 h 40 min, 2 h, 2 h 20 min, 2 h 40 min, 3 h, 3.5 h, 4 h, 4.5 h, and 5 h). The arrows indicate
the position of peaks corresponding to 1C and 2C DNA content. B, FACS analysis of strains having mms21::KanMX6 null allele complemented by centromeric
plasmid expressing wild-type (MMS21, SLY1620; top panel) or SUMO ligase-defective mutant (mms21-C221A, SLY1621; bottom panel) Mms21 proteins. Samples
were treated with HU as in A and released into YPD for varying intervals (20 min, 40 min, 1 h, 1 h 20 min, 1 h 40 min, 2 h, 3 h, 4 h, 5 h, 6 h, 8 h, and 10 h).
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checkpoint is important for survival for Mms21 SUMO ligase-
defective cells that are subjected to replication stress. This sug-
gests that replication-stressed mms21�sl cells may generate
DSBs that are lethal in the absence of active DNA damage
checkpoint pathway signaling. DSBs could result if there is a
defect in the initiation or transduction of the replication stress
checkpoint signal or in one or more downstream events (e.g.
maintenance of cell cycle arrest or defective recovery of stalled
or collapsed replication forks) required to counter replication
stress. Likewise, similar Mms21 SUMO ligase-dependent
defects in intra-S phase events may also occur when replication
forks spontaneously collapse in unchallenged cells (albeit at a
lower frequency relative to HU- or MMS-treated cells), result-
ing in the persistence of DSBs, slow growth, dependence on
Mec1 signaling, and chromosome breakage as observed in our
study.
Our finding that the sensitivity of themrc1mms21�sl double

mutant to HU was not significantly greater than either single
mutant suggests thatmms21�sl is epistatic withmrc1 and may
function within the intra-S phase signaling or related events.
Failure of proper recovery from HU-induced replication stress
resulted in a delay in progression throughmitosis in transiently
replication-stressed Mms21 SUMO ligase-deficient cells.
Although the reason for HU-induced replication stress sensi-
tivity of mms21�sl budding yeast cells is unclear, insight into
the resultant molecular defects in mms21�sl cells has been
obtained in the case ofMMS-induced DNA damage. Branzei et
al. (31) have found that mutants defective in Mms21 accumu-
late branched X-shaped DNA structures at damaged forks in
the presence ofMMSbut not in the presence ofHU. In budding
yeast, Smc6 accumulates at replication forks in RAD53-deleted
cells when arrested with HU (13). Because arrested forks col-
lapse in the absence of an intact checkpoint, the accumulation
of Smc5/6 at these sites indicated that this complex is recruited
to collapsed forks. In light of these observations, it is plausible
that Mms21-dependent sumoylation may be required for the
role of Smc5/6 complex in recovery/rescue events at these sites
even when these errors occur spontaneously during unper-
turbed DNA replication. Failure of recovery from fork collapse
may result in DSBs, cell cycle arrest, and broken chromosomes
as observed in our study.
Recent findings reveal additional roles for the Smc5/6 com-

plex in chromosomemaintenance. For example, inmammalian
cells, MMS21 has a role in sister chromatid cohesion and
mitotic progression (53). In human cancer cells that have inac-
tive telomerase and show alternative lengthening of telomeres
(ALT cells) by telomere homologous recombination, the
Smc5/6 complex is required for telomeremaintenance and pre-
vention of senescence (54). RNA interference-mediated knock-
down of SMC5/6 subunits inhibits telomere homologous
recombination, resulting in telomere shortening and senes-
cence inALTcells. Furthermore,humanMMS21sumoylates two
subunits, TRF2 and RAP1, of the telomere-associated shelterin
complex. Inhibition of TRF2 sumoylation prevents formation of
ALT-associated promyelocytic leukemia bodies, which are ALT-
specific promyelocytic leukemia bodies with which telomeres are
associated. In another related study (55) using yeast telomerase-
deficient tlc1�mutant cells that show increased telomere loss and

