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Abstract

In order to explore the mechanisms employed by
living cells to deal with DNA alterations, we have
developed a method by which we insert a modified
DNA into a specific site of the yeast genome. This is
achieved by the site-specific integration of a modified
plasmid at a chosen locus of the yeast genome,
through the use of the Cre/lox recombination system.

In the present work, we have used our method to
insert a single UV lesion into the yeast genome, and
studied how the balance between error-free and error-
prone lesion bypass is regulated. We show that the
inhibition of homologous recombination, either
directly (by the inactivation of rad51 recombinase) or
through its control by preventing the poly-
ubiquitination of PCNA (ubcl13 mutant), leads to a
strong increase in the use of TLS. Such regulatory
aspects of the DNA damage tolerance could not have
been observed with previous strategies using plasmid
or randomly distributed lesions, which shows the
advantage of our new method.

The very robust and precise integration of any
modified DNA at any chosen locus of the yeast genome
that we describe here is a powerful tool that will allow
exploration of many biological processes related to
replication and repair of modified DNA.

Introduction

Various exogenous and endogenous agents pose a
constant threat to the genome of all organisms,
resulting in DNA modifications such as abasic sites, DNA
adducts 1, DNA crosslinks (intra- or inter-strand), DNA-
protein crosslinks 2, presence of ribonucleotides 3, etc.
Unrepaired, these modifications present a serious
challenge to a cell, as they may impair replication or
give rise to deleterious mutations. In response to those
threats, organisms have evolved many different
mechanisms to deal with DNA damage.

Numerous repair systems exist that remove various
modifications from DNA in an error-free manner 4.
However, despite their efficient action, it is inevitable
that some damages will persist long enough to be
present during replication, which can lead to replication
defects (replication blocks or delays, fork collapse, etc.)

or alter replication fidelity. Therefore, to complete
replication and maintain cell survival in the presence of
residual DNA damages, cells have evolved two DNA
Damage Tolerance (DDT) mechanisms: i) Translesion
Synthesis (TLS), employing specialized DNA polymerases
able to insert a nucleotide directly opposite the lesion.
This pathway is potentially mutagenic due to the
miscoding nature of most damaged nucleotides and to
the low fidelity of the TLS polymerases (reviewed in 5);
ii) Damage Avoidance (DA, also named strand switch,
copy choice or homology directed gap repair), a
generally error-free pathway where the cells use the
information of the sister chromatid to circumvent the
lesion in an error-free manner (reviewed in 6). The
balance between error-free and error-prone
mechanisms is important since it defines the level of
mutagenesis during lesion bypass.

Decades of studies of DNA damage tolerance have
yielded significant advances in our knowledge. It is well
established that in eukaryotic cells, error-prone TLS is
controlled by PCNA mono-ubiquitination while error-
free DA is triggered by PCNA poly-ubiquitination.
However, several questions remain regarding how the
balance between these two pathways is controlled.

Over the years, many assays have been developed to
study TLS and DA. Yet, their main limitation is that they
do not allow to monitor both TLS and DA at the same
time. Genome-wide assays involving treatment with
DNA damaging agents allows to monitor toxicity and
mutagenesis, but are blind to error-free events. The
introduction of single lesions onto replicative plasmids
have been successfully used to monitor error-free and
error-prone TLS 712, However, plasmid-based assays are
not suited for the analysis of DA events, as during
plasmid replication, when a lesion is encountered,
replication fork uncoupling leads to full separation of
the daughter strands in plasmids, while DA events
require close proximity of the two sister chromatids 13.

