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In Saccharomyces cerevisiae, the Mre11-Rad50-Xrs2 (MRX) protein complex plays pivotal roles in double-strand
break (DSB) repair, replication stress and telomere length maintenance. Another protein linked to DSB repair is Sae2,
which regulates MRX persistence at DSBs. However, very little is known about its role in DNA replication stress and
repair. Here, we reveal a crucial role for Sae2 in DNA replication stress. We show that different mutant alleles of SAE2
cause hypersensitivity to genotoxic agents, and when combined with Δmre11 or nuclease-defective mre11 mutant
alleles, the double mutants are considerably more sensitive suggesting that the sae2 mutations synergize with mre11
mutations. Biochemical studies demonstrate that Sae2 exists as a dimer in solution, associates preferentially with
single-stranded and branched DNA structures, exhibits structure-specific endonuclease activity and cleaves these
substrates from the 5′ end. Furthermore, we show that the nuclease activity is indeed intrinsic to Sae2. Interestingly,
sae2G270D protein possesses DNA-binding activity, but lacks detectable nuclease activity. Altogether, our data suggest
a direct role for Sae2 nuclease activity in processing of the DNA structures that arise during replication and DNA
damage and provide insights into the mechanism underlying Mre11-Sae2-mediated abrogation of replication stressrelated defects in S. cerevisiae.
[Ghodke I and Muniyappa K 2016 Genetic and biochemical evidences reveal novel insights into the mechanism underlying Saccharomyces
cerevisiae Sae2-mediated abrogation of DNA replication stress. J. Biosci. 41 615–641]

1.

Introduction

Many investigations have established that eukaryotic cells
employ three evolutionarily conserved DNA repair and surveillance mechanisms to detect and repair various types of
DNA damage and maintain genome integrity. The first pathway, known as the DNA damage response is a collective cell
protective mechanism, which ensures efficient repair of all
types of DNA damage, including individual DNA base
lesions, DNA adducts, inter-strand cross-links and doublestrand breaks (Ciccia and Elledge 2010). The second category involves chromosome replication checkpoint pathways
that govern the accurate and unhindered duplication of

Keywords.

chromosomal DNA (Recolin et al. 2014). Finally, the chromosome segregation pathway ensures that all daughter cells
inherit the same number of chromosomes (Gorbsky 2015).
Furthermore, these pathways are highly regulated and coordinated. Thus, loss of one pathway leads to activation of
other pathways to preserve the genome integrity. Dysfunction in these pathways leads to genomic instability, and may
lead to cancer, premature aging or disorders associated with
loss of genomic integrity (Jackson and Bartek 2009).
Several lines of evidence indicate that genotoxic agents
generate DNA double-strand breaks (DSBs), which are also
introduced into the genome during several physiological
processes (Polo and Jackson 2011; Daley et al. 2015). DSBs

Branched DNA intermediates; DNA replication stress; genome integrity; MRX complex; Sae2 nuclease

Supplementary materials pertaining to this article are available on the Journal of Biosciences Website.
http://www.ias.ac.in/jbiosci

Published online: 26 October 2016

J. Biosci. 41(4), December 2016, 615–641 * Indian Academy of Sciences
DOI: 10.1007/s12038-016-9642-9

615

616

I Ghodke and K Muniyappa

are formed during early meiosis I, V(D)J and class-switch
recombination, yeast mating type switching, DNA replication, ionizing radiation and also by certain chemicals and
free radicals that are produced during normal cellular metabolism (Jackson and Bartek 2009; Longhese et al. 2009; Tsai
and Lieber 2010). Previous studies have shown that unrepaired DSBs are among the most lethal types of DNA
damage, as a single unrepaired DSB is sufficient to cause
cell death (Bennett et al. 1993; Sancar et al. 2004). The first
step of DSB repair involves recognition of the damage and
the resection of the 5′ end of the DSB to generate the 3′
single-stranded DNA (ssDNA) tails (Grabarz et al. 2012).
Saccharomyces cerevisiae has been widely used as a
paradigm for studying DSB repair. Studies in S. cerevisiae
have revealed a biphasic mechanism for DSB end resection.
First, the initiation of DNA ends resection involves exonucleolytic removal of a limited number of nucleotides (~50100) from the 5′end, creating a short 3′-ssDNA overhang.
The shortened 5′ends are further processed to generate long
3′ ssDNA overhangs that are essential for the strand invasion
step in HR. The evolutionarily conserved Mre11/Rad50/
Xrs2 protein complex (henceforth called MRX), in conjunction with Sae2, plays a central role in the first DNA endprocessing step, whereas the second step is carried out by
Exo1 or by the concerted action of Sgs1/endonuclease Dna2
complex and its stimulation by Top3-Rmi1 (Mimitou and
Symington 2011; Ferretti et al. 2013; Lisby and Rothstein
2015). Accordingly, S. cerevisiae mrx null mutants show
defects in a wide range of processes associated with DNA
metabolism such as meiotic recombination (Alani et al.
1990; Cao et al. 1990) and repair of hairpin-capped DSBs
(Lobachev et al. 2002) Furthermore, mrx null cells display
reduced frequencies of sister chromatid and interhomologue
recombination (Bressan et al. 1999). They also exhibit
marked delay in the kinetics of DSB repair by SSA; nonetheless, overall efficiency of this process remains unaltered
(Ivanov et al. 1994). However, the relationship between
DSB cell phenotypes and the mechanism that governs DSB
repair remain poorly understood.
Although substantial progress has been made in deciphering the mechanism of DNA end resection catalysed by MRX
complex, the mechanism by which MRX and Sae2 cooperate
in DSB repair is poorly understood (Jackson and Bartek 2009;
Ciccia and Elledge 2010; Polo and Jackson 2011; Recolin
et al. 2014; Gorbsky 2015). Genetic studies in S. cerevisiae
have disclosed that Sae2 functions with MRX complex in the
processing of meiotic DSBs and the repair of mitotic hairpincapped DSBs (Jackson and Bartek 2009; Polo and Jackson
2011). Consequently, sae2 null mutants exhibit meiotic recombination defects that are indistinguishable from those of
hypomorphic rad50S and mre11S mutants (Keeney and
Kleckner 1995; McKee and Kleckner 1997; Nairz and Klein
1997; Prinz et al. 1997). Furthermore, like rad50S and mre11S
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mutants, Δsae2 cells exhibit increased sensitivity to methyl
methanesulfonate and defective in mitotic DSB repair
(Lobachev et al. 2000; Chang et al. 2002; Baroni et al. 2004;
Fu et al. 2014). Multiple post-translational modifications such
as phosphorylation, sumoylation, neddylation, and acetylation
regulate the function of Sae2 (Robert et al. 2011, Fu et al.
2014; Jimeno et al. 2015; Liang et al. 2015; Sarangi et al.
2015). Previous studies have linked phosphorylation of Sae2Ser267 by the cyclin-dependent kinase Cdk1 with its functions
in DNA repair and recombination (Huertas et al. 2008). Additionally, Sae2 is involved in the removal of Mre11 from
DNA ends, thus attenuating Rad53 signaling (Chen et al.
2015; Gobbini et al. 2015; Puddu et al. 2015). Although
MRX/Sae2 and its vertebrate homolog MRN/CtIP have similar functions in response to DNA damage, full understanding
of the mechanism by which they function together at DSBs
remains poorly understood. A plethora of research suggests
that Mn2+ dependent 3′→5′ exonuclease and endonuclease
activities of MRX complex reside in the Mre11 subunit
(D'Amours and Jackson 2002; Symington 2002). Rad50 negatively regulates the Mre11 nucleolytic activity; however, ATP
hydrolysis by Rad50 alleviates the inhibitory effect (Ghosal
and Muniyappa 2007). Paradoxically, the exonuclease activity
exhibited by Mre11 in vitro is in the opposite (3′→5′) polarity
to that in which end resection occurs in vivo. One possible
solution to this conundrum is that Sae2, as an endonuclease on
its own (Lengsfeld et al. 2007), might play a crucial part in
DSB end resection. In contrast to these studies, one intriguing
study has indicated that Sae2 is devoid of nuclease activity, but
interacts directly with Mre11 subunit and stimulates its latent
endonuclease activity (Cannavo and Cejka 2014). The authors
argue that Sae2 functions as a key regulator in MRX catalysed
DSB end resection. Although the reasons for these discrepancies are unclear, a bidirectional model posits that MRX/Sae2
first inflict an internal nick in dsDNA away from the DSB end,
thus creating an entry site for further processing via Mre11
3′→5′ exonuclease activity (Zakharyevich 2010; Garcia et al.
2011; Schiller et al. 2014).
As our understanding of the molecular mechanism of DSB
end resection catalysed by MRX has increased, issues such as
the precise role of Sae2 and whether it has an intrinsic endonuclease activity have become controversial and require further investigation. Prompted by the close association of MRX/
Sae2 during DSB repair (Ghodke and Muniyappa 2013;
Cannavo and Cejka 2014), and to gain further insight, we
asked whether Sae2, and its endonuclease activity, is required
for cell response to replication stress caused by DNA damage.
As reported below, the data from combined genetic and biochemical analyses of S. cerevisiae lacking SAE2 show decreased cell viability, altered cell cycle dynamics after DNA
damage, and more specifically, that Sae2 endonuclease activity is essential for these biological functions. In line with these
findings, we show mechanistically that Sae2 DNA binding
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activity exhibits broad substrate specificity; however, Sae2
displays relatively higher binding affinity and catalytic activity
with branched DNA structures. Furthermore, nucleasedefective Mre11 stimulates Sae2 endonuclease activity. Our
findings raise the possibility that Sae2 endonuclease activity
may be a critical regulator of DSB end resection and abrogates
of replication stress. Based on these results, we propose a
model depicting a crucial role for Sae2 in the recovery from
DNA replication stress, and resection of DSB ends, and processing of intermediates of DNA replication/repair.
2.

