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ABSTRACT

DNA double-strand breaks (DSBs) are common
genome lesions that threaten genome stability and
cell survival. Cells use sophisticated repair ma-
chineries to detect and heal DSBs. To study DSB re-
pair pathways and associated factors, inducible site-
specific endonucleases have proven to be fundamen-
tal tools. In Saccharomyces cerevisiae, galactose-
inducible rare-cutting endonucleases are commonly
used to create a single DSB at a unique cleavage site.
Galactose induction requires cell cultivation in sub-
optimal growth media, which is tedious especially
when working with slow growing DSB repair mutants.
Moreover, endonucleases that simultaneously create
DSBs in multiple defined and unique loci of the yeast
genome are not available, hindering studies of DSB
repair in different genomic regions and chromatin
contexts. Here, we present new tools to overcome
these limitations. We employ a heterologous media-
independent induction system to express the yeast
HO endonuclease or bacterial restriction enzymes for
single or multiple DSB formation, respectively. The
systems facilitate tightly controlled and efficient DSB
formation at defined genomic sites and will be valu-
able tools to study DSB repair at a local and genome-
wide scale.

INTRODUCTION

The genome of a cell is constantly damaged (1). Endoge-
nous metabolites, such as reactive oxygen species, and cell
inherent processes, such as replication, can damage the cell’s
DNA. In addition, DNA damage arises when the cell is ex-
posed to harmful chemicals and irradiation. DNA double-
strand breaks (DSBs) are particularly dangerous forms of
damage, which threaten genome integrity and cell survival
(2). Despite their harmful nature, cells also actively generate

DSBs during programmed processes, such as meiosis and
lymphocyte development (3,4). Moreover, many genome
editing technologies rely on controlled DSB formation (5).
Cells use sophisticated mechanisms to detect and repair
DSBs (6). Mutated DSB repair factors are associated with
cancer-prone syndromes and developmental, neurological,
and immunological diseases (7). On the other hand, the
DSB repair deficiency of cancer cells can be exploited using
DSB-generating drugs and irradiation as treatments. Thus,
a better understanding of DSB repair and its regulation re-
mains an important goal in basic, applied, and biomedical
research.

We owe much of our current understanding of DSB re-
pair to experiments using site-specific endonucleases to ef-
ficiently create DSBs at defined genome loci in live cells.
Endonuclease-mediated DSB formation has been the ba-
sis for many genetic, biochemical, and cell-biological assays
that helped define different DSB repair pathways and the
contribution and interplay of repair factors (8–12).

In the budding yeast Saccharomyces cerevisiae, the en-
donuclease HO is widely used for site-specific DSB for-
mation. HO is a yeast-endogenous enzyme, which initiates
mating type switching by creating a DSB at the MAT mating
type locus (13). Recombination with one of two transcrip-
tionally silent repair cassettes (HML and HMR) replaces
coding sequences at the MAT locus and switches the mating
type. For DSB repair studies, an HO gene under the control
of the GAL10 promoter (GAL-HO) is commonly used (14),
as it allows galactose-inducible synchronous DSB forma-
tion at the endogenous MAT locus or engineered recogni-
tion sequences in a cell population.

A shortcoming of the GAL-HO system is its require-
ment for specific nutrient conditions (15). For efficient
galactose-induction, cells need to be precultured with a
non-fermentable carbon source, which slows down cell
growth. This is especially cumbersome when working with
mutants conferring a cell growth defect and many DSB re-
pair mutants show this phenotype. Mutations in the glu-
cose repression pathway can alleviate this shortcoming
(16). However, the mutations themselves reduce cell growth
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and cause general metabolic, cell biological, and signal-
ing defects (17,18). The nutrient requirements of galactose-
induction also limit the metabolic states in which DSB sig-
naling and repair can be studied.

Here, we use a heterologous induction system to control
HO expression. We show that this new system is media-
independent, tightly controlled, and leads to the efficient
formation of a single DSB in the yeast genome.

DSB formation at a unique site in the genome is appro-
priate for various experimental settings. For example, such
systems allow the genetic requirements for DSB repair to
be studied (12,19–21). However, if DSB repair in different
genome regions and chromatin contexts is to be analyzed,
synchronous DSB formation at multiple defined genomic
sites is desirable.