To overcome the limitations of these approaches, we
designed an assay to follow the fate of a single
replication-blocking lesion introduced in the genome of
a living cell. Our group has previously developed such
assay in Escherichia coli 1314, and showed that indeed,
such approach allows to monitor both TLS and DA
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events, and the interplay between these two tolerance
mechanisms. It appeared necessary to develop a similar
approach in eukaryotic cells in order to explore DNA
damage tolerance in this kingdom of life. We chose to
use the yeast Saccharomyces cerevisiae which provides
an invaluable model due to the ease of genetic
manipulation and high homology with several human
genes. Furthermore, recent progress in construction of
yeast strains with humanized genes and pathways
opens up many possibilities for the study of human
genes and processes in a simpler organismal context 15.

The method described here involves the site-specific
integration of a vector containing a single DNA
modification and a strand marker that allows to
distinguish the modified from the non-modified strand
upon replication. A simple colorimetric assay permits to
monitor TLS and DA events.

We have used our method to insert two different UV
lesions into the genome of the yeast Saccharomyces
cerevisiaze. We confirm the involvement of several
specialized DNA polymerases that has previously been
observed using randomly distributed lesions and
plasmid assays. In addition, we show that impairing the
DA pathway either at the control level (ubc13) or at the
effector level (rad51), leads to an increase in the use of
both error-free and mutagenic TLS. Such interplay
between TLS and DA has never been observed before as
it can only be evidenced on the chromosomal DNA and
at the level of a single lesion. It shows the advantage of
our method over currents approaches relying on
plasmid-based assays or lesions randomly distributed
over the genome.

Results
1. Site-specific integration into the yeast genome

In order to overcome the limitations previously
described, we developed an assay that allows to follow
the fate of a single replication-blocking lesion in the
yeast genome. This technique is
based on a non-replicative
plasmid containing a single lesion,
which is stably integrated into one
of the chromosomes using site-
specific recombination, as
previously described for E. coli
13,14 (Fig.1). After testing several
integration strategies (see
supplementary information), we
chose a modified version of the
Cre/lox system involving Left-
Element/Right-Element (LE/RE) lox
site mutants (Supplementary Fig.1).
Recombination between LE (lox61)

not recognized by Cre 16, thus preventing excision of the
plasmid once integrated into the chromosome. In
addition, if several plasmids enter the cell, once one of
them is integrated, the remaining ones cannot be
exchanged on the chromosome. Additionally, we placed
the Cre recombinase under the control of the
doxycycline repressible promoter (Tet-off) so it can be
turned off after integration has occurred.

Following ectopic expression of Cre recombinase
(pKM34), the plasmid carrying a lesion is introduced by
electroporation into a recipient S. cerevisiage strain
containing a chromosomal integration cassette. The
plasmid contains a selectable marker (LEU2), and a
single lesion located within the 5-end of the lacZ gene
fused to a lox71 site. The chromosomal integration site
contains the 3-end of lacZ fused to lox66 site, so that
following the precise integration a full-length functional
R-galactosidase gene (lacZ) is restored (Fig.1, Fig.S1).

We placed the chromosomal integration site close to
an early replication origin (ARS306 or ARS606) in two
different orientations in order to introduce the lesion
either on the leading or the lagging strand
(Supplementary Fig.S1). The non-damaged strand
contains a +2 frameshift inactivating the lacZ gene,
serving as a genetic marker to allow strand
discrimination. After electroporation of the vector, cells
are plated on selective indicator plates (SD-LEU, X-gal)
before the first cell division occurs. The lesion is placed
in such sequence context, that all in-frame TLS events,
both error-free and mutagenic, result in a functional
lacZ gene (blue colony sectors), while DA events result
in inactivated /acZ gene (white colony sectors).

PCR analysis and sequencing confirmed that all
colonies obtained on selective plates result from precise
integration of the vector into the chromosomal
integration site. No colonies were observed after
transformation of a strain not expressing Cre
recombinase or without chromosomal integration site.

