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Summary
Different procedures used for targeted genetic manipulations are based on homologous recombination between chromosomal and exogenous DNA. A double-strand break
(DSB) present on the plasmid molecule stimulates and directs plasmid integration to the
homologous sequence in the yeast genome and we wondered whether this process could
be further enhanced in selected DNA repair mutants. In order to compare the results obtained in different yeast strains, the efficiency of transformation with a linear integrative
plasmid was compared to that obtained with a circular replicative plasmid. With respect
to the wild type, the relative efficiency of transformation was increased in the sgs1 and
exo1 mutants and decreased in the rad1 and srs2 mutants. Inactivation of the SGS1 or
EXO1 gene stimulated plasmid integration 4- to 5-fold, while 15-fold increase was observed in the double sgs1 exo1 mutant. This result indicates that the two proteins participate in different cellular processes that limit plasmid integration in the wild type yeast.
Southern blot analysis of 20 transformants obtained in the double mutant confirmed that
they occurred by homologous integration to the target sequence. Homologues to both
EXO1 and SGS1 genes have been found in other organisms and we suggest that their inactivation may also lead to enhanced gene targeting.
Key words: gene targeting, SGS1, EXO1, RAD1, SRS2, plasmid integration

Introduction
Initial studies of the yeast Saccharomyces cerevisiae
transformation pointed out that the integration of exogenous circular DNA occurs by recombination with the
homologous sequence present in the genome (1). A double-strand break (DSB) introduced on the plasmid molecule prior to transformation stimulates and targets integration process to the chromosomal homologous region
(2) and these observations have led to the elaboration of
the DSB model for genetic recombination (3). Linear
DNA fragments introduced by transformation may participate in another type of homologous recombination,
where the resident allele is directly replaced by the allele present on the transforming fragment (4). Both plas-

mid integration and gene replacement, with different
experimental modifications, are today routinely used to
introduce any desired genetic alteration in the yeast genome. However, gene targeting technologies are less efficient in other organisms, from fungi (5) to mammals
(6), where the large majority of integration events usually occur by illegitimate recombination. This presents
the major obstacle for genetic manipulations in fundamental and applied research and a lot of effort is being
made to overcome this problem (7). Development of
procedures that would stimulate homologous recombination and/or suppress the illegitimate integration was
proposed as a way to improve the efficiency of gene targeting (6).
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More than 100 gene products are involved in DNA
repair and replication in yeast and a subset of these
genes participate in different pathways of homologous
and illegitimate recombination (8,9). The genes assigned
to the RAD52 epistasis group occupy the central position in homologous recombination, including three homologues to the bacterial recA gene expressed in vegetative
cells. The step preceding the strand exchange is processing of the DSBs and formation of long 3’ single-stranded
ends that initiate recombination. In spite of numerous
genetic and biochemical studies, the molecular sequence
of events and the exact role of several nucleases involved in this process are still not known (10). Another
poorly characterized step is resolution of the recombination intermediate and the activity equivalent to that of
the bacterial RuvC protein, which cuts Holliday junction
(HJ) intermediates, has not been identified in yeast yet.
Formation and appropriate resolution of HJs could be
the critical point in gene targeting, since it has been
shown that more than 95 % of repair events do not result in integration of the linearized replicative plasmid
(11). In other words, channelling of the recombination
process to the pathway that gives crossover products
could significantly increase plasmid integration.
Recently Ira et al. (12) have shown that deletions of
the SGS1 and SRS2 genes increase the proportion of
DSB repair events which give crossover products in the
yeast vegetative cells and it was proposed that these
two helicases suppress crossovers by distinct mechanisms. Other DNA repair mutants tested in their study
did not influence crossover frequency, including the
exo1 and rad1 mutants. However, the study of plasmid
gap repair in different nuclease mutants revealed increased crossover frequency in the exo1, but not in the
rad1 mutant (13). Both rad1 and srs2 mutants were isolated in a screen designed to detect mutations that decrease plasmid-chromosome recombination (14).
In the work presented here we analyzed the effect
of the null mutations in the RAD1, EXO1, SRS2 and
SGS1 genes on plasmid integration. Integration was decreased in the rad1 and srs2 strains, but increased in the
exo1 and sgs1 mutants. These two mutations acted synergistically in promoting integrative transformation resulting in 15-fold increase with respect to the wild type
strain.