2.3

Materials and methods
Fluorescence-activated Cell Sorting (FACS) analysis

Yeast strains and plasmids

All the plasmids and S. cerevisiae strains used in this study
are listed in supplementary tables 1 and 2, respectively.
Plasmids harboring wild-type and mutant allele of SAE2
were expressed as Calmodulin Binding Protein fusions on
CEN plasmids under the control of native SAE2 promoter as
described (Lengsfeld et al. 2007). Strains carrying wild-type
and mutant SAE2 alleles were maintained under Ura- selection. All the yeast strains used were isogenic with W303.
BAR1, which encodes a protease that degrades α-factor was
deleted in order to increase sensitivity of strains with αfactor. The BAR1 gene deletion was carried out by a onestep gene disruption using the 5.5-kb Δbar1::LEU2 fragment after digestion of pZV77 by BamHI and Hind-III as
described (Venturi et al. 2000). Strains were generated using
one-step PCR-mediated gene disruption as described (Janke
et al. 2004). The primers used for strain construction in this
study are described in supplementary table 3. The strains
were confirmed by PCR of genomic DNA using the sets of
primers (supplementary table 4) as described (Harju et al.
2004).
2.2

Cell viability assay

Cells were grown to mid-log-phase in liquid cultures, and
then treated with the indicated concentration of genotoxic
agents for 4 h. Samples were serially diluted and spotted
onto solid YPD medium to determine the number of colony
forming units/mL. To measure cell viability after exposure to
ionizing radiation, mid-log-phase cells were irradiated with
the indicated doses of X-rays and the cells were serially
diluted and spotted onto YPD medium. All data are representative of at least three independent experiments.
2.4
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Assay for genotoxic agents

The concentrations of genotoxic agents and the time courses
of treatment used in our studies is similar to previous studies
examining replication stress in S. cerevisiae (Lopes et al.
2001; Liberi et al. 2005; Alvino et al. 2007; Tay and Wu
2010; Gallo-Fernandez et al. 2012). Equal numbers of cells,
from mid-log-phase in liquid cultures, were serially diluted
ten-fold and spotted onto YPD medium in the absence or
presence of the indicated concentrations of various genotoxic agents and grown at 30°C for 2 days. Likewise, cells
from mid-log-phase cultures were irradiated with the indicated doses of x-rays and were serially diluted and spotted
onto YPD medium. The plates were incubated at 30°C for 2
days and photographed on Chemi Doc Imaging station (Fujifilm LAS 3000).

Cells were synchronized in G1 with the mating pheromone
α-factor (150 ng/mL) by incubation at 30°C for 90 min. Cells
were then washed and resuspended in media containing 100
μg/mL pronase (Sigma-Aldrich) and 200 mM hydroxyurea
(HU) (Sigma-Aldrich). After incubation for 4 h at 30°C, cells
were washed with 1×PBS to remove HU, resuspended in
YPD, and incubated for an additional 240 min at 30°C with
sampling at indicated time points. The samples were fixed in
70% ethanol and kept at -20°C for 12 h. Cells were then
resuspended in a 50 mM Tris-HCl (pH 7.5) buffer containing
0.35 mg/mL RNase A (Fermentas). After incubation at 37°C
for 12 h, propidium iodide was added to a final concentration
of 15 μg/mL. A total of 104 cells were analysed with a
Callibur flow cytometer (BD Biosciences). Aggregates and
dead cells were gated out, and percentages of cells with 1C
and 2C DNA content were calculated using FACSDiva
version 6.1.1 software (BD Biosciences).
2.5

Expression and purification of full-length Sae2 protein

Plasmid pExp566.gck bearing S. cerevisiae SAE2 was kindly
provided by Dr. Tanya Paull (University of Texas, Austin,
TX). pExp566.gck plasmid DNA was transformed into the
expression host Escherichia coli star (DE3) strain (Novagen). Cells were grown in LB broth to A600 = 0.4 at 37°C,
and then isopropyl β-D-thiogalactopyranoside was added to
a final concentration of 1.5 mM to induce the expression of
His-MBP-Sae2 protein. Cells were further grown at 13°C for
18 h, harvested by centrifugation at 5000g for 10 min. The
pellet was resuspended in buffer A (20 mM Tris-HCl, pH 8,
150 mM NaCl, 5 mM 2-mercaptoethanol and 10% (v/v)
glycerol). Cells were lysed by an Ultrasonic processor set
to 62% amplitude for 5 min and centrifuged at 72000g for 90
min, and the supernatant was applied to a 10 mL amylose
column (New England Biolabs, NEB). The resin was
washed with 100 mL of buffer A containing 1 mM maltose,
and the bound protein was eluted with a linear gradient of 5
to 50 mM maltose in buffer A. Fractions from the column
J. Biosci. 41(4), December 2016
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were analysed by SDS/PAGE (7.5% (w/v) polyacrylamide
gel), and peak fractions containing His-MBP-Sae2 were
pooled and dialysed against buffer B (20 mM Tris-HCl, pH
8, 150 mM NaCl and 10% (v/v) glycerol). The supernatant
was applied onto a pre-equilibrated Ni2+-NTA agarose affinity column (10 mL bed volume) by gravity. The column was
washed with buffer B containing 10 mM imidazole. The
bound protein was eluted with a linear gradient of 20 to
800 mM imidazole in buffer A. Fractions from the column
were analysed by SDS/PAGE (7.5% (w/v) polyacrylamide
gel), and peak fractions containing His-MBP-Sae2 were
pooled and dialysed against buffer C (20 mM Tris-HCl, pH
8, 10% glycerol, 1 M NaCl, and 5 mM 2-mercaptoethanol).
The dialysate was applied onto a pre-equilibrated Superdex
200 column (120 mL bed volume), and peak fractions containing His-MBP-Sae2 were pooled. Fractions containing
His-MBP-Sae2 were dialysed against buffer D (25 mM
Tris-HCl, pH 8, 150 mM NaCl, 14 mM 2-mercaptoethanol
and 10% (v/v) glycerol), and incubated with 25 μg of
nuclease-free TEV protease overnight at 4°C. The reaction
mixture was applied onto a pre-equilibrated Ni2+-NTA agarose column (5 mL bed volume) by gravity. The flow
through from the column was analysed by SDS/PAGE
(10% (w/v) polyacrylamide gel), and peak fractions containing Sae2 were pooled. The resulting protein was 99% pure as
ascertained by SDS/PAGE mass spectrometry and Western
blotting with custom made anti-Sae2 antibody (Imgenex).
The fractions containing Sae2 were combined and dialysed
against storage buffer (20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, and 10% glycerol), and aliquots were stored at -80°C.
2.6

Expression and purification of sae2-G270D protein

The sae2-G270D allele was generated by one-step PCRmediated strategy using primers-1 (5′-GGAATAGATCAAAATCCCCCCCAGACTTTGGAAGACTGGATTTTCCCTCC-3′) and primer-2, (5′-GGAG
GGAAAATCCAGTCTTCCAAAGTCTGGGGGGGATT
TTGATCTATT-CC-3′). Further, the pET21a-saeG270D construct was transformed into the expression host E. coli C43
(DE3) strain (Novagen). Cells were grown in LB broth to
A600 = 0.4 at 37°C, and then isopropyl β-Dthiogalactopyranoside was added to a final concentration of
1.5 mM to induce the expression of sae2-G270D protein.
Cells were further grown at 13°C for 18 h, harvested by
centrifugation at 5000 × g for 10 min. The pellet was resuspended in buffer-A (20 mM Tris-HCl, pH 8, 150 mM NaCl,
and 10% (v/v) glycerol). Cells were lysed by an Ultrasonic
processor set to 62% amplitude for 5 min and centrifuged at
72000 ×g for 90 min. The supernatant was applied onto a
pre-equilibrated cobalt affinity column (10 mL bed volume)
by gravity. The column was washed with 200 mL buffer A
containing 10 mM imidazole. The bound protein was eluted
J. Biosci. 41(4), December 2016

with a linear gradient of 20 to 600 mM imidazole in buffer
A. Fractions from the column were analysed by SDS/PAGE
(10% (w/v) polyacrylamide gel), and peak fractions containing mutant sae2-G270D protein were pooled and solid
(NH4)2SO4 (0.56 g/mL) was added with continuous stirring
for 1 h, the precipitated protein was pelleted at 14000 rpm
for 30 min in an SS-34 rotor. The precipitate was resuspended in buffer B (20 mM Tris-HCl, pH 7.5, 10% glycerol,
1 M NaCl, and 5 mM 2-mercaptoethanol) and dialysed
against the same buffer. The dialysate was applied onto a
pre-equilibrated Superdex 75 gel filtration column (120 mL
bed volume), and peak fractions containing Sae2 were
pooled. The resulting protein was 99% pure as ascertained
by SDS/PAGE and Western blotting with Anti-His antibody
(Santa Cruz Biotechnology Inc.). Mutant Mre11 and Sae2His tagged proteins were purified to homogeneity as described (Ghodke and Muniyappa 2013).
2.7

Gel filtration chromatography

Gel filtration chromatography was performed using a Superdex 200 10/300GL column on Biorad FPLC system (GE
Healthcare), with 0.25 mL/min flow rate at 18°C. The column was equilibrated with a buffer containing 20 mM TrisHCl, pH 7.5, 150 mM NaCl, 10% glycerol and 5 mM 2mercaptoethanol. A set of protein standards of known molecular mass such as bovine gamma globulin (158 kDa),
chicken ovalbumin (44 kDa), equine myoglobin (17.5 kDa)
and vitamin-B12 (1.3 kDa) were used to construct the standard curve. The indicated amounts of wild-type Sae2 or
sae2-G270D proteins were applied onto the column. The
fractions were monitored by UV-absorbance at 280 nm.
The elution volume (Ve) corresponding to protein peak
was determined, and the approximate molecular weight deduced by interpolation on the standard curve.
2.8