5-lacZ
Q electroporation
LEU2

Figure 1. A non-replicative plasmid containing a single lesion is integrated into one of the
yeast chromosome (Il or VI) using Cre/lox site-specific recombination. The integrative
vector carrying a selection marker (LEU2) and the 5'-end of the lacZ reporter gene
containing a single lesion is introduced into a specific locus of the chromosome with the 3'-
end of the lacZ. The precise integration of the plasmid DNA into the chromosome restores

a functional /acZ gene, allowing the phenotypical detection of TLS and DA events (as blue

and RE (lox71) lox mutants produces
a wild-type loxP site as well as a
LE+RE double mutant lox site that is

and white colonies on X-gal indicator media). Plasmid pRS413 (containing HIS3 marker) is
co-transformed and used as an internal control to normalize transformation efficiency
between damaged and non-damaged vectors.
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2. Bypass of UV lesions by Translesion synthesis

To validate our system, we constructed 3 integration
vectors, containing no lesion, a TT-CPD lesion
(cyclobutane pyrimidine dimer) and a TT(6-4) lesion
(thymine-thymine pyrimidine(6-4)pyrimidone
photoproduct). In order to focus on lesion tolerance
mechanisms, we inactivated the repair mechanisms in
our parental strain (namely nucleotide excision repair:
rad14, and photolyase: phr1), as well as the mismatch
repair system (msh2), to avoid the repair of the strand
marker. Tolerance events are calculated as the ratio of
colonies resulting from the integration of the damaged
vector versus the lesion-free one.

After integration of the constructs containing a single
CPD or TT(6-4) lesion, no reduction of survival was
observed compared to the lesion-free construct (Fig.2).
Integration of the heteroduplex containing a single CPD
lesion leads to 55% of sectored blue colonies
representing TLS events. For TT(6-4) lesion, 4% of TLS
events were observed. Those results are in agreement
with a previous report by Gibbs et al. 9, where the
authors used gapped-circular vectors containing a single
lesion within a short single-stranded region. We
observed no differences between the leading and
lagging strand in the ratio of TLS and DA.

In the absence of Pol n (rad30), TLS at CPD lesion is
strongly reduced to ~18%. The remaining TLS in the
absence of Pol n is dependent on REV1 and REV3 as
inactivation of either of these genes in combination
with rad30 leads to an almost complete suppression of
TLS events. Despite the drop of 63% in the rate of TLS at
the CPD in the absence of Pol n, we observe no loss of
survival. This is consistent with the study by Abdulovic
and Jinks-Robertson 17 where the authors demonstrated
that rad30 strain is not sensitive to low UV doses. We
can therefore conclude that in the presence of low
levels of DNA damage homologous recombination-
dependent mechanism (DA) can fully compensate for
the absence of specialized polymerase.

In the presence of Pol n, inactivation of either REV1
or REV3 leads to a milder reduction of TLS at a CPD
lesion. Both genes are epistatic as the inactivation of
both rev3 and rev1 leads to the same decrease of TLS. It
is interesting to note that Pol n-mediated TLS and Rev1-
Rev3-mediated TLS are independent from each other
and seem compartmentalized: the drop in TLS in the
absence of Pol n cannot be compensated by Revl-Rev3
TLS and vice versa.

RAD30 inactivation has no effect on TLS at TT(6-4)
lesions. However, REV1 or REV3 (or both) inactivation
leads to a complete suppression of TLS at this lesion,
showing again the epistasis of both genes in the bypass
of this lesion.

Molecular analysis of colonies obtained after lesion
integration (Supplementary Table S2) shows that
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Figure. 2: Partitioning of DDT pathways in a strain deficient in TLS
polymerases

The graph represents the partition of DDT pathways for two UV
lesions, in strains deficient in TLS polymerases (Revl, pol n/rad30,
pol /rev3). Tolerance events represent the percentage of cells able
to survive in presence of the integrated lesion compared to the
lesion-free control. The data represent the average and standard
deviation of at least three independent experiments in which the
lesion has been inserted either in the leading or the lagging strand.
Unpaired t-test was performed to compare TLS and DA values from
the different mutants to the parental strain. *P < 0.05; **P < 0.005;
***p < 0.0005.