Material and Methods
Yeast strains and plasmids
The list of yeast strains used in this work is presented in Table 1. The double mutant ES1 sgs1 exo1 was
constructed by crossing of FF1727 with YOR033c and
random spore analysis. The genotype of the strain ES1
was determined by complementation analysis and Southern blotting. The plasmid pAB218-7 (6.6 kb), containing the yeast URA3 and CYC1 genes, was used in plasmid integration assay after the restriction with EcoR I
that creates a DSB in the 1.7 kb CYC1 region (15). Replicative plasmid pLS42 (6.5 kb), containing the yeast
URA3 gene (16), was used as a control for transformation efficiency. Standard media and procedures were
used for cultivation of bacterial and yeast strains and
DNA manipulations (17,18).

Yeast transformation
Yeast cells were transformed by a modified spheroplast procedure (19) with minor modifications. Briefly,
the transforming DNA was added to the spheroplast
suspension and after the addition of polyethylene glycol, the suspension was mixed with 75 mL of regenerating agar without uracil and poured in three Petri dishes.
A mass of 60 ng of the plasmid pAB218-7 cut with EcoR I
and 0.5 ng of the plasmid pLS42 were used for transformation and no carrier DNA was added. Transformation
efficiency obtained with replicative plasmid was typically 3–4 ·105 transformants per mg of DNA. Each experiment was performed in triplicate and was repeated three
to five times for each strain.

Molecular analysis of transformants
Southern blot analysis was performed as already
described (20). Genomic DNA was cut with Pvu II and
hybridized to the labelled pBR322.

Results
Integration of linearized plasmid molecules into the
yeast genome occurs by homologous recombination and
the aim of this study was to investigate whether the efficiency of this process may be enhanced in some DNA
repair mutants. In order to compare the results obtained

Table 1. Yeast strains
Strain

Relevant genotype

Source

FF18733

MATa leu2–3,112 trp1–289 ura3–52 his7–2 lys1–1

F. Fabre*

FF18744

MATa leu2–3,112 trp1–289 ura3–52 his7–2 lys1–1 srs2::LEU2

F. Fabre*

FF1727

MATa leu2–3,112 trp1–289 ura3–52 his7–2 lys1–1 sgs1::LEU2

F. Fabre*

FF1481

MATa leu2–3,112 trp1–289 ura3–52 his7–2 lys1–1 rad1::LEU2

F. Fabre*

BY4742

MATa leu2D0 ura3D0 his3D1 lys2D0

EUROSCARF**

Y11809

MATa leu2D0 ura3D0 his3D1 lys2D0 exo1::kanMX4

EUROSCARF**

ES1

MATa leu2–3,112 ura3–52 his7–2 lys1–1 exo1::kanMX4 sgs1::LEU2

This study

*CEA de Fontenay-aux-roses
** http://web.uni-frankfurt.de/fb15/mikro/euroscarf
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in different transformation experiments, yeast strains
were transformed with integrative plasmid pAB218-7
cut with the restriction enzyme EcoR I (Fig. 1A) and
replicative plasmid pLS42, used as a control. For each
sample the efficiency of transformation was expressed
as the number of transformants per mg of plasmid DNA.
For each strain, the relative efficiency of transformation
(RET) was calculated as the ratio between transformation efficiencies obtained with integrative and replicative plasmid.

The DNA repair mutants used in this study were
derived from different wild type strains, FF18733 and
BY4742 and we first determined the RETs in these two
strains. The results presented in Table 2 indicated that
the differences in the genetic background did not influence significantly the RET. Therefore, the data obtained
in these eight experiments were pooled together and the
mean value was used for comparison with the mutant
strains.

Fig. 1. Molecular analysis of transformants obtained in the sgs1 exo1 strain. A. Schematic presentation of plasmid integration targeted to
the CYC1 region by a DSB introduced with EcoR I. Position of restriction sites for Pvu II, used to digest the genomic DNA of transformants, is indicated. B. Southern blot analysis of 20 transformants. Lanes 3, 16, 17 multiple integration. M, size standard. Genomic
DNA was hybridized to the labeled vector sequence

Table 2. RET indicates the ratio between transformation efficiencies obtained with integrative plasmid pAB218-7 cut with EcoR I and
replicative plasmid pLS42
Relative efficiency of transformation (RET)
1

