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ABSTRACT Trans-lesion DNA polymerases (TLSPs) enable bypass of DNA lesions during replication and
are also induced under stress conditions. Being only weakly dependent on their template during replication,
TLSPs introduce mutations into DNA. The low processivity of these enzymes ensures that they fall off their
template after a few bases are synthesized and are then replaced by the more accurate replicative
polymerase. We find that the three TLSPs of budding yeast Saccharomyces cerevisiae Rev1, PolZeta (Rev3
and Rev7), and Rad30 are induced during meiosis at a time when DNA double-strand breaks (DSBs) are
formed and homologous chromosomes recombine. Strains deleted for one or any combination of the three
TLSPs undergo normal meiosis. However, in the triple-deletion mutant, there is a reduction in both allelic
and ectopic recombination. We suggest that trans-lesion polymerases are involved in the processing of
meiotic double-strand breaks that lead to mutations. In support of this notion, we report significant yeast
two-hybrid (Y2H) associations in meiosis-arrested cells between the TLSPs and DSB proteins Rev1-Spo11,
Rev1-Mei4, and Rev7-Rec114, as well as between Rev1 and Rad30. We suggest that the involvement of
TLSPs in processing of meiotic DSBs could be responsible for the considerably higher frequency of muta-
tions reported during meiosis compared with that found in mitotically dividing cells, and therefore may
contribute to faster evolutionary divergence than previously assumed.
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Maintenance and faithful propagation of genetic information through
replication, repair and recombination requires new DNA synthesis. To
achieve accuracy and reliability, most DNA synthesis is performed by
high-fidelity DNA polymerases, collectively called replicative DNA
polymerases. However, other, low-fidelity DNA polymerases also exist,
known as trans-lesion DNA polymerases (TLSPs). Unlike canonical
DNA polymerases, these enzymes lack exonucleolytic proofreading ac-
tivity and have the specialized ability to replicate across damaged DNA
templates, a process known as trans-lesion synthesis (TLS) (reviewed by
Friedberg et al. 2002). Nucleotide misincorporation opposite a damaged
base during replication or repair results in mutation through base sub-
stitution, insertion, or deletion (Harfe and Jinks-Robertson 2000;
Matsuda et al. 2000).

The necessity for TLSPs is apparent when the DNA is facing
spontaneous or exogenous damage, which often blocks progression of
replication. Under these circumstances, TLSPs are employed, allowing
progression of DNA replication, often at the expense of an increased
mutagenesis. TLSPs can also operate on undamaged DNA templates,
manifesting higher error rates than replicative DNA polymerases
(Friedberg et al. 2002; Matsuda et al. 2001).

In bacteria, trans-lesion DNA synthesis is well characterized during
the cellular SOS-response to DNA damage. Upon damage, mutagenic
SOS polymerases (polymerases IV, coded by DinB, and V, coded by
UmuC/D) facilitate tolerance of the damage rather than physical re-
moval of the lesion (Friedberg and Gerlach 1999). Orthologs of the
bacterial TLSP genes were found in many eukaryotes (Ohmori et al.
2001), serving a broad spectrum of functions (Friedberg et al. 2001;
Goodman 2002). In the budding yeast Saccharomyces cerevisiae, poly-
merase eta (PolEta) is encoded by RAD30, the deoxycytidyl-transferase
Rev1 is encoded by the gene REV1, and polymerase zeta (PolZeta) is
encoded by the genes REV3 and REV7 (catalytic and regulatory units,
respectively). Recent findings have identified Pol31 and Pol32 (subunits
of the eukaryotic replicative polymerase PolDelta) as two important sub-
units of PolZeta (Baranovskiy et al. 2012; Johnson et al. 2012; Makarova
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et al. 2012). PolZeta, being composed of 4 subunits, is the most
complex TLSP to date. The fact that Pol31 and Pol32 may be associ-
ated with either PolDelta or PolZeta facilitates the switch between
these two polymerases when the former encounters a lesion on the
template. Well-established evidence connects yeast TLSPs to TLS dur-
ing DNA replication: Rev1 dCMP insertion is a principal event during
bypass of abasic sites in vivo (Gibbs and Lawrence 1995). PolZeta
cooperates with Rev1 to accomplish TLS past a broad range of lesions
that potentially block replication (Nelson et al. 2000). Rad30 is re-
sponsible mainly for bypassing cis-synT-T dimers (Gibbs et al. 2005;
Washington et al. 2000). PolZeta and Rev1 physically interact, as
shown by co-immunoprecipitation (Hirano and Sugimoto 2006),
and this association enhances the efficiency of their TLS functions
(Acharya et al. 2006). In mitotically dividing yeast cells, TLSPs are
also involved in DNA synthesis associated with DNA double-strand
breaks (DSBs) repair by homologous recombination (HR). HO-
induced DSBs in mitotic cells were shown to lead to an increase in
mutations at sites nearby (Strathern et al. 1995). PolZeta appears to
be involved in the repair of at least some of these DSBs, as the
frequency of HO-induced base substitution mutations was consider-
ably lower in an isogenic rev3D strain (Holbeck and Strathern 1997).
Indeed, yeast PolZeta and Rev1 were found to be associated with HO-
induced DSBs, as shown by chromatin immunoprecipitation (Hirano
and Sugimoto 2006). In mammals, several TLSP genes have been
discovered (reviewed by Gan et al. 2008 and Stallons and Mcgregor
2010). These mutagenic proteins are induced during lymphocyte dif-
ferentiation as part of the immune response (Gearhart and Wood
2001; Poltoratsky et al. 2001). These polymerases are believed to be
involved in the repair of induced DSBs in hypermutation sites during
B-cell and T-cell receptor maturation, thus amplifying the variability
generated during lymphocyte maturation. In addition, several TLSP
genes are highly expressed in mouse testis (Aoufouchi et al. 2000;
Garcia-Diaz et al. 2000; Gerlach et al. 2000) and in human testis
and ovary tissues (Masuda et al. 2001).

Meiosis is a specialized cell division with major events leading to
the formation of haploid gametes and increased genetic diversity.
Genetic variation is accomplished by recombination, gene conversion,
and independent assortment of the aligned chromosomes. In meiosis,
two temporally and functionally distinct processes require massive
DNA synthesis: genome replication during meiotic S phase and DSBs
repair in meiosis prophase I (the latter is also termed meiotic
recombination-related DNA synthesis [MRDS]). DSBs are regularly
induced throughout the genome at preferred sites during meiosis in
budding and fission yeast cells (Cervantes et al. 2000; Keeney 2001;
Zenvirth et al. 1992; Zenvirth and Simchen 2000) in mouse spermato-
cytes (Zenvirth et al. 2003) and presumably in other eukaryotes. In
meiosis of S. cerevisiae, about 140–170 DSBs are generated in each cell
(Buhler et al. 2007), and the repair of each break involves synthesis of
0.8–1.9 kb of new DNA (Terasawa et al. 2007). The identity of the DNA
polymerases that are involved in meiotic DSB repair is largely unknown,
although some evidence shows that the replicative PolDelta has an im-
portant role (Li et al. 2009; Maloisel et al. 2004). It has been reported that
in mitotically dividing human cells, PolEta (Rad30) takes part in ex-
tending DNA from D loops of recombination intermediates (Mcilwraith
et al. 2005). Rad30 was also involved in DSB repair during chicken IgV
diversification (Kawamoto et al. 2005). Is it possible that the yeast TLSPs
are also involved in the repair of meiotic DSBs, thus leading to mutation
accumulation and adding a new source of genetic variation?