Atomic force microscopy

Wild-type Sae2 and sae2-G270D proteins were diluted to a
concentration of 200 nM in a buffer containing 20 mM TrisHCl (pH 7.5) 150 mM NaCl, 10% glycerol, 5 mM βmercaptoethanol and 2 mM MgCl2, and further incubated
for 30 min at 37°C. A 10 μl reaction mixture was deposited
on the surface of freshly cleaved Muscovite mica and
allowed to remain for 90 sec, then rinsed with ultrapure
deionized water and dried. Agilent AFM in tapping mode
was used for scans operating with a Pico view 1.8 SPN
controller. PPP-NCL-20 silicon cantilevers were used with
spring constant in the range of 21 and 98 N/m, scan frequency of 1.5 Hz per line, and amplitude of 8 to 10 nm. Removal
of background slope was carried out using first or second
order polynomial function.
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2.9

Construction of DNA substrates

Synthetic ODNs and DNA substrates used in this study are
listed in supplementary table 5 and supplementary table 6,
respectively. The ODNs were labelled at the 5′ end by
using [γ-32P]ATP as described (Tripathi et al. 2006). DNA
substrates were generated by annealing the appropriate
combinations of ODNs, as indicated in supplementary
table 6. For each substrate, stoichiometric amounts of
purified ODNs were added to 100 μl of 0.3 M sodium
citrate buffer (pH 7) containing 3 M NaCl. The ODN
mixtures were annealed by incubation at 95°C for 5 min,
then by slow cooling to 4°C over a period of 2 h.
Annealed substrates were purified from gels after electrophoresis on a 6% (w/v) polyacrylamide gel in 44.5 mM
Tris-borate buffer (pH 8.3) containing 0.5 mM EDTA. The
bands corresponding to the DNA substrates were excised
from the gel and the DNA was eluted into TE buffer
(20 mM Tris-HCl, pH 7.5, 1 mM EDTA), precipitated
with 0.3 M sodium acetate (pH 5.2) and 95% (v/v) ethanol. The pellet was washed with 70% ethanol, dried and
resuspended in 20 μl of TE buffer.
2.10

Electrophoretic mobility shift assays

The DNA-binding activity of wild-type Sae2 and sae2G270D proteins were assayed in a 20 μl reaction mixture
containing 20 mM Tris-HCl (pH 7.5), 0.1 mM dithiothreitol (DTT) and 100 μg/mL bovine serum albumin
(BSA), with 3 nM 32P-labelled DNA and indicated concentrations of proteins. After incubation at 37°C for 1 h,
reaction was stopped by the addition of 2 μl loading dye
[0.1 % (w/v) bromophenol blue and 0.1 % (w/v) xylene
cyanol in 20% glycerol]. Reaction mixtures were separated by native PAGE in 89 mM Tris-borate buffer (pH 8.3)
at 4°C. Gels were dried, exposed to the Phosphor screen
and images acquired using Fuji FLA-5000 PhosphorImager. Bands were quantified in UVI-Tech gel documentation station using UVI-Band Map software (version
97.04) and the data plotted using GraphPad Prism (version 5.0). The results were analysed by nonlinear regression equation.
2.11

Competition assay

In these experiments, 32P-labelled DNA fragments (3 nM)
of the indicated length and fixed concentration of Sae2
were premixed in a buffer containing 20 mM Tris-HCl
(pH 7.5), 1 mM DTT, 100 μg/mL BSA, 0.1 mM EDTA.
After incubation for 60 min at 37°C, Sae2-DNA complex
was challenged with the addition of increasing concentration of unlabelled competitor DNA. Following incubation
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for 30 min at 37°C, reaction was stopped by the addition
of 2 μL loading dye [0.1 % (w/v) of bromophenol blue
and 0.1 % (w/v) xylene cyanol in 20% glycerol]. Reaction
mixtures were separated on an 8 % native polyacrylamide
gel in 89 mM Tris-borate buffer (pH 8.3) at 4°C. Gels
were dried, exposed to the Phosphor screen and images
were acquired using Fuji FLA-5000 PhosphorImager.
Bands were quantified in UVI-Tech gel documentation
station using UVI-Band Map software (version 97.04).
Binding in absence of competitor DNA is considered as
100% and the data was plotted using GraphPad Prism
(version 5.0). The results were analysed by nonlinear
regression equation.

2.12

Nuclease assays

Reaction mixtures (20 μL) contained 20 mM Tris-HCl (pH
7.5), 5 mM MgCl2, 1 mM DTT, 100 μg/mL BSA and 3 nM
of indicated labelled substrate and indicated concentrations
of Sae2 or sae2-G270D proteins. After incubation at 37°C
for 1 h, the reaction was terminated by the addition of
EDTA, SDS and proteinase K to a final concentration of
10 mM, 1% and 10 μg/mL, respectively, and incubation was
extended for an additional 15 min. Samples were heated at
95°C for 5 min and were loaded onto 8% native polyacrylamide gel and electrophoresed in 89 mM Tris-borate buffer
(pH 8.3) at 4°C. The gels were dried, exposed to the Fuji
FLA-9000 phosphorimaging screen and the signals from
PhosphorImager screen was quantified in UVI-tech gel documentation station using UVI-Band Map software (ver.
97.04).

2.13

Mapping of cleavage sites

Reaction mixtures (50 μL) contained 10 nM of the indicated 32P-labelled DNA substrate in 20 mM Tris-HCl (pH
7.5), 5 mM MgCl2, 1 mM DTT, 100 μg/mL BSA and
specified concentrations of Sae2. After incubation at
37°C for 1 h, the reaction was terminated with the addition of proteinase K, SDS and EDTA to a final concentration of 10 μg/mL, 1% and 10 mM, respectively.
Samples were subjected to DNA extraction with phenol/
chloroform/isoamyl alcohol solution, and the pellets
resuspended in 5 μL of formamide loading buffer. Samples were heated at 95 °C for 5 min, cooled on ice and
loaded onto a denaturing (7 M urea) 16% polyacrylamide
gel and electrophoresed in 89 mM Tris-borate buffer (pH
8.3) at room temperature. Gels were dried, exposed to the
phosphor screen, and images acquired using Fuji FLA5000 PhosphorImager.
J. Biosci. 41(4), December 2016
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3.

3.1

Results

Mutations in SAE2 cause increased sensitivity to
genotoxic agents

It has been established that DNA damage occurs in all stages of
the cell cycle, yet cells are particularly more vulnerable to
damage during DNA replication (Bartek et al. 2004). Consequently, replication forks play a critical role in DNA damage
checkpoint activation in response to genotoxic agents (Tercero
et al. 2003). Previous work has shown that phosphorylated
S. cerevisiae Sae2 is necessary to prevent the checkpointmediated cell cycle arrest and resection of DSBs containing
covalently bound proteins (Baroni et al. 2004; Foster et al.
2011). To further characterize the role of Sae2 in the cellular
response to DSBs and DNA replication stress, we used a set of
wild-type and sae2 mutant strains of S. cerevisiae (figure 1a;
Lengsfeld et al. 2007). Briefly, these strains contain deletions
in the evolutionarily conserved C-terminal domain (sae2-ΔC),
a part of N-terminal domain (sae2-ΔN) and two mutant strains
lacking Tel1/Mec1 (SQ/TQ) phosphorylation consensus sites
(S73, T90, S249, T279, and S289). In phosphorylationdefective mutants, all five serine/threonine residues were individually mutated to alanine to prevent phosphorylation (sae25A) or with aspartic acid to mimic the phosphorylated residue
(sae2-5D). Furthermore, we used two additional
phosphorylation-defective sae2-S267A and sae2-S267E
mutants in the CDK phosphorylatable Ser267 residue. Mutations in Ser267 of Sae2 rendering it non-phosphorylatable,
produced a phenotype nearly comparable to that of Δsae2
mutant. Hence, these are impaired in DSB end resection and
show faulty assembly of HR factors (Huertas et al. 2008).
Lastly, we used a missense mutant, sae2-G270D, which exhibits defects in intra-chromosomal recombination, resolution of
hairpin-capped DSBs and sporulation (Rattray et al. 2001;
Lengsfeld et al. 2007). The expression of these various SAE2
alleles is under the control native SAE2 promoter. In the
absence of genotoxic agents, S. cerevisiae cells expressing
different Sae2 variants showed nearly indistinguishable
growth from that of the wild-type strain (figure 1b). When
exposed to genotoxic agents such as hydroxyurea (HU), methyl methanesulfonate (MMS), x-rays or camptothecin (CPT),
wild-type strain did not display damage sensitivity; whereas,
cells bearing deletions in the conserved C-terminal or Nterminal motif showed hypersensitivity to the genotoxic
agents. In addition, cells expressing Sae2 variants lacking
Tel1/Mec1 (SQ/TQ) phosphorylation consensus sites showed
growth phenotypes similar to the mutant strains containing
truncated mutations at the N- or C-terminus (figure 1b). In
agreement with a previous report (Huertas, et al. 2008), the
hypersensitivity of sae2Δ null mutant to higher doses of
genotoxic agents was partially suppressed by Sae2 mutants
J. Biosci. 41(4), December 2016

containing phospho-mimicking S267E or G270D substitutions
(figure 1b).
The above spotting assays involve multiple rounds of DNA
replication in the presence of genotoxic agents, which after prolong incubation may be converted to DSBs. Therefore, to negate
the possibility that the displayed sensitivity in figure 1b is not due
to DSBs, we assessed the genotoxic potential of these agents after
transient exposure and at lower concentrations/doses. Towards
this end, we performed viability assays by transient exposure of
cells (4 h) to increasing concentrations/doses of HU (40 mM,
100 mM and 200 mM), MMS (0.015 and 0.03 %), CPT (5 μM
and 10 μM) or x-rays (40 krad and 80 krad). Subsequently, cells
were plated onto YPD medium in absence of genotoxic agents.
The viability of cells was determined as described under Materials
and Methods. The results shown figure 1(c) to (f) indicates that
mutant strains expressing truncated and phosphorylationdefective alleles of SAE2 revealed dose-dependent sensitivity to
genotoxic agents. In agreement with the previous assay, sae2G270D missense mutant was less sensitive to CPT than other
mutant strains. Altogether, these results support the notion of
functional redundancy or the role of SAE2 is limited to certain
alternative repair pathways.
3.2