2

3

4

Mean value ±
standard deviation

FF18733

0.002921

0.004323

0.002564

0.001762

0.002892± 0.001070

BY4742

0.0014756

0.002309

0.004692

0.002681

0.002789± 0.001365

Strain

Mean value for both strains ±
standard deviation
0.002841± 0.001137
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Different DNA nucleases and helicases participate in
the process of homologous recombination in yeast. We
decided to analyze the role of null mutations in the genes
encoding two helicases, Srs2 and Sgs1 and two nucleases,
Rad1 and Exo1 on plasmid integration. Interestingly,
while deletion of the RAD1 gene, encoding the subunit of
the ss-endonuclease, decreased plasmid integration, integrative transformation was stimulated by deletion of the
EXO1 gene. Mutations in the genes encoding two DNA
helicases, Srs2 and Sgs1 also had opposite effects on
plasmid integration (Fig. 2). In comparison with the wild
type strains, the RET increased more than 4-fold in the
exo1 and sgs1 mutants. In order to find out whether
plasmid integration can be further stimulated we constructed the double sgs1 exo1 mutant and here more than
15-fold increase in the RET was observed (Fig. 2).

Fig. 2. Relative efficiency of transformation in different yeast
strains. Increase in RET in comparison with the wild type (w.t.) is
indicated, together with standard deviations (vertical bars)

Integration of the exogenous DNA in the yeast genome by illegitimate recombination has also been observed (20,21). Although this process occurs with very
low efficiency in the wild type yeast, it was possible that
the high increase in integrative transformation observed
in the sgs1 exo1 double mutant was due to the increased
illegitimate integrations. In order to rule out this possibility, we performed the Southern blot analysis of 20 independent transformants. They all arose by DSB-targeted homologous integration in the CYC1 region (Fig.
1B) and three transformants contained multiple plasmid
integrations. In our previous study we found out that,
using the same transformation procedure, multiple integrations occur with the frequency of 10–20 % (22).

Discussion
The possibilities for gene manipulations in a number of organisms are limited by the lack of efficient gene
targeting procedures. This is certainly not the case in the
yeast Saccharomyces cerevisiae, where the large majority
of integration events occur by recombination between

homologous sequences present in exogenous and genomic DNA. However, even here, the efficiency of integrative transformation is much lower than the efficiency of
transformation obtained with replicative plasmids. In the
experimental system described in this work, the yield of
transformants per mg of DNA in the wild type strain
was more than 300-fold lower with linearized integrative plasmid pAB218-7 than with the replicative plasmid
pLS42 (Table 2), although the two plasmids are of comparable sizes. This is not surprising, since integrative
transformation requires efficient search for homology in
the genome followed by the initiation of the recombination process. Moreover, only those recombination events
giving rise to crossover products result in plasmid integration, while the repair of DSBs present on plasmid
molecules is rarely associated with reciprocal recombination (11). Finally, linear DNA molecules used for gene
targeting may be subjected to degradation by different
nucleases present in the cell decreasing the chance for
successful integration. In other words, although gene
targeting is routinely used for gene manipulations in
yeast, it seems reasonable to speculate that the efficiency
of this process could be further enhanced.
Plasmid integration in different nuclease mutants has
already been studied by Symington et al. (13). In rad1 and
mre11 mutants a decrease in plasmid integration was observed, while deletion of the EXO1 gene resulted in
2.2-fold increase. This stimulation of plasmid integration
was not attributed to the greater stability of linear DNA
in the mutant, but rather to the inactivation of the mismatch repair system, which was shown to decrease recombination between sequences that are not perfectly homologous (22,23). In another study, Ira et al. (12) analyzed
the frequency of crossovers associated with chromosomal
DSB repair in the sgs1 and srs2 mutants. Deletion of either of the two helicases resulted in 2- to 3-fold increase
in the crossover frequency. They proposed that these two
helicases act in different steps of the recombination process that result in noncrossover products. The main goal
of the present study was to establish whether inactivation
of these genes would increase plasmid integration already observed in the exo1 mutant.
Results obtained with nuclease mutants, rad1 and
exo1, are similar to those obtained by Symington et al.
(13). However, while we observed 5-fold increase in plasmid integration, plasmid integration in the exo1 mutant
was stimulated only 2.2-fold in their assay. The reduction in plasmid integration in the rad1 mutant was also
more pronounced in the results reported here. These
differences could be due to different factors, like genetic
background of the strains or different recombination substrates used in these studies. They followed integration
of the plasmid containing the 238 bp gap in the middle
of the MET17 region (2.6 kb), while our plasmid contained a DSB in the CYC1 region (1.7 kb). It should also
be noted that the high concentration of carrier DNA used
by Symington et al. (13) in lithium acetate transformation protocol could influence the results, especially when
nuclease mutants are compared to the wild type strain.
In our experiments yeast spheroplasts were transformed
in the absence of carrier DNA and this could explain
more pronounced effects observed in both nuclease mutants.
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The proportion of DSB repair events associated with
crossover was shown to be elevated in both srs2 and
sgs1 mutants (12), but the results presented in Fig. 2 indicate that the absence of Sgs1 or Srs2 helicase have opposite effects on plasmid integration. While inactivation
of the SGS1 gene stimulated integration more than 4-fold in comparison with the wild type, a 3-fold reduction of the RET was observed in the srs2 mutant. srs2
mutants are sensitive to UV and ionizing radiation (24)
and have decreased capacity to repair DSB induced in
vivo on a centromeric plasmid (14) or in the ectopic position in the genome (25). It has been proposed that toxic
recombination intermediates are formed in the absence
of the Srs2 protein (26) and this could also explain a decrease in plasmid integration observed in our plasmid
integration assay in the srs2 mutant. On the other hand,
inactivation of the SGS1 gene could influence only the
resolution of the intermediate, favouring formation of
the crossover products. Consequently, repair of the DSB
present on the plasmid molecule was channelled to the
pathway resulting in reciprocal recombination, thus enhancing integrative transformation in the sgs1 mutant.
Finally, the most interesting result emerging from
our study is the synergistic effect of mutations in the
genes SGS1 and EXO1 in stimulation of plasmid integration. Inactivation of either gene promotes integration
4- to 5-fold, while 15-fold increase in RET was observed
in the double mutant. This observation indicates that the
two proteins are involved in different processes that
limit plasmid integration in the wild type yeast. However, our findings may also have practical implications
on the development of gene targeting strategies. Namely,
homologues of these two genes have been detected in
higher organisms, including mammals, and their inactivation may result in increased gene targeting like in the
experiments described here. An increase in the proportion of DSB repair events that occur by homologous recombination has already been reported in chicken (27)
and human (28) cell lines mutated in the SGS1 homologue (Blm–/–). However, since Blm–/– cells exhibit genomic instability, temporary inactivation of SGS1 and
EXO1 homologues by the interfering RNA (iRNA) technology (29) could be a particularly convenient way to
stimulate targeted integrations.