FIGURE 8. Activation of mitotic checkpoint pathways in SUMO ligase-de-
ficient cells. A, analysis of the activity of the replication stress checkpoint
pathway. Wild-type (MMS21) or mms21�sl cells having HA-tagged Mrc1 were
subjected to HU-induced replication stress for varying time periods up to
3.5 h (left panels), and total lysates were analyzed by SDS-PAGE followed by
Western blotting using anti-HA antibody (left panels). Modification of Mrc1
was observed in wild-type (top left panel) as well as mutant (bottom left panel)
cell extracts. Cells were released from HU-induced arrest into YAPD medium
lacking HU for varying time periods and analyzed for persistence of modifica-
tion of Mrc1 (right panels), which was preferentially observed in the case of
mutant cells. Mrc1 indicates the location of unmodified form; the arrow indi-
cates the location of replication stress-induced modified forms. Similarly,
wild-type (MMS21) or mms21�sl cells having HA-tagged Rad53 were analyzed
to detect the formation of HU-induced modified forms of Rad53 (position
indicated by arrows). A, asynchronous cells prior to addition of HU. The lower
panels are the corresponding regions from the Ponceau S-stained Western
blots. B, activation of the spindle assembly checkpoint pathway in replica-
tion-stressed cells that were released into nocodazole (30 �g/ml)-containing
medium for varying time intervals. Total lysates from wild-type (left) or
mms21�sl (right) cells were analyzed by SDS-PAGE followed by Western blot-
ting using anti-Mad1 antibody (top panels). A, asynchronous cells prior to
addition of HU; HU, cells treated with 150 mM HU for 3.5 h; the arrow indicates
the position of the modified form of Mad1 that was observed after treatment
with nocodazole. The lower panels are the corresponding regions from the
Ponceau S-stained Western blots. Histograms show the results of FACS anal-
ysis, confirming mitotic arrest in nocodazole-treated wild-type (MMS21; left)
and mms21�sl (right) cell populations that were treated with HU for 3.5 h and
released into nocodazole-containing medium (from bottom to top: asynchro-
nous, 150 mM HU for 3.5 h, and released into nocodazole (30 �g/ml)-contain-
ing medium for 0.5, 1, 1.5, 2, 3, and 4 h).
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senescence, it was observed that SMC5/6 facilitates resolution of
sister chromatid homologous recombination intermediates and
slows senescence. Although these observations were made using
altered (i.e. telomerase-deficient) cell lines, it is possible that
defects in analogous MMS21-mediated chromosomal transac-
tions in normal cells could also result in DNA damage in Mms21
SUMO ligase-deficient mutants.
More compelling evidence for a requirement ofMms21SUMO

ligase innormalgrowthanddevelopmentcomes fromrecent stud-
ies in plant development. In two independent studies,A. thaliana
mutants lacking functionalAtMMS21 showdefects in rootmeris-
tem development and severe dwarfism (56, 57). Loss of
AtMMS21/HPY2 (high ploidy 2) results in premature transition
from the mitotic cycle to the endocycle (56). Thus, MMS21 is a
negative regulator of the switch from themitotic to the endoredu-
plication cycle during which some cell types double their DNA
contentwithoutcorrespondingcelldivision inplants. Flowcytom-
etry analysis of nuclei from aerial tissues of hpy2-1mutant plants
(havingaC-terminallydeletedalleleofAtMMS21) also showaddi-
tional small 64C and 128C peaks that are not normally present in
wild-type plants, suggesting that hpy2-1 cells have undergone
additional rounds of endoreduplication (56). These findings are
consistent with our observation of accumulation of a subset of
hyperploid cells in the Mms21 SUMO ligase-defective mutants,
indicating that Mms21 may be involved in a similar switch that
represses endoreduplication in yeast cells. We speculate that
repression of endoreduplication may represent a conserved func-
tion ofMms21 in different organisms.
BecauseMms21 is a SUMOE3 ligase, it is likely that many of

the phenotypes reported in ligase-defective mutants may arise
from impairment of sumoylation of one or more of its sub-
strates involved inmitotic processes. In budding yeast, there are
several known sumoylation targets of Mms21 that are involved
in the mitotic cycle, e.g. Smc5, Smc6, Yku70 (28), Smc1, Smc3,
and Smc2 (58). These substrates are known to affect many pro-
cesses required for chromosomal integrity (e.g. DNA double
strand break repair, cohesion, condensation, etc.), and it is pos-
sible that defects in sumoylation of some of these substrates
may result in compromised chromosome integrity and slow
growth during the unperturbed mitotic cycle.
In conclusion, in this study, we report a requirement for the

SUMO ligase activity of Mms21 for the maintenance of chro-
mosome integrity and stability during the unchallengedmitotic
cell cycle in S. cerevisiae. Our findings suggest that impairment
of Mms21-dependent sumoylation can result in broken chro-
mosomes causing slow growth and dependence on Mec1-me-
diated signaling.Mms21 SUMO ligase is required formaintain-
ing proper progression of events in the mitotic cell cycle.
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