A. In a parental strain over 50% of events observed across a CPD
lesion are TLS events. DNA polymerase is responsible for the
majority of CPD lesion bypass. However, in its absence TLS bypass
of this lesion is still possible through the combined action of
polymerase and Revl. In the absence of pol n, removal of either
Rev1 or pol ¢ completely abolishes TLS.

B. For the TT(6-4) lesion, DA is the major tolerance pathway.
Majority of TLS events through TT(6-4) lesion depends on pol  and
Rev1l, while pol n rarely contributes to the bypass of this lesion.

insertion opposite the CPD lesion is 100% error-free in
the presence of Pol n, as expected from the specificity
of this polymerase for this lesion 18 However, it is
interesting to note that even in the presence of Pol n,
the bypass of CPD is mutagenic in 18% of the cases due
to mis-elongation by Revl-Poll. The insertion step
becomes mutagenic (5%) in the absence of Pol n.
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Overall mutagenesis (both at the insertion and
elongation steps) is almost completely abolished in the
absence of rev3 and revl. The bypass of the TT(6-4)
lesion is mutagenic in 30% of the case, mostly due to
misincorporation at the insertion step.

Altogether, these results confirm the involvement of
TLS polymerases in the bypass of UV lesion that was
previously obtained with replicative or gapped plasmids
912, They show that our method by which we introduce
a single lesion in the genome is suitable to study TLS. In
addition, we show that a decrease in TLS caused by the
absence of one (or several) specialized DNA
polymerase(s) is fully compensated by a concomitant
increase in the DA process, avoiding any decrease in the
cell survival.

3. PCNA mono-ubiquitination is required for TLS

It is known that the balance between TLS and DA is
regulated by post-translational modifications of PCNA
that occur in response to DNA damage. PCNA mono-
ubiquitination (at Lysine 164) is mediated by Rad6/
Rad18 and favors TLS 19. PCNA poly-ubiquitination
depends on Mms2-Ubcl3 ubiquitin-conjugating
complex and the ubiquitine-ligase activity of Rad5, and
is important for DA 20, Since our system was designed to
explore the balance between error-prone and error-free
lesion bypass pathways, we investigated the role of
PCNA ubiquitination on the bypass or our UV lesions.
We introduced our two UV lesions in strains were PCNA
cannot be ubiquitinated, either by the inactivation of
RAD18, or by the mutation of Lysine 164 of PCNA
(pol30-K164R) (Fig.3). In both situations, in the absence
of PCNA ubiquitination, the TLS level at CPD and TT(6-4)
lesions is almost completely abolished. It appears
therefore that PCNA ubiquitination is an absolute
requirement for TLS.

Interestingly, in the absence of any DNA-damaging
treatment, the presence of a single replication-blocking
lesion is sufficient to generate the signal required to
trigger Rad6-Radl18-mediated PCNA ubiquitination
which is clearly necessary to promote TLS.

It is also interesting to note that DA is still possible in
the absence of PCNA ubiquitination since we still
observe a great proportion of white colonies in the
rad18 and the pol30-K164R mutant. However, while the
drop in TLS caused by the absence of one or multiple
DNA polymerases was fully compensated by DA
mechanisms (Fig. 2 and previous paragraph), the drop
of TLS induced by the lack of PCNA ubiquitination can
only be partially compensated by DA, leading to a
reduced survival (Fig. 3). This shows that DA partially
depends on PCNA ubiquitination.
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Figure. 3: Partitioning of DDT pathways in the absence of PCNA
ubiquitylation

Bypass of TT-CPD (A) and TT(6-4) (B) lesion in strains deficient in
PCNA ubiquitylation (rad18 or pol30-K164R) or polyubiquitylation
(ubc13). Tolerance events represent the percentage of cells able to
survive in presence of the integrated lesion compared to the
lesion-free control. The data represent the average and standard
deviation of at least three independent experiments in which the
lesion has been inserted either in the leading or the lagging
strand. Unpaired t-test was performed to compare TLS and DA
values from the different mutants to the parental strain. *P < 0.05;
**p < 0.005; ***P < 0.0005.