One way to generate multiple DSBs is to increase the
number of endonuclease recognition sites in the genome.
In case of the HO endonuclease, the yeast genome contains
three recognition sites, which are located at the MAT locus
and at the HML and HMR repair cassettes (13). The tran-
scriptionally silenced state of the repair cassettes prevents
their cleavage, such that HO expression leads to DSB for-
mation only at MAT. If the repair cassettes are unsilenced
by mutations in the silencer complex, all three recognition
sites are accessible to HO and three defined DSBs can be
generated (21). A shortcoming of this approach is that the
sequences around the DSBs at MAT and one of the cas-
settes are identical. Moreover, inactivating the silencer com-
plex unsilences additional genomic regions, such as sub-
telomeric sequences (22). As an alternative approach, syn-
thetic HO cleavage sites can be inserted at defined genomic
loci (23). However, inserting multiple cleavages sites is te-
dious and propagating them through strain crossings is in-
efficient. Several HO cut sites have been inserted into the
yeast genome using an inducible retrotransposon carrying
a selectable marker and an HO cleavage site (24). A limita-
tion of this system is that the insertion sites cannot be con-
trolled and that all HO cut sites are embedded in identical
Ty1 yeast transposon sequences. Moreover, their cutting ef-
ficiency is reduced compared to the endogenous MAT HO
cleavage site.

An alternative approach to inserting multiple cleav-
age sites is to use endonucleases whose recognition se-
quences naturally occur at multiple loci in the yeast genome.
Available systems employ the bacterial restriction enzymes
EcoRI, EcoRV, or PvuII under the control of galactose-
inducible promoters (25–27). These systems were used to
study the requirement of repair factors in different repair
pathways and DSB signaling. However, the 6 bp long recog-
nition sequences of the employed restriction enzymes oc-
cur at several thousand loci in the yeast genome. The high
number of DSBs may result in unphysiological recognition
and processing of the breaks due to low repair factor re-
cruitment to each of them and exhaustion of the repair
machinery. Moreover, the recognition sequences also oc-
cur in repetitive and high-copy sequences, such as riboso-
mal DNA, mitochondrial DNA, yeast transposons, and the
2 micron plasmid, preventing unambiguous mapping of the
corresponding DSBs.

Here, we generate multiple defined DSBs using bacterial
restriction enzymes whose 8 bp long recognition sequences

occur naturally at ca. 20–100 unique, non-repetitive loci
in the yeast genome. We controlled expression of the re-
striction enzymes with a heterologous induction system to
achieve media-independent, tightly regulated, and efficient
DSB formation.

MATERIALS AND METHODS

Plasmids

Supplementary Table S1 lists all plasmids used in this work.
Plasmid sequences were confirmed by control digests and
Sanger sequencing (Genewiz).

The plasmids containing the lexO-HO system were
cloned in two steps. First, the PlexO-HO-TCYC1 gene was
cloned into pRG205MX (28) by fusing the SacI–SpeI PlexO
fragment of FRP1671 (28) to the EcoRI-XhoI cloned HO
coding sequence amplified from pSD160 (29) and XhoI–
KpnI cloned TCYC1 amplified from S. cerevisiae S288C ge-
nomic DNA. The complete insert was then excised with
EagI and inserted into the NotI site of pRG203MX,
pRG205MX, or pRG206MX (28) containing the PACT1-
LexA-ER-B112-TCYC1 SacI–KpnI fragment from FRP880
(30).

The protein sequences of AsiSI, AscI, FseI, and SbfI
were derived from UniProt (accession numbers: Q83XX1,
E3VXA3, F1KC51, Q4TZJ3). The protein sequence of
SrfI was kindly provided by New England Biolabs. Pro-
tein sequences were appended with the PKKKRKV nu-
clear localization signal and the DYKDDDDK FLAG tag,
codon optimized for expression in S. cerevisiae, acquired as
GeneArt® Strings DNA Fragments (Thermo Fisher Scien-
tific), and cloned as EcoRI–XhoI fragments. Plasmids con-
taining both the inducible restriction enzyme genes and the
LexA-ER-B112 transcription factor were then cloned in the
same way as the lexO-HO system (see above).

The Cas9 plasmid targeting the MATa HO cut site was
derived from the pCAS plasmid (31) and contained the se-
quence TTTATAAAATTATACTGTTG for targeting.

For the single-strand annealing (SSA) assay, we cloned a
cassette to replace the MATa HO cut site region. The SSA
cassette was assembled from several parts in pBluescript
(Stratagene, USA). Targeting sequence H1 corresponds to
the sequence stretch located 259 bp to 25 bp upstream of
the MATa HO cut site and was cloned as a SacI/AscI–
XbaI fragment from S. cerevisiae W303 genomic DNA. Tar-
geting sequence H2 corresponds to the sequence stretch
located 25 bp to 236 bp downstream of the MATa HO
cut site and was cloned as a XhoI–AscI/KpnI fragment
from S. cerevisiae W303 genomic DNA. The URA3MX-
Δ3 and URA3MX-Δ5 parts were cloned as XbaI–BamHI
and HindIII–XhoI fragments from pRG206MX (28), re-
spectively. The HIS3MX marker was cloned as a EcoRI–
HindIII fragment from pRG203MX (28). The 50 bp cen-
tered on the MATa HO cut site were derived as oligonu-
cleotides with BamHI and EcoRI overhangs, annealed, and
cloned into the center of the cassette.