SAE2 and MRE11 exhibit synergism during replicative
stress

Multiple lines of evidences support the idea that S. cerevisiae
SAE2 functions with MRE11 to initiate 5′→3′ end resection, and
also plays an important role in attenuation of DNA damage
signaling and recovery from the checkpoint-mediated cell cycle
arrest (Baroni et al. 2004; Clerici et al. 2006; Symington 2014).
Recent studies have shown that Sae2 promotes double-stranded
DNA (dsDNA) endonuclease activity of the Mre11 subunit
within MRX complex (Cannavo and Cejka 2014). In this study,
we used both Δmre11, and nuclease-deficient mre11-D16A and
mre11-D56N mutants. HU has been known to alter the dNTP
pools through the inhibition of ribonucleotide reductase (Slater
1973). To further delineate the role of SAE2 in HU resistance, we
Figure 1. Sae2 is essential for the viability of S. cerevisiae b
cells under replication stress. (a) A schematic depiction of wildtype and mutant forms of Sae2. (b) Survival of S. cerevisiae
strains harbouring the wild-type or mutant alleles of SAE2
under replication stress. Ten-fold serial dilutions of the indicated Δsae2 strain bearing a recombinant plasmid having wildtype or mutant allele of SAE2 under the control of its native
promoter were spotted onto YPD medium containing the indicated concentration of genotoxic agent or exposed to X-rays.
Plates were incubated at 30°C for 2 days and then photographed. (c) to (f) Wild-type and sae2 mutant cells grown to
mid-log phase were treated with increasing concentrations/
doses of the following genotoxic agents: (c) HU; (d) MMS;
(e) X-rays and (f) camptothecin. Cultures were serially diluted
and plated onto YPD medium and incubated at 30°C for 2 days,
after which the number of c.f.u. was determined. Each point is
the average of at least two independent experiments.
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Figure 2. SAE2 and MRE11 display synergistic interaction during replicative stress. (a) to (c): Wild-type and indicated mutant strains
were grown to mid-log phase, then serially diluted and spotted onto YPD medium containing the indicated amounts of HU. Plates were
incubated at 30°C for 2 days and photographed.

assessed the sensitivity of Δsae2 and sae2-G270D mutants in
combination with strains expressing the nuclease-deficient mre11
allele in the presence of HU (figure 2 (a) to (b). For this purpose,
early log-phase cells were serially diluted and were plated onto
YPD medium containing increasing concentrations of HU. We
J. Biosci. 41(4), December 2016

found that nuclease-deficient mre11-D16A and mre11-D56N
single mutants exhibited relatively a milder phenotype at
50 mM HU. However, a combination of either of the nucleasedeficient mre11 mutant with Δsae2 resulted in a strong synergistic effect, thus leading to hypersensitivity to HU (figure 2a).

Saccharomyces cerevisiae Sae2 abrogates DNA replication stress
Interestingly, sae2-G270D and nuclease-deficient mre11 double mutants displayed sensitivity similar to those of Δsae2
(figure 2b), implicating a possible role of Sae2 nuclease activity in HU resistance. Additionally, we performed serial dilution cell growth assay at lower doses of HU to assess
synergism between sae2 and mre11 mutations. The data presented in figure 2(c) confirm the existence of synergism between Δsae2 and Δmre11 mutations. Because of the dramatic
growth defects of nuclease-deficient mre11sae2 double
mutants, we monitored cell cycle progression by FACS analysis as described under Materials and Methods. Wild-type and
mutant cells were synchronized in G1 by α-factor in the
presence and absence of 200 mM HU. After washing the cells,
they were released to progress through the cell cycle at 30°C.
Cells were removed at indicated time points, and stained with
propidium iodide for cell cycle analysis. As expected, FACS
analyses revealed that cells from asynchronous cultures
contained both 1C and 2C of genomic DNA. In a control
experiment, after release from α-factor treatment they were in
G1 cell cycle stage with 1C DNA content (figure 3a). This can
be seen by the sharp peaks on the flow cytometric graphs,
respectively. After release from the G1 block, both wild-type
and all the indicated mutant cells progressed through S-phase
and accumulated 2C DNA content by 60 min, and reached 1C
DNA content by 240 min. These results indicated that both
wild-type and mutant cells followed nearly the same kinetics
of DNA accumulation. We then examined cell cycle progression in the same set of strains after treatment with HU for 4 h
by flow cytometry (figure 3b). Following the removal of HU
and release into fresh media, the wild-type strain progressed
through the cell cycle and completed mitosis within 180 min,
as manifested by the re-emergence of cells with 1C DNA
contents (figure 3b). In contrast, Δsae2 cells remained with
2C DNA content and failed to complete mitosis. Similarly,
strains bearing either deletion or a point mutation in sae2 or
mre11, failed to progress through mitosis with wild-type kinetics.
However, the kinetics of DNA accumulation exhibited by sae2G270D mutant was intermediate between wild-type and Δsae2
cells. In agreement with the cell sensitivity assays (figure 2b),
when sae2-G270D mre11-D16A double mutant cells were released from HU-induced replication block, even at 240 min,
majority of the cells were in S-phase, suggesting strong recovery
defect in combined absence of Sae2 and Mre11 nuclease activity.
Based on these combined data we conclude that inability of sae2
mutant cells to progress efficiently through G2 helps to explain
their hypersensitivity to genotoxic agents.

3.3

Overexpression and purification of wild-type Sae2 and
Sae2-G270D proteins

The aforementioned results indicate that SAE2 plays a crucial role in response to DNA replication stress. However, the
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functional implications of this broadly defined role, whether
Sae2 acts directly and if so in what manner, or in conjunction
with other factors such as Mre11, and the molecular mechanism is poorly understood. To address these questions, we
decided to purify and examine the DNA binding properties
of Sae2 protein (henceforth Sae2). For this purpose, we used
the E. coli expression plasmid pExp566.gck. The doubletagged His-MBP-Sae2 fusion protein was purified from
E. coli whole cell lysates by amylose affinity chromatography, followed by affinity chromatography over Ni2+-NTA
agarose column. The untagged full-length Sae2 was purified
by gel filtration on a Superdex 200 column. In parallel, the
His-tagged variant of Sae2, sae2-G270D, was expressed in
and purified from E. coli whole cell lysates (see Materials
and Methods). The wild-type Sae2 and sae2-G270D proteins
were homogeneous (>98%) as judged from Coomassie brilliant blue staining of SDS-PAGE gels (figure 4a and b). The
identity of purified protein was confirmed by mass spectrometric analysis and Western blotting using customized antiSae2 antibody (IMGENEX, Bhubaneswar, India).
3.4

Solution state of Sae2

It has previously been demonstrated that MBP-Sae2 fusion
protein expressed and purified from E. coli whole cell lysates
exists in solution in three different forms (monomer, dimer,
and multimer), but these do not show equivalent specific
activities: whereas as the monomer showed the highest DNA
binding activity and cleavage of 5′ flaps and ssDNA regions
adjacent to hairpin structures, the dimer less active and
multimer was inactive (Lengsfeld et al. 2007). Subsequent
studies, however, have shown that phosphorylation events
regulate the oligomeric state of Sae2 and that phosphorylation dissociates it into smaller active species that promote
DNA end resection and HR (Fu et al. 2014). Nonetheless,
the exact identity of the active species of untagged Sae2
remains elusive. To determine its native state in solution,
we employed two different methods. First, we used AFM to
visualize both wild-type and mutant form of Sae2 by tapping
mode as previously described (Khan et al. 2012). In both
cases, we observed one protein species in the AFM images
(figure 4 c-f). The AFM images were used to extract quantitative information about the molecular mass of Sae2
(Ratcliff and Erie 2001). Based on the measured volume of
85 nm3, we deduced a molecular mass of ~90 kDa. Under
these conditions, we did not observe the presence of monomers or oligomers larger than dimers. Although the method
of monitoring the molecular mass by AFM is visually pleasing, bias can occur during selection of molecules that could
affect the interpretation of results. To exclude this possibility,
we performed size exclusion chromatography on both wildtype and mutant form of Sae2 at two different concentrations
(200 and 600 nM). The results in figure 4 (g) to (i) show that
J. Biosci. 41(4), December 2016
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Figure 3. Sae2 nuclease activity is required for recovery after HU-induced replication arrest. FACS analysis was performed as described
under Materials and Methods. (a) FACS profiles of wild-type, Δsae2, sae2-G270D, mre11-D16A and sae2-G270 Δmre11-D16A in the absence of
HU. (b) FACS profiles of wild-type, Δsae2, sae2-G270D, mre11-D16A and sae2-G270 Δmre11-D16A treated with 200 mM HU.

nearly all of the protein eluted at a position corresponding to an
apparent molecular mass of ~90 kDa. Since the
theoretical molecular weight of a monomer is ~41 kDa, these
J. Biosci. 41(4), December 2016

results suggest that both wild-type and mutant forms of Sae2
exist in solution as homodimers, and that little of it was
dissociated into monomers.
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Figure 4. Purification and oligomeric state of Sae2 and sae2-G270D. (a) SDS-PAGE analysis of samples from different stages during the
purification of full-length Sae2. Samples were separated by 7.5% SDS-PAGE and visualized by staining with Coomassie brilliant blue.
Lane 1, standard molecular mass markers (Thermo-scientific); 2, whole cell lysate from induced cells; 3, eluate from amylose column; 4,
Ni2+-NTA flow through fraction; 5, eluate from Superdex 200 column; 6, full-length Sae2 after TEV cleavage. (b) purification of Histagged sae2-G270D protein. Samples obtained from various stages of purification were separated by 10% SDS-PAGE and visualized by
staining with Coomassie brilliant blue. Lane 1, standard molecular mass markers (Thermo-scientific); 2, whole cell lysate from induced
cells; 3, eluate from Ni2+-NTA column; 4, eluate from Superdex 75 column. (c) to (f) AFM imaging of purified proteins. (c) AFM image of
Sae2; (d) 3D reconstruction of image shown in (c); (e) AFM image of mutant sae2-G270D protein; (f) 3D reconstruction of image shown in
(e). (g) Chromatogram depicting the elution profile of Sae2. (h) Chromatogram depicting the elution profile of sae2-G270D. The
overlapping chromatographic elution profiles correspond to different concentrations of proteins used as indicated. (i) A plot of Kav as a
function of log molecular weight. Molecular weight of Sae2 and sae2-G270D was calculated by interpolation from the standard curve as
described under Materials and Methods.