Five decades ago, Magni and Von Borstel (1962) and Magni (1963)
reported a marked elevation in mutation frequency during yeast meiosis.
They pointed out that this observed hypermutability is associated with

nearby recombinational exchanges. Our study suggests that TLSPs
are involved in the process that generates mutations during meiosis
by taking part in the repair of meiotic DSBs and perhaps, thus,
leading to mutations and to increased genetic diversity.

In this study, we showed that the three yeast TLSPs (Rev1, PolZeta,
and Rad30) are induced in meiosis at prophase I, clearly after the
regular meiotic DNA replication. Expression of TLSPs appears to
occur at the same time as meiotic recombination. The absence of all
three TLSPs leads to reductions in allelic recombination and ectopic
gene conversion events. By using extensive yeast two-hybrid (Y2H)
tests, we detected meiosis-specific protein associations between Rev1
and proteins responsible for DSB formation (Spo11 and Mei4), between
Rev7 and Rec114, and between Rev1 and Rad30. These results suggest
that TLSPs are involved in meiotic DSB processing and in recom-
bination, possibly during recombinational repair, thus perhaps con-
tributing to the elevated frequency of mutations during meiosis.

MATERIALS AND METHODS

Yeast strains, deletions, and epitope tagging
All strains were of SK1 genetic background. The yeast strains used in
this study are listed in Supporting Information, Table S1. Yeast strains
were maintained according to standard techniques and media used
were YPD, YPA, and SPM, as described previously (Kassir and
Simchen 1991). 2His and 2Ura media are complete media lacking
histidine and uracil, respectively; -Trp-Leu is complete medium lacking
tryptophan and leucine (Rose et al. 1990). Deletion mutants deleted
for full-length open reading frames (ORFs) were generated in our strains
by PCR-based gene disruption (using the relevant PCR-amplified
cassettes from the kanMX4 disruption strains library [Reid et al.
2002]), and standard molecular biology techniques (Guthrie and Fink
1991). All strain manipulations were verified by PCR. Epitope-tagged
TLSPs were constructed as follows. Cassettes containing the 13-Myc or
3-HA sequence were amplified from the pFA6a-13Myc-TRP1 and
pFA6a-kanMX6-PGAL1-3HA plasmids, respectively (Longtine et al.
1998). Specific 72-mer primers were designed to link the 13-Myc or
the 3-HA sequence to the C terminus of the relevant TLSP gene (and
protein). Cassettes were transformed into the haploid MATa strain
DAO20-2, and transformants were selected for their ability to grow in
the absence of tryptophan (in the case of 13-Myc) or with the addition of
G418 (for 3-HA). Yeast strains were generated in which the tags had
been integrated into the chromosomal copy of the relevant TLSP gene
under the control of its native promoter. For all fusion constructs,
integrations at the appropriate genomic loci were confirmed by PCR,
and proper expression of the fusion proteins with the expected mole-
cular weights was assayed by immunoblotting with anti-Myc (Roche)
or anti-HA (Santa Cruz Biotechnology) antibodies. The tagged strains
were then mated to a haploid, MATa, strain (DAO19-1). Following
tetrad dissection and mating of progeny, diploid strains homozygous
for the tagged fusions were obtained to provide stronger signals.

Protein extraction and Western blot analysis
For Western blot analysis, yeast cells harboring carboxy-terminal
epitope-tagged proteins carrying either myc or HA tags (the proteins
Cdc5, Aco1, and b-actin did not carry a tag and were detected with
appropriate direct antibodies) were grown for 24 hr in liquid YPD-
rich medium and, upon saturation, were suspended in sporulation
medium (SPM) at a titer of 2 · 107 cells/ml and shaken vigorously.
At given times, samples were collected, and denatured whole-cell
extracts were prepared using a trichloroacetic acid (TCA) procedure
as follows: 5 ml of 2 · 107 cells/ml were washed twice in ice-cold water
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and suspended to a final volume of 1 ml. Cells were then incubated
with 150 ml of suspension buffer (925 ml of 2M NaOH plus 75 ml of
2-mercaptoethanol) on ice for 10 min and lysed in 150 ml of 55% TCA
for 15 min on ice. Protein pellets were obtained by centrifugation at
14,000 rpm for 10 min at 4�C. Pellets were resuspended in 60 ml of
HU buffer (8M urea, 5% SDS, 200 mM Tris, pH 6.8, 1 mM EDTA,
and 1.5% DTT, with bromophenol blue as a coloring agent and pH
indicator) plus 3 ml of 2M Tris (pH 8.0). Proteins were brought to
denaturation by 10-min incubation at 65�C.

Protein extract samples (�40 ml) were boiled, separated on sodium
dodecyl-sulfate 8% polyacrylamide gels, and transferred to nitrocellu-
lose membranes (BioTrace). Membranes were probed with the rele-
vant primary antibodies in the appropriate dilution, as follows: mouse
anti-Myc (MMS-150R; Roche) diluted 1:1000; rabbit anti-HA (SC-
805; Santa Cruz Biotechnology) diluted 1:200; rabbit anti-AcoI (made
by Dr. Ophry Pines’ laboratory, Hebrew University School of Medi-
cine) diluted 1:200; and rabbit anti-b-actin (1854-1; Epitomics) diluted
1:500. Bound primary antibodies were detected using HRP-conjugated
goat anti-mouse IgG (SC-2005; Santa Cruz Biotechnology) diluted
1:10,000 and goat anti-rabbit IgG antibody (111-035-003; Jackson IR
Laboratory) diluted 1:10,000. Protein expression profiles were quanti-
fied with ImageJ software (Java-based image processing program).

To determine sporulation efficiencies (which were usually �80%),
a sample was withdrawn from each culture 24 hr after suspension in
SPM and examined by light microscopy.

Meiosis time course experiments, allelic recombination,
and ectopic gene conversion frequencies
The strains used were heteroallelic for the his4-X and his4-Bmutations
and could yield His+ prototrophs (on –His medium) through allelic
recombination. The strains were also homozygous for a deletion of
URA3 at its native position on chromosome V (ura3D) and for an
additional truncated copy of URA3 1400–1500 bp downstream of its
original, native position. The truncated insert starts at the 115th bp
of URA3 and also contains the adjacent “tail” downstream of URA3, of
more than 700 bp (Figure S1). The existence of the truncated copy of
URA3 on chromosome V downstream of the original URA3 was
verified by pulsed-field gel electrophoresis (clamped homogeneous
electrical field [CHEF];Bio-Rad) and by PCR.