Yeast strains

Supplementary Table S2 lists all yeast strains used in
this work. Strains were generated by crossing or by
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transformation with AscI-linearized plasmids using the
Lithium acetate method (32). Integration of plasmids with
pRG203MX, pRG205MX, or pRG206MX backbone was
confirmed by colony PCR as previously described (28).
Integration of the SSA cassette was confirmed by colony
PCR with oRG167+oRG301 and oRG168+oRG302 (Sup-
plementary Table S3). BAR1 was deleted by one-step gene
replacement using a PCR-derived hphMX cassette (33).

The AsiSI, AscI, FseI, SbfI, or SrfI recognition sequence
was inserted into the MATa HO cut site by Cas9-mediated
genome engineering using the method described in
(31). The repair templates were generated by assembly
PCR using oRG161+oRG164 as external primers and
oRG162+oRG163, oRG205+oRG206, oRG207+oRG208,
oRG2011+oRG212, or oRG213+oRG214 as internal
primers (Supplementary Table S3). The genome mod-
ifications were confirmed by PCR amplification with
oRG167+oRG168 and Sanger sequencing.

Yeast media and culture conditions

Complex yeast medium contained 1% yeast extract, 2%
peptone, and 2% glucose (YPD), 2% lactate (YPL), 2%
galactose (YPG), or 2% lactate and 2% galactose (YPLG).
Synthetic yeast media contained 1× YNB, 1× amino acid
mix lacking specific amino acids and 2% glucose (SD) or 2%
raffinose (SR). Solid media additionally contained 2% agar.

Yeast cells were grown at 30◦C. Liquid cultures were
shaken vigorously.

DSB quantification by quantitative PCR (qPCR)

DSB quantification by qPCR was performed as described
previously (34). Briefly, cells were grown in non-inducing
conditions; cells containing GAL-HO were grown in YPL,
while cells containing the lexO-HO system were grown
in YPD, YPL, YPLG, or SD-Leu. G1-cell cycle arrest
was achieved using 250 ng/ml � factor for YPL cultures
(lower concentrations resulted in incomplete arrest, data
not shown) and 50 ng/ml � factor for YPD cultures. For
G2/M cell cycle arrest, 1% DMSO and 20 �g/ml nocoda-
zole were added. Cultures were allowed to arrest for 1.5 gen-
eration times prior to DSB induction. (Un)budded cell frac-
tions were determined by visually scoring at least 200 cells
per sample. To induce DSB formation, 2% galactose and 2
�M �-estradiol (diluted from a stock solution of 10 mM
�-estradiol in 100% ethanol) were added to GAL-HO cells
and lexO-HO cells, respectively. We withdrew ca. 108 cells
per sample, added 0.1% sodium azide, collected cells by cen-
trifugation, washed with TE (10 mM Tris, 1 mM EDTA, pH
8) containing 0.1% sodium azide, and stored cell pellets at
−20◦C.

We extracted genomic DNA using the MasterPure™
Yeast DNA Purification Kit (Lucigen), including RNase
treatment, and quantified DNA concentrations using the
QuantiFluor® dsDNA System (Promega) according to the
manufacturers’ instructions.

Genomic DNA was diluted in CutSmart® buffer (New
England Biolabs) and analyzed by qPCR. Per sample tripli-
cates containing 13 ng genomic DNA, 300 nM of each for-
ward and reverse primer, and 1× SsoAdvanced™ Universal

SYBR® Green Supermix (Biorad) in a total volume of 10
�l were prepared and run on a CFX384™ Real-Time Sys-
tem (Biorad) with 10 min initial denaturation at 95◦C, fol-
lowed by 40 cycles of 10 sec denaturation at 95◦C and 1 min
annealing and extension at 58◦C. Primers used are listed in
Supplementary Table S4. The fraction of cut genomes f was
calculated according to (35) as

f = 1 − (EDSB)�Cq (t0−t)

(EADH1)�Cq (t0−t)

where EDSB and EADH1 are the primer efficiencies for the
amplicon spanning the DSB formation site and the ADH1
reference amplicon, respectively, and �Cq(t0 − t) is the
difference between the quantification cycles at the initial
time point (prior to DSB induction) and the evaluated time
point.

Single strand annealing (SSA) assay

Cells with the SSA cassette and with lexO-HO or GAL-HO
were grown in SD-His and SR-His, respectively, to suppress
accumulation of His– recombinants prior to the beginning
of the experiments.

To evaluate HO-induced recombination efficiency, lexO-
HO cells were spread on YPD plates with or without 2 �M
�-estradiol and GAL-HO cells were spread on YPG plates
or YPD plates. After 2 days of growth, the survival fre-
quency was calculated as the number of colonies growing
on inducing media divided by the number of colonies grow-
ing on non-inducing media. Recombination was confirmed
by replica-plating on selective media lacking uracil or histi-
dine.