3.5

Sae2 binds single-stranded DNA substrate in a lengthdependent manner

During replicative stress, collapse of the replication fork or
fork reversal is likely to generate multiple DNA substrates

with different lengths of single- and double-stranded region. It is known that resection of the DSBs generates an
extended 3′ ended single-stranded DNA (ssDNA) tail, a
pivotal intermediate in all HR pathways (Harrison and
Haber 2006). Although Sae2 by itself lacks DNA
J. Biosci. 41(4), December 2016
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unwinding activity, it stimulates Mre11 to catalyse DNA
unwinding in a dose-dependent manner (Ghodke and
Muniyappa 2013). However, little is known about Sae2
substrate specificity other than that it binds linear dsDNA
and stimulates dsDNA endonuclease activity within the
Mre11 subunit of MRX (Cannavo and Cejka 2014). The
availability of highly purified Sae2 allowed us to investigate its DNA binding preferences for different DNA structures that mimic intermediates of DNA replication and
recombination including ssDNA, dsDNA, dsDNA with
3′ and 5′ overhangs, replications forks, 5′ and 3′ flap
and Holliday junction (HJ) structures. We first investigated the minimum length of ssDNA suitable for Sae2 binding, using nine ssDNA fragments ranging in size between
20-100 nucleotides having mixed sequences. The ability of
ssDNA substrates to acquire stable secondary structure
was minimized as described (Dong et al. 2001). The
binding assay was performed with a fixed amount of
32
P-labelled ssDNA (3 nM) and increasing concentrations
of Sae2 as described under Materials and Methods. As
shown in figure 5, even at low protein concentrations,
we noticed the formation of discrete Sae2-ssDNA complexes. With the addition of Sae2 increased, the newly
formed species corresponding to the protein-DNA complex increased in its intensity. We found that although 20nucleotide long ssDNA substrate was adequate for Sae2
binding (figure 5a), albeit with weak affinity, the extent of
binding steadily increased as the length of ssDNA increased, and maximum binding occurred with DNA fragments having ≥80 nucleotides (figure 5j). The quantified
data consistently showed that Sae2 exhibited higher binding affinity for DNA fragments with a size of ≥80 nucleotides (figure 5j). We decided to perform more detailed
analyses to assess the relative binding affinity of Sae2 to
increasing lengths of ssDNA. First, we carried out competition assays in which Sae2-ssDNA complexes were challenged with increasing concentration of unlabelled (100mer) ssDNA competitor (figure 6 a-h). The resulting products were separated by EMSA and visualized by phosphorimaging as described in Materials and Methods.
Figure 6i shows the relative percentages of Sae2-DNA
complexes plotted against the concentrations of ssDNA
competitor. As is evident, addition of 7-fold excess of
competitor ssDNA leads to complete dissociation of
Sae2-ssDNA complexes formed with ssDNA in the range
of 20-70 nucleotides, albeit at decreasing efficiency. Under similar conditions, the extent of dissociation of complexes formed with ssDNA containing ≥80 nucleotides
was less, indicating that the complexes once formed with
chain length of ≥80 nucleotides are stable and resistant to
dissociation by competitor DNA. Second, we estimated
the binding affinities of Sae2 to various ssDNA substrates
through a series of experiments using non-radiolabelled
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substrates as competitors against the radiolabelled substrates. The dissociation constants (Kd) were determined
by nonlinear least squares analysis. The apparent Kd values are summarized in table 1. The apparent dissociation
rate constants decreased with increasing ssDNA length,
and showed highest binding affinity for 100-mer ssDNA
with a Kd value of 31 nM.
3.6

Sae2 binds double-stranded DNA substrate in a
length-dependent manner

Previous work has shown that Sae2 binds to blunt-ended
249-bp dsDNA (Cannavo and Cejka 2014), but binding as a
function of its concentration and the minimum length of
dsDNA required for its stable binding has not been
addressed. As noted above, Sae2 binds ssDNA, with substantially higher binding affinity for longer fragments of
DNA. To investigate the binding affinity of Sae2 for
dsDNA, we used nine blunt-ended dsDNA fragments ranging in size between 20 and 100-bp. The assay was performed
essentially as described above. Interestingly, we found that
Sae2 binding to dsDNA was strongly dependent on DNA
substrate size, in a manner parallel to that of the ssDNA
substrates, but required 2 to 3-fold higher protein concentrations (supplementary figure 1). Quantitative analysis of
the extent of complex formation, as a function of Sae2’s
concentration, suggested that binding steadily increased as
the size of dsDNA substrate increased, and maximum binding occurred at a fragment length of ≥80-bp (supplementary
figure 1j). Furthermore, any increase in DNA length beyond
this size did not result in further increase in the extent of
binding. It is worth pointing out that in all of these experiments, Sae2-DNA complexes were stable over time, indicating the specificity of functional complex formation.
Competition assays were performed as described above to
test the specificity of Sae2 binding to these fragments (supplementary figure 2). Supplementary figure 2i shows the
relative percentages of Sae2-DNA complexes remaining
plotted against the concentrations of 100 bp dsDNA competitor. Interestingly, the dissociation of Sae2-dsDNA complexes is reminiscent of the behavior of Sae2-ssDNA
complexes. However, only 2-fold excess of competitor
dsDNA was sufficient for complete dissociation of proteindsDNA complexes formed with 20-bp fragment (supplementary figure 2a). Furthermore, in agreement with the experimentally measured Kd values of the complexes of Sae2ssDNA, the Kd values for dsDNA decreased with increasing
dsDNA fragment length (table 1). However, Sae2 binding
affinity for dsDNA is ~3-fold weaker compared to that of
ssDNA. Altogether, these findings suggest that the intrinsic
affinity of Sae2 for single- and double-stranded DNA is
directly proportional to the chain length of DNA substrates.
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Figure 5. Length-dependent single-stranded DNA binding activity of Sae2. Each reaction mixture contained 32P-labelled ssDNA fragment (3
nM) of the indicated length (depicted at top of each gel image) incubated in a buffer containing 20 mM Tris-HCl (pH 7.5), 1 mM DTT, 100 μg/mL
BSA, 0.1 mM EDTA. Lane1 (C), DNA substrate alone; lanes 2-9 contained 25, 50, 100, 125, 150, 175, 200 and 250 nM Sae2, respectively. The
filled triangle on top of the gel image denotes increasing concentration of Sae2. Reaction mixtures were incubated and the products were separated
by 8% non-denaturing PAGE as described under Materials and Methods. (a) 20-mer; (b) 30-mer; (c) 40-mer; (d) 50-mer; (e) 60-mer; (f) 70-mer; (g)
80-mer (h) 90-mer; (i) 100- mer and (j) plot showing the extent of the formation of Sae2-ssDNA complexes in panels (a) to (i) is plotted against
increasing concentrations of Sae2. Each data point in the graph is the average of three independent experiments. Error bars indicate s.e.m. The data
were subjected to nonlinear regression analysis in GraphPad PRISM (version 5.00), using the equation for one site-specific binding with Hill slope.
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Figure 6. Competitive inhibition of Sae2-ssDNA complex by unlabelled 100-mer DNA. Each reaction mixture contained 32P-labelled ssDNA
fragment (3 nM) of the indicated length (depicted at top of each gel image) in a buffer containing 20 mM Tris-HCl (pH 7.5), 1 mM DTT, 100 μg/mL
BSA, and 0.1 mM EDTA. Lane 1 (C), DNA substrate alone; 2, 32P-labelled ssDNA with 300 nM Sae2; lanes 3-9 contained 32P-labelled ssDNA with
300 nM Sae2 and 3, 6, 9, 12, 15,18 or 21 nM of unlabelled 100-mer DNA, respectively. The filled triangle on top of the gel image denotes increasing
concentration of unlabelled 100-mer DNA. Reaction mixtures were incubated and the products were separated by 8% non-denaturing PAGE as
described under Materials and Methods. (a) 20-mer; (b) 30-mer; (c) 40-mer; (d) 50-mer; (e) 60-mer; (f) 70-mer; (g) 80-mer; (h) 90-mer. (i) Graphical
representation of the extent of Sae2-ssDNA complexes remaining in panels (a) to (h) is plotted against increasing concentrations of unlabelled 100-mer
DNA. Each data point in the graph is the average of three independent experiments. Error bars indicate s.e.m. The data were subjected to nonlinear
regression analysis in GraphPad PRISM (version 5.00), using built-in equation for one phase exponential decay.
J. Biosci. 41(4), December 2016
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Table 1. Kd values of the interaction of Sae2 with single- and
double-stranded DNA of varying lengths
Kd (nM)
Single-stranded DNA
20-mer
30-mer
40-mer
50-mer
60-mer
70-mer
80-mer
90-mer
100-mer
Double-stranded DNA
20-bp
30- bp
40- bp
50- bp
60- bp
70- bp
80- bp
90- bp
100- bp

113 ± 3.2
112 ± 1.8
105 ± 2.6
92 ± 3.3
83 ± 1.8
74 ± 1.8
68 ± 3.0
55 ± 1.1
31 ± 1.1
279 ± 5.2
259 ± 3.9
245 ± 1.2
240 ± 4.1
172 ± 1.2
170 ± 3.8
141 ± 4.8
114 ± 2.1
90 ± 1.1