Originally our strains were also heterozygous for another, functional
copy of URA3 that was present on his4-X-bearing chromosome III. This
copy was mutated to contain various point mutations. One of these,
ura3-T360G (T to G at position 360), was introduced into all the strains
used in these recombination/gene conversion experiments. It conferred
uracil auxotrophy (Ura2) on strains that carried it. This phenotype can
be reverted to prototrophy (Ura+) by ectopic gene conversion, based on
interaction with the truncated copy of URA3 on chromosome V, and
can be identified as colonies growing on 2Ura medium.

In each time course experiment, cell cultures of two or more strains
were each grown overnight in 3 ml of liquid YPD and then resuspended
in 300 ml of liquid YPA at a dilution of 1:600 and vigorously shaken at
30�C for �20–24 hr to reach a titer of �107 cells/ml. Cells were then
washed once in water and resuspended in 300 ml of liquid SPM with
vigorous shaking. At 2-hr intervals, cell samples were spread (at ap-
propriate dilutions) on YPD plates and on2His and2Ura plates and
incubated for 2–3 days at 30�C to obtain colonies, from which the
frequencies of allelic and ectopic gene conversions were calculated.
The number of colonies appearing on selective plates from time zero
(i.e., on 2His or 2Ura plates) was subtracted from the numbers
obtained at each time point during meiosis, as the former reflected
events that had occurred in the mitotic divisions prior to meiosis.

Yeast-two-hybrid analysis and plasmids
Yeast-two-hybrid (Y2H proteins were fused to the transcription-
activating domain of Gal4 (Gal4AD) or to the DNA-binding domain
of bacterial LexA (LexA-BD) protein. These fusions were constructed
as previously described (Arora et al. 2004). Spo11, Mei4, Rec104,
Rec114, and Rad50 Y2H plasmids were a gift from S. Keeney, Memo-
rial Sloan-Kettering Cancer Center (Arora et al. 2004); Rad51, Rad52,
Rad54, and Rad57 Y2H plasmids were a gift from M. E. Dresser,
Oklahoma University (Dresser et al. 1997). TLSPs Y2H fusion pro-
teins (Rev1, Rad30, and Rev7) and also a Dmc1 fusion protein were
constructed in our laboratory by cloning PCR-generated fragments
into either the Gal4AD-bearing plasmid (pACT2) or the LexA-BD-
bearing plasmid (pCA1). The Y2H reporter strains 661 and 662, used
for the two-hybrid assay, are of the SK1 background and contain
Escherichia coli lacZ preceded by two LexA binding sites integrated
at the URA3 locus. The strains also carry the ndt80D mutation, which
causes arrest of cells at prophase of meiosis I (Xu et al. 1995). The
Y2H fusion constructs were introduced individually into haploid re-
porter strains by lithium-acetate transformation (Gietz et al. 1995),
and subsequently, the strains were mated in 33 different combinations
(thus, every diploid strain contained two different assayed fusion pro-
teins). Cultures for Y2H assays were grown in liquid-selective medium
lacking tryptophan and leucine (-Trp-Leu) for 8 hr at 30�C. Cells were
then washed and resuspended in either sporulation medium (SPM) or
in YPD and incubated for an additional 14 hr at 30�C with vigorous
aeration. Cultures were assayed for LacZ expression according to
standard protocols (Clontech). Briefly, cells were centrifuged and
resuspended in Z buffer, pH 7 (10 mM KCl; 1mM MgSO4; 60 mM
Na2HPO4; 40mM NaH2PO4). Cells were divided into two samples of
100 ml each (duplications) and lysed by freezing and thawing cycles.
The lysate was mixed with 160 ml of 4 mg/ml ortho-nitrophenyl-
b-galactoside (ONPG), used as a substrate for b-galactosidase (b-gal),
and incubated at 37�C until development of a yellow color. Once the
yellow color appeared, the reaction was stopped by adding 0.4 ml of 1M
Na2CO3. Cells were centrifuged, and a 1-ml aliquot was taken to
measure absorbance levels at OD420 and OD600. One unit of b-gal
hydrolyzes 1 mmol of ONPG per min per OD600. In a typical experi-
ment, two plasmids with fusions to be tested for Y2H interaction
were introduced into two haploids of opposite mating types, carry-
ing LexA(op)-LacZ, which were then mated. The resulting diploid
was grown for 8 hr in selective liquid medium (-Trp-Leu) until a titer
of 2 · 107 cells/ml was reached, and cells were then washed twice in
DDW. The culture was then divided into two parallel experiments:
half the culture was suspended in liquid SPM and incubated for 14 hr
at 30�C with vigorous shaking (the meiotic Y2H interaction exper-
iment). The other half was suspended in fresh selective medium
(-Trp-Leu) and grown for 14 hr at 30�C, also shaken vigorously
(the mitotic cells Y2H interaction experiment). After 14 hr, ONPG
was added to washed cells of the two cultures (see above), and cells
were subsequently examined for the color appearance, representing
the amount of b-gal activity units.

Control Y2H interactions: Each diploid was tested together with its
two negative controls: one control contained one Gal4AD fusion
protein (on a plasmid) and the complementing “empty” plasmid (the
LexA-BD vector), and the other control contained the LexA-BD fusion
protein together with the first “empty” plasmid (the Gal4AD vector).

Positive controls: Strong mitotic Y2H interaction was generated by
using the same strain harboring plasmids coding for the Mei4 and
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Rec114 fusion proteins, whereas a strong meiosis-specific Y2H inter-
action was generated in a diploid harboring plasmids coding for the
Spo11 and Rec104 fusion proteins (Arora et al. 2004). Duplicate tests
were carried out for each Y2H combination and the two negative
controls in every experiment. Every set of Y2H experiments (of a par-
ticular combination) was subject to a statistical two-way analysis of
variance under the most stringent statistical conditions: the difference
between a particular set of Y2H experiments (one Y2H combination)
and its two negative controls was tested against their interaction
with the 3 or 4 repeated experiments, rather than against the smaller
duplicate error; next, the difference between the Y2H value and the
higher negative control value was tested, also against the experiment ·
treatment interaction. The analysis of variance was performed using
JMP7 software.

RESULTS
TLSPs are known to help overcome obstacles to replication (Rattray
and Strathern 2003). Extensive studies were made of the requirement
of TLSPs during DNA replication in mitotically dividing cells (see
for example Hirano and Sugimoto 2006). However, much less is
known about the involvement of TLSPs in meiosis. In budding yeast,
there are three TLSPs, PolZeta (Rev3-Rev7), Rev1, and Rad30, and
the role(s) of these proteins in meiosis was hereby studied.

Expression pattern of TLSPs during meiosis
To examine the expression patterns of TLSP genes in meiosis, we used
available whole-genome expression microarrays data obtained during
yeast sporulation (Chu et al. 1998; Friedlander et al. 2006; Primig et al.
2000). We found that REV3 and REV7 (encoding the catalytic and
regulatory subunits of PolZeta, respectively) were significantly induced
during meiosis, whereas the transcript levels of REV1 and RAD30
remained low (Figure 1A).