To evaluate leaky HO expression in the absence of induc-
ers, cells were grown in media lacking histidine to suppress
accumulation of His- recombinants prior to the beginning
of the experiments. Then GAL-HO cells were transferred
to YPR and lexO-HO cells to YPD and kept in the expo-
nential growth phase by serial dilution. Prior and four days
after the media change, cells were spotted in a 1:10 dilution
series on YPD and SD-Ura plates and grown for 2 days.
Colonies appearing on the SD-Ura plates were restruck on
SD-His plates to confirm loss of histidine prototrophy.

To evaluate HO-independent spontaneous recombina-
tion, strains containing the SSA cassette but lacking the HO
genes were used in all assays.

Pulse field gel electrophoresis

Cells containing the lexO-AscI or lexO-SrfI system were
grown in YPD and arrested in G2/M by addition of 1%
DMSO and 20 �g/ml Nocodazole for 1.5 generation times.
DSB formation was induced by addition of 2 �M �-
estradiol. Per sample, we withdrew ca. 5.5 × 108 cells, added
0.1% sodium azide, collected cells by centrifugation, washed
with TE containing 0.1% sodium azide, and stored cell pel-
lets at −20◦C. Pellets were washed in 100 mM EDTA pH
8. Per mg cell pellet, we added 0.4 �l 25 mg/ml Zymolyase
20T in 10 mM KPO4 pH 7.5, 4.5 �l 100 mM EDTA pH 8,
and 4.5 �l molten 1% Certified™ Low Melt Agarose (Bio-
rad) in 100 mM EDTA pH 8. The pellet weight of the first
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time point sample was assumed for all subsequent samples
and the increased true pellet weight (due to cell growth with-
out cell division) was compensated by reducing the amount
of added 100 mM EDTA pH 8. The suspension was mixed
and filled into plug molds (Biorad). After solidification,
the plugs were incubated in 500 mM EDTA and 10 mM
Tris pH 8 overnight at 37◦C. We then added 1.4% sarco-
syl and 1.4 mg/ml proteinase K and incubated the plugs
overnight at 50◦C. Plugs were washed four times in TE for
1 h at room temperature. For the in vitro digest, plugs were
subsequently equilibrated four times in CutSmart® buffer
(New England Biolabs) for 1 h at room temperature. Plugs
were then incubated in 250 �l CutSmart® buffer contain-
ing 100 U commercial enzyme (New England Biolabs) at
4◦C overnight followed by incubation at 37◦C overnight
and four 1 h washes in TE at room temperature. Plug slices
were embedded into pulse field gels (1% Pulse Field Cer-
tified Agarose [Biorad] in 0.5× TBE [Biorad]) and run in
0.5× TBE (Biorad) on a CHEF-DR® II system (Biorad)
for 66 h at 14◦C and 5 V/cm with an initial switch time of
47 s and a final switch time of 170 s. The gel was stained
with 1× SYBR™ Gold (Invitrogen) in 0.5× TBE (50 mM
Tris, 50 mM boric acid, 10 mM EDTA) for 1 h in the dark
and imaged with a Gel Doc™ XR+ imager (Biorad).

DSB induction sensitivity assay

Cells were grown in YPD or YPL to exponential growth and
spotted on YPD or YPG medium with or without 2 �M �-
estradiol. YPD and YPG plates were incubated for 2 and
3 days, respectively.

Western blotting

Western blotting was performed according to standard pro-
cedures. Briefly, protein extracts were prepared from 10 ml
samples with OD600 nm ≈1 as described previously (36). 10
�l protein extracts were run on 10% polyacrylamide gels
using the Mini-PROTEAN system (Biorad), transferred on
PVDF membranes using the iBlot™ 2 system, stained with
Ponceau S solution, and blocked with 3% milk in TBS-
T (20 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.5).
FLAG tags were detected using anti-FLAG primary anti-
body (Sigma F1804, 1:2000 in TBS-T + 5% BSA + 0.05%
NaN3) and mouse IgG� binding protein-HRP (Santa Cruz
sc-516102, 1:5000 in TBS-T + 1% milk) and visualized using
the SuperSignal™ West Femto Maximum Sensitivity Sub-
strate (Thermo Scientific) and the Amersham™ Imager 600.

In vitro cutting assay

The repair templates for the hocs::REcs genome engineer-
ing (see above) were used as substrates for the in vitro cut-
ting assay. Per reaction, 200 ng column-purified substrate
were incubated for 2 h with varying amounts of restric-
tion enzyme (New England Biolabs) in 10 �l CutSmart®

(New England Biolabs) at 37◦C or in 10 �l ‘yeast cytosol-
like buffer’ (‘YCB’) containing 300 mM potassium, 20 mM
sodium, 2 mM magnesium, 0.5 mM calcium, 2.5 mM sul-
fate, 50 mM phosphate, 245 glutamate, and 0.1 mg/ml BSA,
pH 6.8 (37) at 30◦C. The reactions were then mixed with 6×

Gel Loading Dye Purple (New England Biolabs), run on
2% agarose gels containing 0.00005% ethidium bromide in
0.5× TBE, and imaged.