3.7 Sae2 prefers to bind to DNA structures that mimic
intermediates of DNA replication and recombination
The DNA-binding activities of Sae2 characterized thus far
indicate that Sae2 has binding sites for ssDNA and
dsDNA. To gain further insights into the substrate specificity, we expanded our search for Sae2 substrates to more
complex DNA structures including partial duplexes, 3′ and
5′ flap structures, and three-way and four-way junctions
(figure 7). To this end, we constructed a replication fork
containing 20 bp duplex with 21 bp leading and lagging
duplex arms, branch immobile HJ each with two 21-bp
and two 20-bp arms, flap structure containing 20-bp duplex arm with a 21 nucleotide 3′ or 5′ flap single-strand,
Y-shaped junction containing a 20-bp duplex arm with
two 21-nucleotide heterologous single-strands, 20-bp duplex arm with 20-nucleotide 3′ or 5′ single-strand overhangs, and characterized them as previously described
(Tripathi et al. 2006, Khanduja and Muniyappa 2012).
The preparation of substrates in this way ensures duplex
stability and uniformity. Notably, these DNA structures
are key intermediates of DNA replication/recombination
reactions (West 1994; Klein and Kreuzer 2002). By using
40-bp duplex DNA as a control, we examined the binding
affinity of Sae2 to these branched DNA structures using
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mobility shift assays as described above. We observed that
Sae2 can bind different DNA structures with nearequivalent efficiency in the range of protein concentrations
tested (figure 7i). However, Sae2 exhibited small but consistent preference for branched DNA structures compared
to linear duplex DNA. Consistent with binding data, the
apparent Kd values for replication fork, HJ, splayed arm
and flap were 2-fold higher than that for 40-bp duplex or
duplex having 3′ or 5′ overhangs (table 2)

3.8

Sae2 endonucleolytically cleaves intermediates of
recombination and repair

The functional similarity between Sae2 and the mammalian
ortholog CtIP, which exhibits MRN complex-independent 5′
flap endonuclease activity (Makharashvili et al. 2014), suggested that Sae2 might possess endonuclease activity on DNA
replication intermediates. Since different nucleases have different specificity for their substrate, to further characterize
Sae2 endonuclease activity, we used a range of DNA structures that mimic intermediates of DNA replication and recombination. Reactions were performed in the assay buffer
containing 3 nM of the indicated 32P-labelled substrate and
5 mM MgCl2 and increasing concentration of Sae2. Following
incubation at 37°C for 1 h, reactions were stopped and the
deproteinized DNA products after heating at 95°C for 5 min
were analysed by native PAGE. Our data showed that Sae2
catalysed nearly complete conversion of the four- and threestranded DNA structures into faster migrating cleavage products 20-mer in a dose-dependent manner (figure 8). Comparison with labelled mononucleotide (figure 8 (a) to (h), lane 13)
suggests that the cleavage is specific for the 5′ end of DNA
structures (figure 8a-h compare lanes 5-9 with 13). Similar
results were obtained when Sae2 was incubated with 5′ or 3′
flap DNA structures, albeit less efficiently, compared to the
four- and three-stranded DNA structures. We then examined
the nuclease activity of Sae2 on 40-bp blunt-ended duplex and
duplex substrates with 20-nucleotide overhangs of 3′ or 5′
polarity. We found that Sae2 activity is more efficient on
duplex substrates with 20-nucleotide overhangs than bluntended duplex DNA (figure 8 (f) to (h), lanes 5-9). Quantification of the cleaved product revealed that Sae2 nuclease activity
was 4-fold higher on four- and three-stranded DNA structures,
and 2-fold greater on overhang substrates, compared to its
activity on blunt-ended duplex DNA (figure 8i). These results
support the idea that structural features of four- and threestranded DNA structures, that are key intermediates in DNA
replication, influence their suitability for cleavage by Sae2. In
parallel, we assessed the nuclease activity by sae2-G270D
protein. Consistent with a previous study (Lengsfeld et al.
2007), sae2-G270D protein was devoid of detectable nuclease
activity (figure 8 (a) to (h), lanes 10-12).
J. Biosci. 41(4), December 2016
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Figure 7. Sae2 binds to intermediates of DNA replication and recombination. Each reaction mixture contained 32P-labelled indicated
substrate (3 nM) (depicted at top of each gel image) was incubated in a buffer containing 20 mM Tris-HCl (pH 7.5), 1 mM DTT, 100 μg/mL
BSA, 0.1 mM EDTA. Lane 1 (C), DNA substrate alone; lanes 2-9 contained 50,100, 150, 200, 300, 400, 500 and 600 nM Sae2,
respectively. The filled triangle on top of the gel image denotes increasing concentration of Sae2. Reaction mixtures were incubated and
separated by 8% non-denaturing PAGE as described under Materials and Methods. (a) Replication fork; (b) Holliday junction; (c) 3′ flap;
(d) 5′ flap; (e) Y-shaped junction; (f) 3′ overhang; (g) 5′ overhang; (h) blunt-ended duplex DNA and (i) graphical representation of the
extent of formation of Sae2-DNA complex in (a) to (h) is plotted against increasing concentrations of Sae2. Each data point in the graph is
the average of three independent experiments. Error bars indicate s.e.m. The data were subjected to nonlinear regression analysis in
GraphPad PRISM (version 5.00), using the equation for one site-specific binding with Hill slope.
J. Biosci. 41(4), December 2016
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Table 2. Kd values of the interaction of Sae2 with intermediates of
recombination and repair.

3.9

Kinetic analysis of Sae2 endonuclease

We next performed kinetic analysis of Sae2 endonuclease
activity on the branched DNA intermediates shown in
figure 8. For this fixed amount of 32P-labelled DNA substrate was incubated over increasing time points (10 min to
60 min) in presence of 500 nM Sae2 protein (supplementary
figure 3) and the amounts of cleaved products were analysed
on native polyacrylamide gels as described under Materials
and Methods. The results show that after incubation of fixed
concentration of Sae2 with these substrate first led to appearance of faster migrating product than 20-mer (supplementary
figure 3, compare lane-1 and lanes 5-9) and its intensity
increased with further incubation. Additionally, Sae2
cleaved these substrates to generate minor products, possibly
as intermediates of the cleavage reaction. Additionally, we
observed that Sae2 endonucleolytically process 3′ endlabelled substrate from the 5′ end (data not shown). Altogether, these results suggest that Sae2 preferentially cleaves
the 5′ end of these DNA intermediates.

3.10

sae2-G270D protein possesses DNA binding activity

Previous studies have shown that sae2-G270D protein lacks
dsDNA binding activity, and not a nuclease-deficient mutant
per se (Lengsfeld et al. 2007). However, the assay was performed with 249-bp dsDNA (0.014 nM) at a single concentration of sae2-G270D protein (12 nM). It is possible that linear
duplex DNA is not a cognate Sae2 substrate, and that the assay
conditions used may not be optimal for its binding. We therefore sought to perform detailed characterization of the DNA
binding specificity of sae2-G270D protein to delineate its
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structural requirements. The association of sae2-G270D protein with linear and branched DNA structures was analysed by
band-shift assays using 32P-labelled synthetic substrates as
described above. Supplementary Figure 4 shows the formation
of stable protein-DNA complex and that its formation
increases as sae2-G270D protein concentration is increased.
However, sae2-G270D protein at lower protein concentrations
formed poorly resolved complexes, thus generating a smear of
multiple bands, indicating dissociation of protein-DNA complexes during electrophoresis. Under these conditions, the
binding affinity of sae2-G270D to replication fork, HJ and
Y-shaped junction was significantly higher than that of
dsDNA (supplementary figure 4). Consistent with previous
studies (Lengsfeld et al. 2007), we found no measurable binding of sae2-G270D to dsDNA at 200 nM, whereas it reached a
plateau with branched DNA structures at the same concentration. Analysis and quantitation of complex formation suggested that binding was concentration-dependent and
saturable (supplementary figure 4). The structure-specific substrate preference of sae2-G270D protein appears to be fundamentally not different from that seen with wild-type Sae2.
Thus, the adaptation of sae2 to accept physiologically relevant
DNA replication/repair intermediates would appear a natural
prerequisite for its role in replication stress response.
3.11

Sae2 possesses an intrinsic endonuclease activity

To further validate that the endonuclease activity is not fortuitous
and is intrinsic to Sae2 polypeptide, we next performed an assay
using negatively supercoiled pUC19 DNA as the substrate. To
this end, we performed immunodepletion assays with epitopespecific anti-Sae2 antibodies, and the resultant supernatants were
assayed for endonuclease activity. Double- strand cleavage of
negatively supercoiled DNA by an endonuclease will generate
unit length linear duplex, and multiple cleavages will result in a
DNA smear when run on an agarose gel (supplementary
figure 5a). When purified Sae2 was incubated with anti-Sae2
antibody, the generation of linear duplex DNA by Sae2 decreased in proportion to the amount of anti-Sae2 antibody added
to the reaction mixture as would be expected if the activity
resides in the Sae2 polypeptide. However, there was no significant change in the intensity of nicked DNA species, indicating
that Sae2 does not nick negatively supercoiled DNA, although
the possibility of rapid nicking and immediate linearization
cannot be excluded. In addition, when labelled Y-shaped junction was incubated over increasing concentrations of His-tagged
sae2-G270D protein in presence of Mg2+ (supplementary
figure 5b, lanes 6-8), no endonucleolytic cleavage was observed.
Further, to negate the possibility of Histidine tag inhibiting the
nuclease activity of sae2-G270D protein, we purified wild-type
His-tagged Sae2 with the similar purification protocol to sae2G270D protein as previously described (Ghodke and
J. Biosci. 41(4), December 2016