To further investigate the expression of these genes at the protein
level, we constructed strains with their carboxy-terminal epitope-tagged
versions, expressed from their native promoters at the endogenous loci.
Yeast SK1 cells harboring either Rev3-myc, Rev7-myc, Rev1-myc, or
Rad30-HA (strains DAO119, DAO16-1, DAO110, and DAO178, re-
spectively) were examined for expression of the tagged proteins during
meiosis by Western blot analysis (Figure 1B). To correlate TLSP ex-
pression with meiotic stages, we monitored the levels of the proteins
Ime2 and Cdc5 in a closely related strain, DAO212; Ime2 is known to
be expressed during the meiotic S phase (Benjamin et al. 2003), and
Cdc5 is upregulated in prophase I (Clyne et al. 2003). Sporulation
levels were high (�80%) in all strains tested.

The three trans-lesion DNA polymerases (Rev1, Rev3, and Rad30)
were up-regulated during meiosis at the protein level, even though for
RAD30 and REV1, we could not identify induction at the RNA level
(Figure 1A). The level of Rev1 was approximately threefold increased
at 3 hr after transfer to SPM, reached a peak after 4 hr, and decreased

after 7 hr. The Rad30 protein was not apparent during early stages
of meiosis, and its up-regulation was observed after 5 hr in SPM.
This high expression level was maintained during the remaining
course of the experiment, �14-fold higher than at time zero. In-
terestingly, the two PolZeta proteins Rev3 and Rev7 showed very
different expression patterns. The level of Rev3 increased at 3 hr,
and its expression mounted further (�fourfold relative to that at
time zero) between 5 and 7 hr in SPM. Rev7 was maintained at
high level during the full course of meiosis, as well as under mitotic
conditions (time-0 hr).

All three catalytic TLSP proteins reached maximal levels a few
hours after DNA replication (meiotic S), which takes place under
these conditions at �2 hr in meiosis (at the time of Ime2 induction
[Figure 1B and [Benjamin et al. 2003]). Cdc5 expression marks the
prophase I stage in yeast meiosis, which occurs in SK1 strains between
4 and 5 hr after transfer to SPM. We found that all three catalytic
TLSP proteins showed elevation in their expression levels at this stage.
This suggests that these proteins are involved in recombination rather
than in the meiotic DNA synthesis phase.

To further investigate the timing and kinetics of TLSPs ac-
cumulation, we examined two hallmarks of meiosis, which are easily
determined in return-to-growth assays, namely commitment to
recombination and commitment to haploidization (Simchen 2009).
For this experiment, we used a diploid SK1 strain (DAO178) bearing
the Rad30-HA tag (Figure 2, A–C). Recombination commitment
was determined at the HIS4 locus. This strain contains a his4::
LEU2 insertion (Cao et al. 1990) consisting of prominent DSB sites
and is heteroallelic at HIS4. The two nonreversible mutations his4-B
and his4-X recombine frequently in meiosis to produce His+ prog-
eny. Haploidization frequencies were measured by assessing the
mating types of 100 individual colonies produced on YPD by cells
spread at various time points along the time course of meiosis. At
the indicated times, cell samples were collected for Western blot
analysis to follow Rad30 expression and for plating (on 2His and
YPD media) to evaluate the frequency of His4+ allelic recombina-
tion and haploidy (Figure 2, A, B, and C, respectively). Rad30 up-
regulation correlated with the significant rise in the number of
recombinant His+ colonies and preceded the appearance of haploid
colonies.

As seen above, the expression of all three catalytic TLSPs was
elevated considerably later than the time of meiotic DNA replication
(represented by Ime2 induction) and occurred before commitment to
haploidization (Figure 2E); this time corresponds to prophase I events
such as DNA double-strand breakage and recombination (Keeney 2008;
Padmore et al. 1991; Szekvolgyi and Nicolas 2010). Proper recombination–
repair of DSBs requires many factors, among them the meiosis-specific
recombinase Dmc1, which belongs to the RecA/Rad51 superfamily,
and the recombinase accessory factor Tid1/Rdh54 (Shinohara et al.
2000). We wished to determine the timing of expression of these DSB

Figure 1 Expression profiles of TLSP genes during yeast meiosis. (A)
Levels of RNA of four TLSP genes are shown, based on RNA hybridized
to yeast ORF microarrays (Friedlander et al. 2006). Intensity is relative to
average abundance levels of the given mRNA. (B) Western blot analysis
of TLSP proteins during meiosis. Cells expressing epitope-tagged
TLSPs were collected for Western blot analysis at the indicated times
after transfer to sporulation conditions. Cdc5 and Ime2 expression
peaks mark prophase I and meiotic S phase, respectively (see also
Figure 2E). b-Actin was used as a load control.
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repair proteins in relation to TLSP accumulation. Diploid Rev1-Myc
tagged SK1strains bearing either Dmc1-HA or Tid1-HA (strains
DAO137 and DAO180, respectively) were induced into meiosis.
At the indicated intervals, cell samples were taken for protein ex-
traction and blotting (Figure 2D). As we previously found (Figure
1B), here too, significant expression of Rev1 was observed at pro-
phase I. As expected, the meiosis-specific protein Dmc1 was not
expressed in mitotic cells (Figure 2D, time 0 in the Dmc1 blot).
Its expression was observed 2 hr after transfer of the cells to SPM,
reaching maximal levels between 3 and 5 hr in meiosis, at the same

time as Rev1 accumulation (Figures 1B and 2D). Afterward, Dmc1
protein levels dropped remarkably and disappeared between 6 and 7
hr when cells were moving from prophase I into the meiotic chro-
mosomal segregation (MI). Tid1 is known to function under mitotic
conditions as well as in meiosis (Klein 1997). Indeed, Tid1 was
expressed throughout our experiment, showing only a slight eleva-
tion at 4–5 hr in meiosis. The overall correlation in timing of protein
increase between Rev1 and Dmc1 further supports the possible in-
volvement of TLSPs in recombinational repair during meiotic DSB
processing.