Data analysis and visualization

All data analysis and visualization was done with the statis-
tical software R (version 3.6.2) using custom scripts (avail-
able upon request). We used the R packages Biostrings
(version 2.52.0) and BSgenome.Scerevisiae.UCSC.sacCer3
(version 1.4.0) for the localization of restriction enzyme
recognition sites in the S. cerevisiae genome. We used the R
package Gviz (version 1.28.3) (38) to plot the MNase-seq
data from (39) around genomic AscI and SrfI sites.

Reagent Availability

All yeast strains are available upon request. Plasmids are
available from Addgene or upon request (see Supplemen-
tary Table S1).

RESULTS

The lexO-HO DSB formation system is fast, efficient, and
growth media-independent

To overcome the media requirements of the GAL-HO sys-
tem and the associated slow cell growth, we employed a het-
erologous induction system (30). This system is based on an
engineered transcription factor, which is a fusion comprised
of the bacterial DNA-binding protein LexA, an estrogen
receptor domain, and the bacteria-derived transactivation
domain B112. The transcription factor is constitutively ex-
pressed, but translocates into the nucleus only in the pres-
ence of estrogen hormones. It then binds to an engineered
promoter consisting of LexA binding sites fused to the yeast
CYC1 core promoter (PlexO) to drive target gene expres-
sion. We combined, both, the transcription factor and the
PlexO-HO gene, hereafter called the lexO-HO system, in the
same integrative yeast plasmid with the LEU2MX selec-
tion marker (Supplementary Figure S1A). To increase com-
patibility with various strain backgrounds, we also cloned
versions with the URA3MX or HIS3MX selection marker
(Supplementary Table S1).

To evaluate DSB formation with lexO-HO, we used a
yeast strain that contained the natural HO target site at the
MAT locus, but lacked the HML and HMR repair cassettes
to create an unrepairable DSB (Figure 1A). We grew the
strain in complex yeast media containing glucose (YPD),
which allows for optimal growth, and induced HO expres-
sion by adding the estrogen hormone �-estradiol. We mon-
itored DSB formation by quantitative PCR (qPCR) and
found fast and efficient cutting (Figure 1B). More than 70%
of the target sites were cut 0.5 h after hormone addition and
complete cutting was achieved after about 1 h. For a com-
parison, we also monitored target site cutting in a GAL-
HO containing strain and found similar cutting kinetics
upon galactose induction. As expected, continuous lexO-
HO induction reduced cell viability considerably and to the
same extent as GAL-HO induction (Supplementary Figure
S2). Additionally, �-estradiol was stable in YPD medium at
30◦C for at least seven days (Supplementary Figure S3). We
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Figure 1. DSB formation with the lexO-HO system is fast and efficient. (A) Schematic of the lexO-HO system. An unrepairable DSB is generated at
the MAT HO cut site (HOcs), as the repair templates HML and HMR are deleted (not shown). (B) DSB formation upon induction of the lexO-HO or
GAL-HO system was evaluated by qPCR. Means ± standard deviations of three biological replicates are plotted.

conclude that the lexO-HO system enables robust, fast, and
efficient DSB formation.

To test if the lexO-HO system allowed DSB formation in
a growth media-independent fashion, we induced HO ex-
pression in complex yeast media containing glucose (YPD),
lactic acid (YPL), or lactic acid and galactose (YPLG), or
in synthetic medium (SD). In YPD and SD, DSB formation
was fast and we observed complete target site cutting within
1 h (Supplementary Figure S4). In YPL and YPLG, DSB
formation was slower, but >80% of the target sites were cut
within 2 h. We conclude that DSBs can be generated with
lexO-HO in various growth media, although the kinetics
may differ.

DSB repair pathway choice depends on the cell cycle
stage (40) and, thus, DSB formation in synchronized cell
populations is desirable in some experimental settings. To
test if the lexO-HO system can generate DSBs in differ-
ent cell cycle stages, we induced it in G1 or G2/M-arrested
cells. In G1-arrested cells, DSB formation was slower and
incomplete in contrast to cycling cells, but reached about
70% cut target sites within 1 h (Supplementary Figure S5A).
We observed that also GAL-HO-mediated DSB formation
was slowed down and incomplete (80%) in G1-arrested
cells. In G2/M arrested cells, both, lexO-HO and GAL-
HO-mediated DSB formation was fast and complete within
1 h (Supplementary Figure S5B). Thus, lexO-HO facilitates
DSB formation in cell-cycle arrested cells, although cleav-
age is incomplete in G1-arrested cells.