Conclusions
Different factors can influence the efficiency of procedures used for targeted genetic manipulations. Here
we demonstrate that the reciprocal recombination between exogenous DNA and chromosomal homology can
be strongly enhanced in some yeast DNA-repair mutants. Our results may encourage similar studies in
other organisms, where inefficient gene targeting presents the major obstacle for genetic manipulations.
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Inaktivacija gena SGS1 i EXO1 sinergisti~ki stimulira integraciju
plazmida u kvascu
Sa`etak
Metode koje se primjenjuju za uvo|enje ciljanih geneti~kih promjena osnivaju se na
procesu homologne rekombinacije izme|u kromosomske i egzogene DNA. Dvolan~ani
lom na plazmidnoj molekuli stimulira i usmjerava integraciju plazmida u homolognu sekvenciju u kva{~evom genomu, pa je u ovom radu istra`eno mo`e li se u~estalost tog
procesa dodatno pospje{iti inaktivacijom pojedinih gena odgovornih za popravak DNA.
Da bi se usporedili rezultati dobiveni u razli~itim sojevima kvasca, me|usobno su uspore|ene uspje{nosti transformacije postignute lineariziranim integrativnim i kru`nim replikativnim plazmidom. U usporedbi s divljim tipom, relativna uspje{nost transformacije pove}ana je u mutantima sgs1 i exo1, a smanjena u rad1 i srs2. Inaktivacija gena SGS1 i EXO1
stimulirala je integraciju plazmida od 4 do 5 puta, dok je u dvostrukom mutantu (sgs1 exo1)
uo~eno pove}anje od 15 puta. Ovaj rezultat pokazuje da spomenuti proteini sudjeluju u
razli~itim stani~nim procesima koji ograni~avaju integraciju plazmida. Analiza 20 transformanata dvostrukoga mutanta, metodom po Southernu, pokazala je da su oni nastali homolognom integracijom plazmidne molekule u ciljanu regiju. Homolozi gena EXO1 i SGS1
prona|eni su i u drugim organizmima pa bi njihova inaktivacija tako|er mogla pove}ati
uspje{nost uvo|enja ciljanih geneti~kih promjena.