Figure 2 TLSP protein up-regulation correlates with prophase I events
in meiosis. Aliquots of meiotic SK1 cells (strain DAO178) were taken at
the indicated times and assayed: (A) Rad30p expression by Western
blot analysis; Aco1 was used as a loading control. (B) His+ recombi-
nants. Cells were plated on –His medium to produce colonies resulting
from homologous recombination at HIS4. (C) Appropriate dilutions
were plated on YPD medium, and colonies were assayed for ploidy
by mating to mating-type testers (100 colonies per time point). (D)
Meiotic cultures were assayed by Western blotting for levels of Rev1
and Dmc1 (strain DAO137) and Tid1 (strain DAO180) proteins. Western
blotting time course analysis of these strains was carried out as de-
scribed in Materials and Methods. The apparent shift in Rev1 band at
6–7 hr is probably the result of distortion of the gel, as it was not seen in
four other meiosis time course experiments. (E) Schematic timeline of
the major meiotic events during sporulation in strains of SK1 genetic
background (see also Székvolgyi and Nicolas 2010).
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Effects of TLSPs deletion on allelic recombination and
on ectopic gene conversion in meiosis
As the three TLSPs were clearly induced during meiosis and the timing
of their expression suggested that they may have a role in recombination
rather than in meiotic S phase, we further examined various aspects of
recombination in strains in which the TLSP-encoding genes were
deleted. We constructed diploid strains homozygous for deletions in
one of the genes, REV1, REV3, or RAD30 (rev1D, rev3D, rad30D,
respectively), double mutants (homozygous for deletions in any two
of these TLSP genes), and the triple mutant rev1D rev3D rad30D.
The control strain was the wild-type (WT) for the four TLSP-encoding
genes. These strains were also heteroallelic for his4-X and his4-B and
could yield His+ prototrophs through allelic recombination/gene
conversion. Moreover, the strains were homozygous for a deletion of
URA3 at its native position on chromosome V (ura3D) but con-
tained an additional, truncated copy of URA3 1400–1500 bp down-
stream of this native position (see Materials and Methods and Figure
S1, for more details). The presence of this truncated copy of URA3
enabled us to devise a test for ectopic gene conversion in addition to
the allelic gene conversion at HIS4. Our diploid strains were origi-
nally also heterozygous for another functional copy of URA3 that
was present on his4-X-bearing chromosome III. This copy was mu-
tated to contain various point mutations. One of these, ura3-T360G,
was introduced into all the strains used in these recombination/gene
conversion experiments. It conferred uracil auxotrophy (Ura2) on
strains that carried it, but this phenotype could be reverted to pro-
totrophy (Ura+) by gene conversion resulting from interaction with
the truncated copy of URA3 on chromosome V. The frequency of
Ura+ prototrophs following meiosis in our WT strain was 6–7 · 1025

cells, about 100-fold lower than that of His+ prototrophs (6–7 · 1023

cells). The former represents events of ectopic gene conversion,
whereas the latter results from allelic recombination.

Meiosis time course experiments (0–12 hr, starting with mitotically
dividing cells that were transferred to SPM liquid sporulation medium)
were performed 3–8 times for most strains (only twice for the double-
mutant strain rev3D rad30D). In each experiment, cell cultures of two
or more strains were used to obtain cell populations that underwent
reasonably synchronous meiosis. The kinetics of appearance of His+

and Ura+ recombinants were assayed every 2 hr by a return-to-growth
experiment (see Materials and Methods for details). After 48 hr in
SPM, cell samples were examined microscopically to determine spor-
ulation efficiencies.

As seen in Figure 3A, sporulation in the TLSP-deleted strains
appeared to be normal, and they all showed high sporulation efficiency
(around 80% at 48 hr; no significant differences were found between
the strains). Several dozen tetrads of the triple-mutant (rev1D rev3D
rad30D) and of the WT strain were dissected on YPD medium and
ascospore germination was found to be comparably high, 90%–95%
in both strains. Thus, the absence of TLSPs does not appear to
interfere with chromosome segregation in meiosis.

Figure 3B represents a typical experiment with the WT strain. It
shows that the frequency of cells giving rise to recombinant colonies
(His+ and Ura+) increases during meiosis, reaching a maximum at 10–12
hr. Ectopic gene conversion (Ura+) in this experiment may be preceding
allelic recombination by 30–60 min, as was the case in most experiments.
Similar time course experiments were carried with all the strains, and
strains were compared to each other for frequencies of His+ and Ura+

colonies over the whole time course (using the Mann-Whitney non-
parametric statistical test). Figures 3, C and D, summarize results of 36
experiments (made with 8 independent strains) for allelic and ectopic

gene conversion, respectively, using the maximal values obtained (at
10 or 12 hr). We also tested the events leading to Ura+ and His+

prototrophy in an isogenic strain homozygous for spo11D (strain
DAO62) to confirm the fact that the events of both allelic and
ectopic gene conversion (production of His+ and Ura+ colonies, re-
spectively) are indeed dependent upon DNA double-strand breakage
(data not shown): in this Spo11-deficient strain, the frequencies of
His+ and Ura+ progeny were very low, virtually zero (and no spores
were observed in the “meiotic” culture).

As can be seen in Figures 3, C and D, several of the TLSP-deleted
strains show altered frequencies of allelic recombination (in HIS4) and
of ectopic gene conversion (in URA3). The most notable result is the
impairment of both genetic processes in the strain deleted for all three
TLSPs, rev1D rev3D rad30D, which is highly significant over four
independent experiments and consistent throughout the entire time
course (data not shown; and Printzental 2010). Allelic recombination
is more than twofold reduced in the triple-deletion mutant in com-
parison to that of the WT (Figure 3C), whereas ectopic gene conver-
sion is fourfold reduced (Figure 3D). Interestingly, the double-mutant
rev3Drad30D shows reduction that is almost as marked in HIS4 allelic
recombination as that in the triple mutant, suggesting that the Rev1
TLSP may have only a secondary role in this process. On the other
hand, the strain deleted for REV1 alone (marked rev1D) showed more
than twofold increase in ectopic gene conversion (Figure 3D) but not
a marked effect on allelic recombination (Figure 3C), as if the Rev1
protein has a role of restricting recombination events to allelic sequences,
rather than ectopic ones. However, the frequencies of ectopic gene
conversion in the two double-mutant strains rev1Drev3D and
rev1Drad30D were not significantly different from the rev3D or
rad30D single mutants, or from the ancestral WT, suggesting that
the absence of Rev3 or Rad30 is epistatic to the effect of rev1D on
ectopic gene conversion.

A strain homozygous for rev7D (DAO29) was also studied in a simi-
lar meiotic time course experiment (data not shown; and Printzental
2010); it did not differ from the WT in allelic and ectopic recombi-
nation frequencies or in overall sporulation efficiency.

We conclude from the data reported in this section that the three
TLSPs are probably involved in recombinational processes in meiosis,
possibly during the repair of meiotic DSBs. The exact role of each
of the TLSPs is not clear, however.

Yeast-two-hybrid interactions between TLSPs and some
meiotic DSB proteins in cells arrested in meiosis and in
cells undergoing mitotic divisions
The expression of TLSPs during meiosis is significantly elevated
during meiotic prophase I (Figure 1B). At this stage of meiosis, DSBs
are formed and repaired by recombination. Our genetic experiments
(above) have shown that in the absence of all three TLSPs, recombi-
nation events in meiosis are compromised, both allelic and ectopic
gene conversion (at HIS4 and at URA3, respectively). Several distinct
protein complexes are known to be involved in meiotic DSB forma-
tion and chromosome recombination through DSB repair (Keeney
2008). DSBs are generated by the topoisomerase-like protein Spo11
with the aid of at least four meiotic proteins: Mei4, Rec102, Rec104,
and Rec114. The DSB sites are then resected by the MRX complex,
composed of Mre11, Rad50, and Xrs2. Recombination is next promoted
by the Rad52 epistatic group of proteins, including the recombinase
Rad51 and its mediator Rad52, and also Rad54 and the Rad55-Rad57
heterodimer. Dmc1, the meiosis-specific homolog of Rad51 also plays
an important role at this stage of recombinational DSBs repair. We
therefore inquired whether the TLSP proteins interact physically with
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any of these protein complexes. We carried out yeast-two-hybrid (Y2H)
interaction assays (Fields and Song 1989; Fields and Sternglanz 1994)
between Rev1, Rad30, and Rev7 and four representatives of the first
group (Spo11, Mei4, Rec104, and Rec114); five proteins from the Rad52
group (Rad51, Dmc1, Rad52, Rad54, Rad57); and, with the Rad50
protein, a component of the MRX complex.