Leaky DSB formation is low when the lexO-HO system is not
induced

An essential requirement for any DSB formation system
is low expression in the absence of the inducer (leakiness)
to prevent unscheduled DSBs. To evaluate the leakiness of
the lexO-HO system, we devised a single strand annealing
(SSA) assay (Figure 2A). We split the URA3MX gene into
two overlapping parts and inserted the 5′ part upstream and
the 3′ part downstream of the HO cut site at the MAT lo-
cus. We placed a HIS3MX marker gene between the HO
cut site and the URA3MX 3′ part. DSB formation at the
HO cut site, resection of the DSB ends, and annealing of
the overlapping URA3MX sequences will form a functional
URA3MX gene and remove the HIS3MX gene. To confirm

the validity of the assay system, we induced HO expres-
sion and found more than 95% surviving cells and the ex-
pected switch of histidine to uracil prototrophy (Figure 2B).
We then grew cells with the SSA cassette and lexO-HO un-
der non-inducing conditions (YPD without �-estradiol) for
four days and evaluated cassette recombination by spot as-
say on selective media lacking uracil (Figure 2C). We found
negligible cassette recombination. As a comparison, with
non-induced GAL-HO (grown in YP with raffinose and
without galactose) we detected a slightly higher cassette re-
combination. As expected, all Ura+ recombinants had lost
the HIS3MX marker and did not grow when restruck on
media lacking histidine (data not shown). We conclude that
leaky DSB formation is low when the lexO-HO system is
not induced.

Expression of bacterial restriction enzymes generates DSBs
in live yeast cells

We sought a system to create a few dozen defined and
unique DSBs in the S. cerevisiae genome. We found that
the restriction enzymes AsiSI, AscI, FseI, SbfI, and SrfI
have 38, 28, 22, 96, and 20 naturally occurring 8 bp recog-
nition sites in the yeast genome (S288C), respectively (Sup-
plementary Figure S6). The recognition sequences do not
occur in mitochondrial DNA, yeast transposons, ribosomal
DNA, telomeric and subtelomeric repeats, or the 2 micron
plasmid. We cloned yeast codon usage-optimized genes en-
coding these restriction enzymes, added a nuclear localiza-
tion sequence, and controlled their expression in yeast cells
with the lexO system (Figure 3A and Supplementary Figure
S1B).

To compare how efficiently the different restriction en-
zymes could generate DSBs, we inserted their recognition
sequence at the MAT HO cleavage site and monitored cut-
ting by qPCR. We found that SrfI cutting was comparable
to cutting with HO (Figure 3B). AscI led to complete cut-
ting within 2 h of induction. SbfI, FseI, and AsiSI cut with
slower kinetics. As expected, restriction enzyme expression
also considerably reduced cell viability (Figure 3C). We con-
clude that the bacterial restriction enzymes AsiSI, AscI,
FseI, SbfI, and SrfI can be used to create DSBs in live yeast
cells and that SrfI and AscI allow DSB formation with fast
kinetics.
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Figure 2. Leaky DSB formation is low when lexO-HO is not induced. (A) Schematic of the single strand annealing (SSA) assay. Repair of the HO-induced
DSB by SSA results in the formation of an intact URA3MX gene, while the HIS3MX gene is lost. (B) HO induction results in efficient recombination
of the SSA cassette. Cells with the SSA cassette and with (+) or without (–) the indicated HO genes were grown on inducing and non-inducing media
and survival frequencies were calculated by dividing the number of colonies forming under these conditions. Histidine and uracil prototrophy of colonies
grown on inducing media was evaluated by replica-plating on selective media. The mean ± standard deviation of three biological replicates is plotted. n.s.:
not significant (Student’s t-test). (C) Evaluation of leaky HO expression. Strains with the SSA cassette and with (+) or without (–) the indicated HO genes
were grown in non-inducing conditions for the indicated time and then spotted on the indicated media in a 1:10 dilution series. A representative example
of three biological replicates is shown. See Materials and Methods for experimental details.

We considered two possibilities for the variation in cut-
ting kinetics displayed by the restriction endonucleases: (i)
different nuclease expression levels and (ii) different enzy-
matic activities in yeast cells. By western blot analysis we
indeed found expression level differences. However, they did
not correlate with the observed cutting kinetics (Supple-
mentary Figure S7). To evaluate if the nucleases have differ-
ent enzymatic activities inside S. cerevisiae cells, we tested
the in vitro activities of SrfI, AscI, and AsiSI in a buffer re-
flecting the yeast interior milieu (37). We found high activ-
ity for SrfI, modest activity for AscI, and weak activity for
AsiSI (Supplementary Figure S8). Thus, the different cut-
ting kinetics are probably attributable to the nucleases’ en-
zymatic activities in S. cerevisiae cells.