Figure 8. Sae2 exhibits endonuclease activity on branched DNA structures. Each reaction mixture contained 20 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 1 mM DTT, 100 μg/mL
BSA, and 3 nM of the indicated 32P-labelled DNA substrate. Lane 1, 20-mer DNA alone; 2, 40-mer DNA; 3, DNA substrate without heat treatment; 4 (Δ), heat denatured substrate;
lanes 5-9 contained 100, 200, 300, 400, and 500 nM Sae2, respectively; lane10-12 contained 100, 300 and 500 nM sae2-G270D protein, respectively; and lane 13, γ-32P-labelled
mononucleotide. The filled triangle on top of the gel image denotes increasing concentration of indicated proteins. Reaction products were separated by 8% non-denaturing PAGE as
described under Materials and Methods. (a) Holliday junction; (b) replication fork; (c) 5′ flap; (d) Y-shaped junction; (e) 3′ flap; (f) 3′ overhang; (g) 5′ overhang; (h) blunt-ended
duplex DNA and (i) plot showing the extent of product formed in (a) to (h) is plotted against increasing concentrations of Sae2. Each data point in the graph is the average of three
independent experiments. Error bars indicate s.e.m. The data were subjected to nonlinear regression analysis, in GraphPad PRISM (version 5.00), using the built-in equation for
Michaelis-Menten enzyme kinetics.
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Saccharomyces cerevisiae Sae2 abrogates DNA replication stress
Muniyappa 2013). We observe no drastic difference in
activity of native and His-tagged Sae2 protein on Yshaped junction (Compare supplementary figure 5b,
lanes 3-5 and figure 8d). Collectively, these results
clearly demonstrate that Sae2 displays nuclease activity
specific for 5′ end of these substrates, G270D mutation
had no effect on DNA binding activity, but rendered
Sae2 nuclease dead, and therefore, the observed endonuclease activity is intrinsic to Sae2.
3.12

Nuclease-deficient mre11 protein stimulates Sae2
catalysed nuclease activity

Previous studies have demonstrated physical and functional interaction between Mre11 and Sae2 (Ghodke and
Muniyappa 2013; Cannavo and Cejka 2014). The foregoing observations have prompted us to revisit this issue
using nuclease-deficient mre11-D16A protein. In a previous study, we have shown that nuclease-deficient
mre11-D16A mutant retains the ability to bind DNA
(Ghodke and Muniyappa 2013). We performed the assay
as described previously (figure 8), except that the reaction mixtures contained a fixed amount of Sae2 and
increasing concentrations of mre11-D16A protein as indicated. After the reaction, the products were resolved
by native PAGE as described under Materials and Methods. We observed that mre11-D16A mutant was devoid
of any detectable nuclease activity (figure 9 a-g, lane 5),
indicating that the nuclease activity was entirely due to
Sae2 (figure 9 a-g, lanes 6-9). A particularly interesting
finding is that mre11-D16A significantly stimulated Sae2
catalysed nuclease activity on all substrates in a dosedependent manner, albeit with varying efficiencies (figure 9 a-g). Consistent with our previous experiment
(figure 8), sae2-G270D alone is devoid of any nuclease
activity (figure 9a-g, lane-10), and increasing mre11D16A concentration in presence of fixed sae2-G270D
concentration, did not have any effect on its activity
(figure 9 a-g, lanes 11 and 12). To further support this
conclusion, we quantified mre11-D16A stimulated cleavage activity, and the data was plotted against the concentration of mre11-D16A protein in each lane
(figure 9h). This analysis revealed that mre11-D16A
displayed maximum stimulation on 3′ flap and Holliday
junction and intermediate for duplex DNA and least with
the replication fork structure.
3.13

Mapping of cleavage site on Holliday and Y-shaped
junction by Sae2

In S. cerevisiae checkpoint defective cells, replicative
stress by HU greatly increases reversed replication forks
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(four-way junctions)(Lopes et al. 2001). Given that Sae2
cleaves DNA replication/recombination intermediates efficiently, we mapped the cleavage sites on each arm of
the Holliday and Y-shaped junction at single-nucleotide
resolution to determine the pattern of incision (figure 10).
The four identical immobile HJs, 32P-labelled at the 5′
end on strand 1, 2, 3 or 4, were incubated with increasing concentrations of Sae2 in the presence of 5 mM
Mg2+. After termination of the reaction, products were
denatured into ssDNA molecules and ran on a denaturing DNA sequencing gel alongside G + A sequencing
ladder. We found that the Sae2 nicks at multiple sites
precisely across DNA strands away from the junction
point (figure 10b). With this immobile HJ, mapping of
the cleavage sites revealed asymmetric, sequence independent cleavage, and these sites were away from the
core of the HJ. However, consistent with our previous
experiment (figure 8) distinct preference for cleavage on
the 5′ end of the HJ was apparent. Similar to HJ, Sae2
showed a preference for cleavage at the 5′ side of the
Y-shaped junction (figure 10 (c) and (d)). Collectively
these results suggest that Sae2 catalysed nuclease activity is important in processing of the DNA intermediates
generated during replicative stress thus facilitating
recombination-dependent restart of the replication fork.
4.

Discussion

In contrast to our understanding of the role of Sae2 in
DSB end resection, its functions in replication stress
response are far less understood. In this study, we have
characterized the function of SAE2 during replication
stress response induced by different genotoxic agents.
As compared to the wild-type strain, several different
mutant alleles of SAE2 including deletions, missense
mutations and Mec1/Tel1 phosphorylation site mutants
exhibited hypersensitivity towards MMS, γ-radiation,
camptothecin and HU. Strikingly, when Δmre11 or the
nuclease-defective mre11 mutant alleles, mre11-D56N
or mre11-D16A, were combined with sae2 null or
nuclease-defective sae2-G270D mutants, the double
mutants were considerably more sensitive to HU, suggesting a synergistic relationship between the nuclease
activities encoded by these two genes. Moreover, sae2G270D allele displayed sensitivity and recovery defect
during replicative stress, suggesting biological importance of its nuclease activity. Importantly, our biochemical analyses established that Sae2 exhibits structurespecific endonuclease activity of its own on a variety
of DNA substrates, which might be involved in the
processing of branched DNA structures that transiently
emerge during replication stress. Additionally, missense
mutant sae2-G270D protein binds more efficiently to
J. Biosci. 41(4), December 2016

Figure 9. Nuclease-deficient mre11 protein stimulates Sae2 catalysed nuclease activity. Reaction mixture contained 20 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 1 mM DTT, 100 μg/
mL BSA, and 3 nM of the indicated 32P-labelled DNA substrate. Lane 1, 20-mer DNA alone; 2, 40-mer DNA alone; 3, DNA substrate without heat treatment; 4 (Δ), heat denatured
substrate; 5, 300 nM mre11-D16A; 6, 100 nM Sae2; lanes 7-9 contains 100 nM Sae2 and 100, 200 or 300 nM mre11-D16A, respectively; lane 10, 100 nM sae2-G270D; lanes 11
and 12, 100 nM sae2-G270D and 200 or 300 nM mre11-D16A, respectively. Lane 13, γ-32P-labelled mononucleotide. The filled triangle on top of the gel image denotes increasing
concentration of mutant mre11-D16A. Reaction products were separated by 8% non-denaturing PAGE as described under Materials and Methods. (a) 3′ flap; (b) Holliday junction;
(c) blunt-ended duplex DNA; (d) 3′ overhang; (e) 5′ overhang; (f) 5′ flap; and (g) replication fork. (h) Plot showing fold stimulation to the indicated DNA intermediates in panels (a)
to (g) was quantified, and plotted against increasing concentrations of mre11-D16A. Each data point in the graph is the average of three independent experiments. Error bars indicate
s.e.m.
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Figure 10. Mapping of Sae2 catalysed endonuclease activity on Holliday and Y-shaped junction. Reaction mixture contained 20 mM Tris-HCl
32
(pH 7.5), 5 mM MgCl2, 1 mM DTT, 100 μg/mL BSA and the indicated P-labelled DNA substrate. Lane 1, control; 2, Maxam-Gilbert (G + A)
reaction; lanes 3-5 in panel (a) denote 200, 400 and 600 nM Sae2, respectively. Lanes 3 and 4 in panel (c) denote 400 and 600 nM Sae2,
respectively. The filled triangle on top of the gel image denotes increasing Sae2 concentration. Reaction products were separated on 16% denaturing
PAGE as described under Materials and Methods: (a) Reactions performed with the Holliday junction. (b) Cartoon depicting the structure of
Holliday junction at nucleotide level. (c) Reaction performed with Y-shaped junction. (d) Cartoon depicting the structure of Y-shaped junction at
nucleotide level. Arrowhead on each nucleotide of the substrate indicates the site of incision by Sae2 e on each arm of junction.