The two-hybrid analysis was carried out in a diploid strain derived
from the high-sporulation SK1 genetic background, strains 661 · 662
(Table S1; see also Arora et al. 2004). The genes REV1, REV7, and
RAD30 were fused to the C terminus of the DNA-binding domain of
the bacterial LexA protein. Although we attempted it, suitable REV3
fusions could not be obtained, probably due to the large size of the
gene, �4.5 kb. The reporter construct in these strains is the bacterial
gene LacZ, coding for b-gal, fused to the operator of LexA (inserted
near URA3 on chromosome V). All meiotic Y2H interaction tests
were carried out in cells arrested in meiosis, as a result of being
homozygous for the deletion ndt80D (Arora et al. 2004). Deletion
of the mid-meiosis regulator Ndt80 (ndt80D) is known to cause arrest
during prophase I after DSB formation but before the first meiotic
division (Xu et al. 1995). This meiotic arrest was aimed at capturing
and stabilizing transient protein–protein interactions that are unique
to this phase and may disappear later on as meiosis proceeds. As we
have shown above, TLSPs were intensely up-regulated at the prophase

I stage of meiosis (Figure 1B), and DSB-repair proteins were expected
to be present (Figure 2D) and available for interactions. Every partic-
ular Y2H combination of proteins was tested independently 3–4 times
in mitotically dividing cells as well as in cells arrested in meiosis, as
described above. In total, 33 combinations were examined, each with
its two negative controls: one control contained one fusion protein (on
a plasmid) and the complementing “empty” plasmid, and the other
control contained the other fusion protein together with the first
“empty” plasmid. Two additional positive controls were included in
every set of experiments (see Materials and Methods): Mei4 and
Rec114 (Y2H interaction in mitotic cells) and Spo11 and Rec104
(meiosis-specific interaction) (Arora et al. 2004).

Table1 summarizes all tested interactions between TLSPs and pro-
teins involved in DSBs formation, resection, and repair during vege-
tative growth and in meiosis-arrested cells. Table 2 represents
corresponding Y2H interactions among the three TLSP proteins. Sev-
eral statistically significant Y2H interactions were observed, three mi-
totic interactions and four meiotic interactions. As reported previously
(Acharya et al. 2007), we found that Rev1 and Rad30 interacted in
vegetative cells (Table 2). Although significant, this interaction was
weak (Figure 4A), and the level of b-gal units was considerably lower
than the very strong mitotic positive control of Rec114-Mei4, with 50
b-gal units or more. In addition, two new mitotic interactions were

Figure 3 Sporulation, homologous (allelic) recombination, and ectopic gene conversion in strains homozygous for TLSP gene deletions. (A)
Sporulation of cultures of isogenic strains deleted for one, two, or all three TLSP genes and their ancestral WT strain (no TLSP deletions). For each
strain, 200 cells were examined at 48 hr, using phase-contrast microscopy. No statistically significant differences were found among sporulation
frequencies of different strains (chi-square test). (B) Kinetics during meiosis of allelic recombination at HIS4 and ectopic gene conversion of a point
mutation in URA3 in the WT strain. (C) Maximal allelic recombination values at HIS4 for the seven TLSP-deletion strains and their ancestral WT,
obtained at 10 or 12 hr in sporulation. Each value is the mean of n independent experiments (n = 8, n = 4, and so forth), and the bars denote SEs.
(D) Maximal ectopic gene conversion values of a point mutation at URA3 (ura3-T360G), obtained as described in Figure 3C and in Materials and
Methods. Columns in C and D represent the same strains, and results were obtained from the same experiments.
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found in our analysis: Rev7 showed interaction with Rad54 and with
Rad57 (Table 1 and Figure 4A; the Rev7-Rad54 interaction, however,
was only of borderline significance in our statistical analysis). We did
not observe the reported mitotic interaction between Rev1 and Rev7
(Acharya et al. 2005). Rev1’s interaction with Rev7 was confirmed
independently by others using co-immunoprecipitation (D’souza
and Walker 2006). It is not clear whether we missed this interaction
due to differences in the host strain genetic background, because
of minor differences in the LacZ reporter constructs, or differences
in orientation of the fusions, or another unrevealed factor(s).

Four new significant meiotic Y2H interactions were observed:
three interactions involving TLSPs and DSB proteins: Rev1-Spo11,
Rev1-Mei4, Rev7-Rec114 (Table 1 and Figure 4B); and one interaction
involving two TLSPs: Rev1-Rad30 (Table 2 and Figure 4B). It should
be noted, however, that only the Rev7-Rec114 interaction was stronger
than the meiotic positive control in these experiments, Rec104-Spo11
(Arora et al. 2004), which was normally around 10 b-gal units,
whereas the other meiotic interactions were weaker, although statisti-
cally significant. The former three interactions shown in Figure 4B
were expected to be meiosis-specific because they involved a protein
complex that is not expressed during mitotic cell divisions. These
meiosis-specific Y2H interactions were indeed absent in the parallel
Y2H mitotic experiments, although the relevant proteins were over-
expressed (on the 2m plasmids). These findings may reflect indirect
protein interactions that are being established only when a stable and
complete meiotic protein complex is formed. Alternatively, this might
point toward the existence of meiosis-specific post-translational mod-
ifications of these proteins. All interactions presented in Figure 4,
although verified in several independent experiments and found to
be statistically significant, should be viewed cautiously until confirmed
by an independent method, such as co-immunoprecipitation or pull-
down experiments. Nevertheless, the Y2H results clearly suggest
a physical association in meiosis of TLSPs with DSBs forming proteins
rather than with DSBs repair proteins.

DISCUSSION
We found that the three trans-lesion DNA polymerases (TLSPs) of
S. cerevisiae are induced in meiosis: the genes REV3 and REV7, encod-

ing the catalytic and regulatory units of PolZeta, respectively, are
strongly induced transcriptionally (Figure 1A). All three catalytic
TLSP proteins (Rev3, Rev1, and Rad30) increase markedly during
meiosis (Figure 1B), whereas Rev7 appears to be abundant throughout
meiosis. Rev7’s expression throughout the cell cycle may suggest mei-
otic functions other than being the accessory subunit of Rev3. Indeed,
in human cells, hRev7 (alternatively called Mad2B) was shown to be
involved not only in TLS but also in cell cycle regulation (Chen and
Fang 2001) and signal transduction (Hong et al. 2009). Regarding
Rev1, there also was an earlier report based on a large-scale gene
expression screen showing that the protein is induced during meiosis
in yeast (when fused to b-gal [Burns et al. 1994]). A meiosis-specific
URS1 sequence found in close proximity to the Rev1 coding region
presumably enables Rev1’s significant up-regulation during meiosis
(Burns et al. 1994).