Bacterial restriction enzyme expression generates multiple
defined DSBs in the yeast genome

To evaluate DSB formation at the endogenous recognition
sequences in the yeast genome, we used pulse field gel elec-
trophoresis. The structure of S-phase chromosomes pre-
vents them from entering the gel. To avoid this problem,
we used G2-arrested cells. Upon SrfI induction, bands cor-
responding to intact chromosomes disappeared within 1 or
2 h, indicating that at least one of their SrfI recognition sites
was cut (Figure 4A). By comparison with in vitro digested
chromosomal DNA, several new bands could be identified
as final cutting products. Some bands appeared transiently
and most likely corresponded to intermediate products con-

taining yet uncleaved SrfI recognition sites. We noted that
the shorter cutting product bands shifted up over time indi-
cating resection of their ends (41). Notably, the bands cor-
responding to chromosomes I, VI, VIII, and XI, which lack
SrfI recognition sites, remained unchanged throughout the
experiment. We obtained similar results when expressing
AscI, albeit with slightly slower cutting kinetics (Supple-
mentary Figure S9A). We conclude that SrfI or AscI expres-
sion leads to fast DSB formation exclusively at their recog-
nition sites in the yeast genome.

We wondered if the cutting kinetics differed between spe-
cific sites and if there was an influence of the local chromatin
structure. Using a published MNase-seq data set (39), we se-
lected SrfI recognition sites located in regions of high or low
nucleosome occupancy (Supplementary Figure S10) and
quantified DSB formation at these sites by qPCR. Cutting
kinetics indeed differed between some sites and were neg-
atively correlated with nucleosome occupancy (Figure 4B).
We found similar results for AscI (Supplementary Figure
S9B). Importantly, most sites were completely cut within 4 h
and all sites were cut within 8 h of induction. Thus, DSB for-
mation at specific SrfI and AscI sites varies and is negatively
influenced by nucleosome occupancy.

DISCUSSION

The goal of this study was to develop growth media-
independent, tightly regulated, and efficient systems to cre-
ate DSBs at a unique site or multiple defined sites in the
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Figure 3. Expression of bacterial restriction enzymes generates DSBs in live yeast cells. (A) Schematic of restriction enzyme (RE)-mediated DSB formation
in yeast. DSBs are created at the endogenous restriction sites and at an engineered MAT HO cut site (hocs::REcs). A DSB at hocs::REcs is unrepairable,
as HML and HMR are deleted (not shown). (B) DSB formation at hocs::REcs upon induction of the lexO-RE systems was evaluated by qPCR. For a
comparison, DSB formation with the lexO-HO system was measured as well. Means ± standard deviations of three biological replicates are plotted. (C)
DSB induction sensitivity assay. Cells with the indicated endonucleases under the control of the lexO system were spotted in a 1:10 dilution series on media
without or with �-estradiol. As a control, cells lacking an inducible nuclease gene were spotted as well (–). A representative example of three biological
replicates is shown.

S. cerevisiae genome. We achieved this goal using an engi-
neered induction system to control expression of the yeast
endogenous HO endonuclease or bacterial restriction en-
zymes with ca. 20–100 endogenous recognition sites.

We developed the lexO-HO system to alleviate the me-
dia requirements of the GAL-HO system, which results in
reduced cell growth and makes working with slow-growing
mutant strains tedious. The lexO-HO system is based on the
engineered induction system described in (30), which had
been developed to be growth media-independent. Accord-
ingly, lexO-HO facilitated DSB formation in various me-
dia. Specifically we could generate DSBs in media for op-
timal growth (YPD), in media that would allow e.g. galac-
tose induction of other genes (YPL and YPLG), and in me-
dia for plasmid selection (SD). The media-independence of
the lexO-HO system can be exploited to study how DSB
signaling and repair may differ in various metabolic states.
This could facilitate new insights into the interplay between
the cell’s metabolism and the DNA damage response, which
has been implicated in cancer, aging, and metabolic diseases
(42–45).

lexO-HO induction resulted in fast and efficient DSB
formation in most tested conditions. We found reduced
and slower DSB formation in G1-arrested cells, where the
generation of DSBs is most likely counteracted by their
efficient religation via the non-homologous end joining
(NHEJ) pathway (46). The lexO-HO system might not
reach a high enough HO expression level to push the DSB
formation/religation equilibrium further. If complete DSB

formation in G1-arrested cells is desired, the lexO-HO sys-
tem could potentially be modified for higher HO expression
levels for example by increasing its copy number. Alterna-
tively, NHEJ factors could be deleted. lexO-HO-mediated
DSB formation was also reduced in unsynchronized YPL
and YPLG cultures. Compared to YPD medium, these me-
dia result in a slowed-down cell cycle progression and a
prolonged G1 phase (47,48), where DSB formation proba-
bly competes with NHEJ-mediated religation. The HO ex-
pression level achieved with lexO-HO seems not to be high
enough to sustain fast DSB formation in this situation. In
contrast, efficient DSB formation could be achieved with
GAL-HO under these conditions, suggesting that HO ex-
pression using the GAL10 promoter is stronger than with
the lexO system.

Using an SSA assay as a readout, we found leakiness of
the lexO-HO system to be low. This prevents unscheduled
DSB formation and associated problems, such as target site
mutations, which would prevent further DSB formation,
and premature product formation in recombination assays.
Thus, the lexO-HO system could be used in a variety of DSB
repair assays.