branched DNA structures, but it is devoid of any nuclease activity. Altogether, our data demonstrates a previously uncharacterized role for Sae2 nuclease activity

in the abrogation of DNA replication stress and helps
resolve the apparent paradox regarding Sae2 nuclease
activity.
J. Biosci. 41(4), December 2016
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The challenges to the progression of DNA replication
forks can arise from many different sources, including
DNA lesions, proteins tightly bound to DNA, noncanonical DNA structures, inhibition of DNA polymerases,
and depletion of dNTPs. These obstructions are collectively
termed as replication stress. Experimentally, replication
stress can be induced by hydroxyurea, a potent inhibitor of
ribonucleotide reductase (Krakoff et al. 1968; Slater 1973;
Alvino et al. 2007). In addition to dNTP depletion, HU
activates a cell cycle checkpoint (Weinert et al. 1994), that
delays cell cycle progression until S phase is complete, and
stabilizes the replisome at the stalled forks, thereby providing time for stalled replication forks to complete DNA synthesis (Desany et al. 1998; Alcasabas et al. 2001; Lopes
et al. 2001; Cobb et al. 2003; Katou et al. 2003; Osborn
and Elledge 2003; Tercero et al. 2003; Lucca et al. 2004;
Bjergbaek et al. 2005; Cobb et al. 2005; Feng et al. 2006;
Naylor et al. 2009; Tittel-Elmer et al. 2009).
Our results highlight that sae2 mutations synergize with
defects in mre11 alleles during replication stress. As shown
in figure 1, we observed a consistent correlation between
sae2 phenotypes and sensitivity to different genotoxic
agents. In our analyses, we observed enhanced sensitivity
of nuclease-deficient mre11 and sae2 mutants. Strikingly,
genetic interaction between nuclease-defective mre11
mutants with nuclease-defective sae2 mutant revealed that
the impairment of mre11 and sae2 nuclease activities exacerbates the effects of DNA lesions. Thus, our identification
of a role for Sae2 nuclease activity in replication stress
emphasizes the importance of regulating this nuclease. The
genetic interaction between SAE2 and the MRE11 strongly
suggests that they may physically interact with each other.
Indeed, using qualitative and quantitative methods, we have
demonstrated previously that Sae2 directly interacts with
Mre11 in the absence of DNA (Ghodke and Muniyappa
2013). This finding has been recently confirmed by others
(Cannavo and Cejka 2014). Taken together, our results highlight the inextricable relationship between Sae2 and Mre11
in DNA replication stress response.
Here, we turn to consider the issue that propelled these
studies. Previous studies have shown that Mre11 nuclease
activity is required for processing of meiotic DSBs and DNA
hairpins, but is dispensable for the resection of DNA ends
generated by the HO endonuclease (Mimitou and Symington
2011). Furthermore, biochemical studies have also demonstrated that Mre11 possesses structure and sequence-specific
nuclease activity (Furuse et al. 1998; Usui et al. 1998;
Trujillo and Sung 2001; Ghosal and Muniyappa 2005;
Ghosal and Muniyappa 2007). Others have reported that in
wild-type and Δmre11 strains DSBs are formed at inverted
repeat sites, indicating that Mre11 is not solely responsible
for the initial processing of cruciform structures (Lobachev
et al. 2002). Additionally, a recent study has shown strong
J. Biosci. 41(4), December 2016

involvement of Sae2-Mre11 in DNA hairpin cleavage, thus
foreclosing genome rearrangements (Deng et al. 2015).
However, little is known about the mechanism by which
Mre11 and Sae2 regulate DNA replication or stabilize the
arrested forks. In part, this is because the lack of knowledge
regarding the full range of DNA structures that are preferentially recognized by MRX complex and Sae2. Furthermore,
the physical consequence of fork collapse at the level of the
resulting DNA structures is not well understood. We, thus,
decided to explore the substrate specificity and affinity of
Sae2 using a variety of DNA structures. Our data indicate
that the ability of Sae2 to bind DNA is substantially enhanced by the fragment lengths of both single- and doublestranded DNA and that it binds ssDNA more efficiently than
the corresponding dsDNA fragments. The tighter binding of
Sae2 to longer ssDNA and dsDNA substrates motivated us
to examine whether this trend was also true for DNA structures that transiently emerge during DNA replication. Sae2
displayed relatively higher binding affinity for branched
DNA structures compared to partial duplexes with either 3′
or 5′ overhangs. Regardless of the type of substrate presented to the purified native Sae2, it acts as an endonuclease.
The end products of the cleavage reaction, however, are
characteristically similar, and are oligonucleotides formed
by multiple incision/nicking reactions at the 5′ end of these
structures (figure 8 and 10, and supplementary figure 3).
However, the catalytic activity varies with the type of substrate by 3 to 4-fold, although HJ and replication fork are the
most preferred substrates. Another striking finding is that the
Sae2 catalysed endonuclease activity was enhanced markedly by nuclease-defective Mre11 (figure 9), consistent with a
large body of genetic and biochemical data emphasizing the
notion that the physical presence of Mre11, but not its
nuclease activity is sufficient for DSB processing (Furuse
et al. 1998; Bressan et al. 1999; Moreau et al. 1999; Llorente
and Symington 2004; Krogh et al. 2005; Buis et al. 2008;
Budd and Campbell 2009; Tittel-Elmer et al. 2009; Shim
et al. 2010; Costanzo 2011; Symington and Gautier 2011;
Ghodke and Muniyappa 2013). Thus, Mre11 nuclease activity is not required for DSB resection because of the redundancy with that of Sae2. A previous study has demonstrated
the ability of Sae2 to cleave linear duplex DNA (Lengsfeld
et al. 2007), a finding that we have confirmed using a variety
of DNA structures. In contrast, a recent study showed that
Sae2 to be devoid of nuclease activity, but that it interacts
directly with Mre11 subunit and stimulates its latent endonuclease activity (Cannavo and Cejka 2014).
While our studies provide both direct evidence and important insights into the interplay of Sae2 and Mre11 and
point out some key similarities and differences, they also
raise new questions. Multiple pathways are involved for
replication fork restart during replication stress. The mechanism by which stalled forks are repaired is likely to involve
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Figure 11. Model for role of Sae2 nuclease during replication-associated repair. Replicative stress leads to stalling or collapse of the
replication fork. In this case, SAE2 nuclease plays a key role during abrogation of replication stress-related defects in S. cerevisiae. The
DNA intermediates thus generated, or DSBs formed during replication stress, are processed by the intrinsic nuclease activity of Sae2.
Importantly, the stimulatory effect of Mre11 on Sae2 catalysed nuclease activity is independent of Mre11 nuclease activity. Altogether,
Sae2 nuclease is essential for the recovery of stalled replication forks during replication stress.

fork regression and HJ cleavage, or cleavage of stalled fork
itself (Bennett et al. 1998; Karow et al. 2000). In humans,
cells lacking Mre11 nuclease activity were shown to be
sensitive to replication fork–stalling agents, indicating that
MRE11 nuclease is involved in the repair of DNA intermediates formed during replication stress (Buis et al. 2008).
Additionally, in X. laevis, inhibition of Mre11 nuclease
activity leads to defect in the recruitment of Rad51 on
replication fork, suggesting impairment in the processing of
accumulated DNA intermediates during replication stress
(Hashimoto et al. 2012). In contrast, in budding yeast, the
physical presence of Mre11 is more important than its

nuclease activity for recovery during replication stress (Tittel-Elmer et al. 2009). Interestingly, in S. cerevisiae, after
irradiation, Sae2 foci persists at the break sites in Δmre11,
Δtel1, Δmec1 and mre11 nuclease-deficient cells (Lisby
et al. 2004; Fu et al. 2014). Altogether, these findings
suggest the involvement of Sae2 in the processing of DNA
intermediates for recombination-dependent restart during
replicative stress. Previous studies by using techniques such
as electron microscopy, 2D agarose gel electrophoresis and
DNA combing in presence of HU concentration ranging
from 50 to 200 mM have demonstrated stalled, bidirectional
replication forks and reversed replication forks (Bennett
J. Biosci. 41(4), December 2016
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et al. 1998; Bennett et al. 2001; Postow et al. 2001; Sogo
et al. 2002; Hartman and Tippery 2004; Parsons et al. 2004;
Woolstencroft et al. 2006; Alvino et al. 2007; Crabbe et al.
2010; Neelsen and Lopes 2015). A recent study has identified hDna2 in processing of reversed replication fork
(Thangavel et al. 2015). Additionally, DNA end processing
factors such as MRE11, NBS1 and CtIP play an important
role in processing of replication and recombination intermediates and activation of ATR kinase (Schlacher et al.
2012; Shiotani et al. 2013; Murina et al. 2014; Yeo et al.
2014), suggesting that recombination-dependent restart
involves many important players of DNA end resection
machinery. Our findings suggest that Sae2 can cleave a
variety of DNA structures in vitro including HJ, Y-shaped
fork junctions, 3′ or 5′ flap, and replication forks are corroborated by genetic evidence that suggests a role for Sae2 in
replication and meiotic recombination (Keeney and Kleckner
1995; Cartagena-Lirola et al. 2006; Lee and Lee 2007;
Lengsfeld et al. 2007; Huertas et al. 2008; Foster et al.
2011; Puddu et al. 2015). The cleavage pattern of HJ and
Y-shaped junction is asymmetric and consists of multiple
single strand nicks on the 5′ side on each strand away from
the branch point (figure 8 and 10, and supplementary
figure 3). Cleavage of DNA substrates by Sae2 may generate
intermediates with gaps or a 3′ overhang, which may facilitate efficient loading of proteins of recombination/repair
pathways. The resulting intermediates would be expected
to initiate recombinational DNA repair reactions that would
give rise to a new replication fork. The distinct enzymatic
properties of Sae2 and Mre11 may influence the mechanism
by which they contribute to the attenuation of replication
stress. For example, although the substrate specificity of
Mre11 is not fully characterized, the finding that Sae2 and
Mre11 act on branched DNA structures indicates substantial
redundancy.
5.

Conclusion

Taken collectively, our results suggest a model wherein Sae2
nuclease plays a critical role during replication stress response
(figure 11). At this point, our results support the view that
Sae2, in conjunction with Mre11, is recruited to DSBs, regions
of stalled/collapsed replication forks and other intermediates of
DNA replication. Subsequently, these intermediates are catalytically processed by the intrinsic endonuclease nuclease activity of Sae2. The enhanced sensitivity of nuclease-deficient
mre11 and sae2 allele suggests a strong requirement that both
enzymes need to function in a coordinate manner to complete
DNA replication/repair. Notably, the stimulatory effect of
Mre11 on Sae2 catalysed endonuclease activity is independent
of Mre11 nuclease activity. These processed intermediates can
then serve as substrates for the assembly of replication/
recombination components to restart the collapsed replication
J. Biosci. 41(4), December 2016

fork. In summary, our findings shed light on the role of Sae2
nuclease in the processing of DNA structures, whose functions
have not been reported previously. Further characterization of
its role in conjunction with other components of replication
stress will likely identify additional functional modules, and
may add new insights into the mechanistic view of the maintenance of replication fork stability.
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