New DNA synthesis is required during yeast meiosis in two central
and distinct events (Figure 2E): in meiotic S, which in strains of SK1
genetic background occurs about 2 hr after transferring the culture to
SPM (Figure 1B, Ime2 up-regulation), and during prophase I (Figure
1B, about 4–5 hr, Cdc5 up-regulation), in DSB repair. Our findings are
very clear with respect to the timing of expression of TLSPs: The main
increase of TLSPs expression during meiosis occurs at 4–5 hr, at a time
which coincides with prophase I. At this time, meiotic recombination
events take place starting with DSB formation, resection of DSBs, and
their repair following homology search, interaction with unbroken
homologous chromatids and repair synthesis (Szekvolgyi and Nicolas
2010). Interestingly, we did not observe a marked elevation in TLSP
expression at 2 hr at the time of meiotic S phase. Early observations
testing REV3 transcription during meiosis support our results by
showing only a mild increase in REV3 transcript early in meiosis
but an 18-fold increase in REV3 transcription levels later in meiosis
(Singhal et al. 1992). Taken together, the time of TLSPs’ expression in
meiosis is clearly later than the time of regular meiotic DNA replica-
tion (meiotic S), and therefore, we propose that TLSPs are involved in
DNA synthesis during recombinational repair of meiotic DSBs.

Two prevalent models have been proposed to elucidate the involvement
of TLSPs in DNA damage tolerance during genome replication (i.e.,
the polymerase switching model and the postreplicative gap-filling

n Table 1 Protein-protein interactions between TLSP and DSB proteins

Proteins tested for
interaction

Mitotically Dividing Cells Meiosis-Arrested Cells

Rev1 Rad30 Rev7 Rev1 Rad30 Rev7

DSB Formation Spo11 0.26 0.64 0.12 4.15 (P = 0.0123) 0.14 0.02
Mei4 1.23 1.08 1.22 3.01 (P = 0.0048) 0.37 0.01
Rec104 0.85 0.72 0.56 0.84 0.98 0.75
Rec114 1.03 1.0 1.06 1.2 1.18 6.27 (P = 0.0214)

DSB Resection Rad50 0.49 0.24 0.45 0.77 0.05 0.01

DSB Repair Dmc1 0.45 0.17 1.33 0.83 0.48 1.23
Rad51 0.72 0.58 1.00 0.81 0.88 1.46
Rad52 0.56 0.64 1.14 0.67 0.73 1.32
Rad54 1.23 0.85 1.49 (P = 0.0532) 1.09 0.7 1.20
Rad57 0.90 1.17 2.00 (P = 0.0283) 1.00 0.90 1.31

Summaries of Y2H experiments testing interactions between TLSPs and proteins involved in DSB formation, processing, and repair in
mitotically dividing cells and in meiosis-arrested cells. LexA-BD and Gal4AD on 2m vectors were fused to each of the DSB proteins and to
TLSPs. Fusions were introduced into Y2H reporter strains and assayed for protein interactions in pair-wise combinations, as described in text.
Values indicate mean fold changes in reporter activity between tested interactions and highest negative controls (fold change values were
calculated separately for each experiment and then averaged). Every set of Y2H experiments (a particular combination of proteins) was
repeated 3–4 times. Each significant (and borderline significant) Y2H interaction is based on four experiments. The given significance level
(P value) is based on stringent analysis of variance, as described in Materials and Methods.
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model [reviewed by Chen et al. 2011]). One principal difference
between the two models accounts for their timing. While the poly-
merase switching model is coupled to genome replication and can
take place only in S phase, the postreplicative gap-filling events in
mitotically dividing cells may occur during both S phase and G2

(Daigaku et al. 2010). Occurrence during the latter is supported by
the observation that expression of Rev1 peaks in G2/M (Waters and
Walker 2006). Our results, showing a significant up-regulation of all
three TLSPs at times after genome replication, are in line with these
latter findings. Furthermore, it has recently been shown that Rev1
and PolZeta form a complex that is required for efficient HR repair
in HeLa cells (Sharma et al. 2012). Hence, the Rev1/PolZeta complex
may be needed to operate on resected DSBs, which in meiosis, occur
regularly after S, in G2, during prophase I (Keeney 2008; Padmore
et al. 1991; Szekvolgyi and Nicolas 2010).

To test whether TLSPs are involved in recombinational repair, we
employed two complementary approaches, namely we examined
sporulation and meiotic recombination in strains deleted for the TLSP
genes, and we examined the physical association during meiosis by
Y2H tests between TLSPs and meiotic DSB proteins.

Allelic recombination at HIS4, as well as ectopic gene conversion
of a T360Gmutation in URA3, were significantly reduced in the triple-
deletion mutant rev1Drev3Drad30D (Figure 3, C and D, respectively),
but most of the other deletion strains did not differ significantly from
the ancestral WT strain, except the strains deleted for REV1 (rev1D)
and the double mutant rev3Drad30D. The former strain (rev1D)
shows a marked increase in ectopic gene conversion compared to that
of the WT, which is surprising. When both Rev3 and Rad30 are
missing, allelic recombination is also severely compromised, whereas
ectopic recombination events are compromised only when all three
proteins are absent, as seen in the triple-deletion mutant. The most
likely interpretation of these results is that the three TLSPs participate
in recombinational events in meiosis that lead to allelic and ectopic
gene conversion and that the three enzymes have somewhat inter-
changeable roles. However, why should the single-deletion mutant
rev1D show an increase in ectopic gene conversion? Perhaps the an-
swer is that the Rev1 protein restricts gene conversion to allelic
sequences (as its effect is seen only at the URA3 locus but not at
the HIS4 locus), whereas the other two TLSPs participate in DSB
repair regardless of whether it uses allelic or ectopic sequences as
templates.

Interestingly, all eight strains (WT and its seven isogenic TLSP-
deleted strains) showed comparable sporulation efficiencies in these
experiments (i.e., 75%–80% asci after 48 hr) (Figure 2A). This means
that the involvement of TLSPs in recombinational repair is not essen-
tial to meiosis and that the latter may be completed even in the
absence of TLSPs. Germination of spores obtained from the triple-
deletion mutant was also very high, comparable to that shown by the
isogenic WT strain. The nonessential and fairly mild role of TLSPs in

overall meiosis is not surprising, as too much activity of TLSPs during
meiosis might lead to high frequency of mutations transmitted to the
offspring, which might shift the fine balance from healthy diversity to
an unbearable mutation load.