In the absence of PCNA ubiquitylation (rad18, pol30 K164R) we
observed a decrease in TLS. The remaining low level of TLS is
probably due to polymerase interactions with PCNA ring not
involving ubiquitin moiety. In the absence of PCNA
polyubiquitylation (ubc13), a small increase of the TLS bypass of
the CPD lesion is observed, while Pol {-mediated bypass of the
TT(6-4) lesion increased more than 10 fold. The absence of
recombinase Rad51 results in a similar increase in TLS.

4. Lack of PCNA poly-ubiquitination favors TLS

We then looked at how PCNA poly-ubiquitination
could affect the ratio DA/TLS (Fig.3). In the absence of
PCNA poly-ubiquitination (ubc13 strain), we observed
no significant effect on the bypass of CPD lesion. On the
other hand, we observed a more than 10 fold increase
in the Pol {-mediated TLS at the TT(6-4) lesion, reaching
more than 40% (Fig. 3). In the absence of PCNA poly-
ubiquitination, DA is reduced and is compensated by an
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increase in TLS. Such phenomenon has previously been
observed in E. coli where we showed that a defect in
homologous recombination led to increased TLS 21 using
a similar approach. Only the monitoring of a single DNA
lesion inserted in the genomic DNA is able to reveal
such interplay between DA and TLS.

To confirm that the increase in TLS was indeed due to
a decrease in DA, we inactivated the Rad51
recombinase which is a key actor in the DA mechanism
22,23 In the rad51 strain, we observed the same 10-fold
increase in TLS rate at the TT(6-4) lesion (Fig. 3). This
confirms that affecting the DA process, either at its
regulation level (ubc13) or at its effector level (rad51)
leads to an increase in TLS.

As we did not observe a similar increase in TLS at the
CPD lesion, we hypothesized that the competition
between DA and TLS occurs behind the fork, during a
gap filling reaction. Following the encounter with a
blocking lesion, a repriming event generates a single-
strand DNA gap that will be filled post-replicatively 24.25.
The majority of CPD lesions is efficiently bypassed by
Pol n at the fork. Only the small fraction that is
bypassed by Pol T behind the fork, is in competition with
UBC13-dependant DA mechanisms for the gap-filling
reaction. This hypothesis will need to be confirmed by
the use of other strongly-blocking lesions that are
bypassed by Pol T. In the ubc13 or rad51 strains, some
DA still persists as we still observe a significant number
of white colonies. By adding markers on the damaged
and non-damaged strand, we will be able to explore and
characterize these DA events as previously achieved in
E. coli 26,

Discussion / Conclusion

Our goal was to develop a method to explore the
mechanisms employed by living cells to deal with DNA
alterations. Over the years, many assays have been
developed to study error-prone TLS or error-free DA.
However, their main limitation is that they did not allow
to monitor both TLS and DA simultaneously. Assays
measuring chromosomal mutagenesis after treatment
with mutagenic agents are blind to error-free events.
Plasmid-based systems have been successfully used to
monitor error-free and error-prone TLS 7-12. They are,
however, not suited for the analysis of DA events 13.