One limitation of the lexO-HO system is that HO expres-
sion cannot be easily shut off for transient DSB formation.
In contrast, the GAL-HO system can be transcriptionally
repressed by glucose addition to the culture media (15). To
achieve transient HO expression with the lexO-HO system,
the anchor-away system (49) or the auxin-inducible degra-
dation system (50) could be used, although, given the al-
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Figure 4. Multiple DSB generation with lexO-SrfI. (A) Pulse field gel electrophoresis of cleaved chromosomes upon SrfI induction. On the left, chromo-
somes are drawn to scale and SrfI recognition site locations are indicated by red lines. The SrfI site on chrIII was engineered into the MAT HO cut site
(dashed red line). i.v.: in vitro digest of the 0 h sample with commercial SrfI (NEB). A representative example of two biological replicates is shown. (B) DSB
formation at genomic SrfI recognition sites was evaluated by qPCR. Means ± standard deviations of three biological replicates are plotted. Nucleosome
occupancy was evaluated using MNase-seq data from (39). See also Supplementary Figure S10.

ready short HO half-life (51), success might be limited for
the latter approach. In DSB repair-proficient strains, the
lexO-HO system could also be flanked with HO cut sites
and possibly direct repeats to remove its genes by SSA upon
induction (52).

Another goal of this study was to devise a system for the
inducible formation of multiple defined DSBs in the yeast
genome. To this end, we expressed the bacterial restriction
enzymes AscI, AsiSI, FseI, SbfI, or SrfI, whose 8 bp recog-
nition sequences naturally occur at ca. 20–100 sites in the
yeast genome. We found that all five tested restriction en-
zymes could cut genomic DNA in live yeast cells. SrfI and
AscI showed the fastest cutting at an engineered recogni-
tion sequence within the MAT HO cut site. Cutting ki-
netics differed among the other genomic recognition sites,
where high nucleosome occupancy was correlated with less
efficient cutting. This observation parallels the finding that
Cas9-mediated cleavage efficiency is reduced in regions of
high nucleosome occupancy (53).

Interestingly, AsiSI cut with the slowest kinetics in live
yeast cells. AsiSI has been used for DSB formation in mam-
malian cells, where it shows fast cutting at some genomic

sites (54). A reason for this difference might be that we
added an NLS and FLAG tag at AsiSI’s C terminus, while
AsiSI is tagged N-terminally in the mammalian system. In-
dependently of the tagging, AsiSI’s enzymatic activity might
be poor in the yeast interior milieu. Supporting this notion
we found poor activity of AsiSI in a corresponding in vitro
assay.

The employed restriction enzymes generate different
DSB ends. AscI generates ends with 4 nt 5′ overhangs, AsiSI
generates 2 nt 3′ overhangs, SrfI generates blunt ends, and
FseI and SbfI generate 4 nt 3′ overhangs. Various DSB pro-
cessing enzymes show different activities for substrates with
blunt ends, 3′ overhangs, or 5′ overhangs in vitro (55,56).
The restriction enzyme systems presented here can be used
to confirm and extend these observations in vivo.

We envision that our system can be coupled with high-
throughput technologies to elucidate the impact of chro-
matin context on DSB processing. Indeed, multi DSB for-
mation systems in mammalian cells based on I-PpoI or
AsiSI in combination with ChIP-chip or ChIP-seq revealed
the interplay between repair factor recruitment, chromatin
modifications, and transcription at DSBs (54,57–59). One
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advantage of our yeast system is that DSB formation is
fast and complete at most evaluated sites, which will re-
sult in temporally homogeneous DSB processing in a cell
population, supporting quantitative analysis of DSB repair
events. To direct DSB formation to specific genome regions
of interest, further recognition sequences can be added by
CRISPR/Cas9-mediated genome engineering. In the case
of AscI, new cleavage sites can also be easily inserted us-
ing the dominant marker cassettes that are commonly used
for PCR-mediated gene knock-outs in S. cerevisiae, as these
cassettes usually contain an AscI site (33,60). Sites of low
nucleosome occupancy should be chosen to achieve fast and
efficient cutting.

Finally, the lexO-based induction system could also be
used to control the expression of other endonucleases, such
as Cas9 or I-SceI. I-SceI is a yeast-endogenous endonucle-
ase encoded within a self-splicing intron in the mitochon-
drial rDNA locus (61). I-SceI creates a DSB in intron-less
rDNA loci to stimulate recombination and spreading of
its gene in a gene drive-like process called intron homing.
Inducible I-SceI expression has been used for site-specific
DSB formation in both yeast and mammalian cells (62,63).

In summary, our systems for the formation of single or
multiple defined DSBs in the yeast genome are fast, effi-
cient, and growth media-independent. We expect that they
will prove to be useful tools for DSB repair studies in S.
cerevisiae.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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