Physical association in meiosis was examined between the three
TLSPs and each of 10 meiotic-DSB proteins by Y2H tests in yeast cells
arrested in meiotic prophase, as well as in mitotically dividing cells. Of
the 30 combinations tested, three new meiosis-specific, statistically
significant associations were detected (Table 1; see also Figure 4B),
namely Rev1-Spo11, Rev1-Mei4, and Rev7-Rec114. Moreover, a mei-
otic two-hybrid association was also found between two of the TLSPs,
Rev1 and Rad30 (Table 2). Of these four Y2H interactions, only Rev7-
Rec114 was stronger than the positive meiotic control, Rec104-Spo11
(established originally by Arora et al. 2004), whereas the three inter-
actions involving Rev1 were much weaker (Figure 4B), although
statistically significant. Perhaps the reason why Rev1 was found re-
peatedly in our meiotic two-hybrid associations is related to its
known ability to interact with other proteins. Indeed, in addition
to its N-terminal BRCT domain and a central TLS polymerase do-
main, the Rev1 protein also contains a C-terminal region that has
been shown to interact with multiple other TLS polymerases, such as
PolZeta (Acharya et al. 2006; Ohashi et al. 2004). These studies
suggest an important role for Rev1 as a scaffold protein, perhaps
coordinating access of the TLS polymerases to the damaged sites.

In our Y2H analysis, we were able to detect meiotic associations
only between TLSPs and proteins of the DSB-generating complex,
Spo11, Mei4, and Rec114, and not with DSB repair proteins, which act
later in meiotic-DSB processing. The absence of Y2H associations with
the latter may be explained in two alternative ways: one possibility is
that TLSPs are not involved in the actual recombination-repair process
that operates in prophase I, which is Rad51-recombinase-mediated;
rather, TLSPs may be associated with the principal complex that
generates DSBs and acts immediately on the newly cut DNA by
adding a few nucleotides to the 39-OH ends. DNA ends are then
further processed and resected by various nucleases, but because
resection acts to generate 39-end single-stranded DNA, the exonu-
cleolytic events occur primarily on the 59-P ends in a 59-to-39 di-
rection (Mimitou and Symington 2008; Zenvirth et al. 2003) and
thus do not affect the new addition(s) made by TLSPs. The resected
39 end is then ready to invade into homologous templates. We argue
that this small addition of nucleotides by TLSPs to the 39ends may
not interfere with strand invasion and homology-based DNA syn-
thesis that occur later in the process, as the DNA stretch needed for
invasion extends over hundreds of nucleotides (Zhu et al. 2008).
TLSPs are believed to be involved soon after DSB formation in other
processes that lead to genetic diversity (Diaz and Casali 2002). Thus,
it has been proposed that PolZeta can introduce mutations while
filling in 39 recessed termini during V(D)J recombination, thereby
allowing ligation of the two free ends by NHEJ (Zan et al. 2001).
Alternatively, the reason for not detecting the Y2H association of
TLSPs with any of the five DSB-repair proteins may be related to the
low processivity of the TLSPs on the DNA, that may also reflect
weak association with the DNA-repair proteins: Being able to syn-
thesize only a few nucleotides at a time, TLSPs promptly dissociate
from the site of breakage and hence may fail to show association
with the repair proteins recruited to the DSB sites. It is also possible
that DSB repair proteins depend on Ndt80, which was absent in our
strains. Nevertheless, we suggest that the association of TLSPs with
the early, DSB-generating proteins is an important feature of meio-
sis, by which these polymerases are brought to physical proximity
with the DSBs in DNA.

n Table 2 Protein-protein interactions among TLSPs

TLSPs tested Mitotically Dividing Cells Meiosis-Arrested Cells

Rev1-Rad30 3.07 (P = 0.0075) 1.47 (P = 0.002)
Rev1-Rev7 1.15 1.54
Rad30-Rev7 0.53 0.89

Summaries of Y2H experiments testing interactions among the three TLSP
proteins in mitotically dividing cells and in meiosis-arrested cells. Rad30 was
fused on a 2m vector to LexA-BD; Rev1 was fused to Gal4AD; and Rev7 was
fused to either LexA-BD or Gal4AD to enable all three combinations to take
place. Fusions were introduced into Y2H reporter strains as described in the
legend to Table 1.
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What roles do the TLSPs play in meiosis and why should they be
associated with meiotic DSBs and their processing into recombination
events? As far as we can judge, the TLSPs are not essential for the
completion of meiosis, as strains devoid of all three known enzymes
(rev1D rev3D rad30D) undergo normal sporulation, and meiotic chro-
mosome segregation appears to be normal, as spores germinate with
high efficiency. One possibility is that there exists in budding yeast
another polymerase that functions in meiosis in the absence of the
three known TLSPs. Indeed, an additional DNA polymerase, Pol4, is
expressed in meiotic cells (Shimizu and Sugino 1993). Pol4-deleted
mutants exhibited fivefold increase in meiotic intragenic recombina-
tion at HIS4 compared to that of the WT strain (Leem et al. 1994). It
is possible that Pol4 fulfils an essential role that the TLSPs have in
meiosis, but we have not tested this possibility. Pol32 was recently
shown to facilitate the switch from PolDelta to PolZeta when encoun-
tering a DNA lesion (Baranovskiy et al. 2012; Johnson et al. 2012;
Makarova et al. 2012). Pol32 might also affect the role of TLSPs
during meiosis. It would be interesting to test null mutations of the
nonessential Pol32 subunit in our system. Alternatively, the role of
TLSPs in meiosis is not directly related to chromosome segregation
and the mechanics of meiosis. We suggest that TLSPs act mainly
outside the principal meiotic DNA replication (meiotic S) in the con-
text of short patches resulting from repair of meiotic DSBs, either by
replacing PolDelta in the polymerization of one or two nucleotides
(see (Maloisel et al. 2004) for the role of PolDelta in meiotic DSB
repair) or earlier, immediately after DSBs have been generated. The
outcome of this occasional involvement of TLSPs in DSB processing is
a marked increase in the generation of mutations in meiosis compared
to the level found during mitotic cell divisions. This may be the
explanation for the 6–20-fold increase in mutations during meiosis
in yeast found by Magni and Von Borstel (1962) and for their asso-
ciation with recombination events nearby (Magni 1963). However,
others (Nishant et al. 2010) did not find convincing evidence for an
increase in mutation frequency during meiosis in budding yeast. The

role we propose for TLSPs in meiosis is comparable to that of TLSPs
in human lymphocytes, which are activated during lymphogenesis
and are involved in repair of induced DSBs at Ig hypermutation sites,
and thus increase the immunogenic repertoire (Bross et al. 2000;
Papavasiliou and Schatz 2000; Poltoratsky et al. 2001; Zan et al.
2001). We therefore suggest that the association of TLSPs with meiotic
DSBs leads to an increase in mutations during meiosis and has a long-
range evolutionary impact, rather than a direct impact on an individ-
ual meiosis and its chromosome mechanics.

Taken together, meiosis reflects a refined balance between the
immediate need for genomic stability and the evolutionary require-
ment for genetic diversity. Meiotic diversity is achieved by chromo-
some reassortment and recombination, as well as by the newly proposed
involvement of TLSPs in meiotic DSB processing.
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