In the present paper, we describe a method that
overcomes these limitations by allowing to monitor the
fate of a single DNA modification inserted in the
genome of a yeast cell. We have used this method to
introduce a single UV lesion (TT(6-4) or CPD) into the
genome of S. cerevisiae and studied its bypass by DNA
damage tolerance pathways. Several factors have been
proposed to regulate the interplay between TLS and DA,
among them the nature of the lesion and the post-
translational modification of PCNA. However, no high-
resolution assays were able to monitor both TLS and DA

simultaneously at the level of a single lesion in the
genome. Using our method, we were able to show that
the proportion of TLS vs. DA is dependent on the lesion:
while TLS represents ~55% of the tolerance pathways
for CPD, it represents only ~4% for TT(6-4). For both
lesions, no toxicity is observed and DA complements TLS
pathway in order to recover 100% of survival (as
compared to the integration of the lesion-free control
vector). We showed that in the absence of TLS
polymerases, DA mechanisms could fully compensate
for the lack of TLS avoiding any drop in survival.
However, when PCNA ubiquitination was abolished, TLS
was almost completely suppressed but could only be
partially compensated by DA, showing that DA partially
depends on PCNA ubiquitination.

More interestingly, we showed that a defect in the DA
pathway leads to an increase in TLS. Indeed, at the
TT(6-4) lesion, when the DA pathway is affected either
by the inactivation of ubcl3 or of rad51, it is
compensated by a 10 fold increase in TLS. This increase
of TLS due to a defect in DA can only be revealed by our
method. Previously used approaches based on
randomly distributed lesion (e.g. UV irradiation) could
reveal an increase in mutagenesis, but were blind to
error-free processes (including DA and error-free TLS). It
has previously been reported that ubcl3 inactivation
led to a ~2-fold increase in UV-induced mutagenesis 27,
reflecting the low fraction of mutagenic TLS events. We
report here a >10-fold increase in the use of Pol -
mediated TLS in the ubc13 strain, our system allowing to
monitor both mutagenic and error-free TLS events.
Plasmid-based assays that allow to monitor error-free
TLS have been used, but they are inappropriate
substrates to monitor DA: due to their limited size, the
full unwinding of the two DNA strands prevents
homologous recombination with the sister chromatid as
previously evidenced in E. coli 13. Indeed, the
inactivation of ubc13 doesn't lead to any increase of TLS
at a single lesion bypassed on a plasmid system in S.
cerevisiae 28.

The increase of TLS in response to inhibition of DA
evidenced here could not be observed before in yeast
since no assay was able to simultaneously monitor TLS
and DA, and therefore the interplay between these two
mechanisms. The method described here has the
potential to unveil several new aspects of the DNA
damage tolerance. Many factors may affect the DNA
damage tolerance pathway choice, including lesion
type, sequence context, location in the genome,
chromatin state, cell cycle stage, and transcriptional
activity. The versatility of our assay permits to explore
the impact of those factors. Our assay allows to insert
any type of DNA lesion or modification at any desired
location in the yeast genome. By placing the damage in
centromeric or telomeric regions, highly/poorly
transcribed regions, hetero/eu-chromatin regions, near


https://doi.org/10.1101/510966

bioRxiv preprint doi: https://doi.org/10.1101/510966; this version posted February 13, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

fragile sites etc..., it will be possible to determine how
these positions affect the balance between error-free
and mutagenic lesion bypass. In addition, the
integration site can be placed in two orientations
relative to the closest replication origin, allowing to
place the lesion on the leading or lagging strand.
Similarly, we can choose to insert the lesion on the
transcribed, or on the non-transcribed strand.

This method opens the way to exploration of lesion
bypass and single-strand gap repair in the same manner
engineering nucleases such as HO or I-Scel has allowed
to boost the exploration of double strand breaks repair
29,

This method is not limited to DNA Damage tolerance,
but can also be used to explore several mechanisms
related to DNA maintenance, such as repair of DNA
adducts, repair of DNA crosslinks, effect of
ribonucleotides inserted into the DNA 3, effect of DNA-
protein crosslinks 2, etc... The possibility to integrate
vectors carrying any type of damage or chemical group
broadens the applicability of our approach beyond the
field of DNA damage repair and tolerance. Being able to
locate a single modification at a specific locus of the
genome will enable powerful molecular analysis at the
resolution of a single replication fork.
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