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EXAMINING THE ROLES OF THE TRANSLESION DNA POLYMERASES IN DNA REPAIR 

Becky Xu Hua Fu 

Abstract 
DNA double-strand breaks (DSBs) will lead to cell death unless repaired by DNA repair pathways.  The 
major DSB repair pathways are homologous recombination – utilizing 30 base pairs (bp) of homology 
— and non-homologous end-joining, utilizing 0-4 bp of homology.  Microhomology-mediated end-
joining (MMEJ) is a recently discovered repair pathway that utilizes 5-25 bp of homology.  This study 
analyzes the role of non-essential DNA polymerases (Rad30, Rev1, Rev3) in MMEJ repair using a novel 
assay in the model organism Saccharomyces cerevisiae.  The MMEJ assay contains varying amounts of 
homology (16, 20 or 25 bp) on either side of an inducible DSB, which contain a 2 bp mismatch within 
the homology.  Each non-essential DNA polymerase is shown to have statistically significant decreases 
(ranging from 2- to 500- fold) in DSB repair.  Understanding this phenomenon will help determine the 
mechanisms underlying repair and potentially its role in human disease. 

Introduction  

DNA can be damaged by endogenous and 
environmental factors (e.g., reactive oxygen 
species, UV radiation, radiation).  The 
preservation of the genome is essential to life 
and the genetic information is maintained by 
various DNA repair and checkpoint proteins.  
When DNA damage occurs, it must be 
properly repaired through the various cellular 
maintenance mechanisms (e.g., nucleotide- or 
base-excision repair, mismatch repair, non-
homologous end-joining (NHEJ), and 
homologous recombination (HR) 
(Hoeijmakers 2001); otherwise it may lead to 
senescence, mitotic catastrophe, apoptosis, or 
uncontrolled cellular growth (cancer).  HR 
functions in template-dependent, high-fidelity 
repair of DNA single stranded gaps, DNA 
double-strand breaks (DSBs), stalled/broken 
replication forks and inter-strand crosslinks.   
 
Repair of DSBs is vital because unrepaired 
DSBs are lethal in all organisms (Bennett et al. 
1993).  Figure 1 shows the two pathways 
available to repair a DSB in the budding yeast 
Saccharomyces cerevisiae: NHEJ and HR.  The 
repair pathway that is chosen depends on the 
species, cell cycle phase, tissue type, and lesion 

type.  In NHEJ the Ku70/80 heterodimer binds 
to the exposed ends of the DNA and brings 
them together, thereby facilitating DNA 
polymerase mediated gap filling and strand 
ligation by Dnl4.  This form of repair is prone 
to error because it uses less than 5 base pairs 
(bps) of homology and does not require a 
template to repair the break.  In HR, when a 
DSB is created, the MRX complex (Mre11, 
Rad50, Xrs2), together with Sgs1, Dna2, Exo1 
and Sae2, resects the DNA end, 5’ to 3’ 
resulting in a 3’ single –stranded DNA tail.  HR 
uses homology of 30 bps or more to perform 
strand invasion and repair using a sister 
chromatid or homologous chromosome as a 
template, which is facilitated by Rad51, Rad54 
and Rad52.   By using either the sister 
chromatid or a homolog as a template to repair 
the DSB HR has a higher fidelity of repair than 
NHEJ.  As shown in the model, there are 
several different DNA polymerases which 
function to restore DNA stability.   
 
There are seven nuclear DNA polymerases in 
budding yeast.  This study analyses the non-
essential DNA polymerases (Rev1, Rev3, and 
Rad30). Rev1, Rev3, and Rad30 are translesion 
polymerases and have specialized functions in 
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bypassing DNA lesions in either an error-free 
or error-prone manner, which depends on the 
type of DNA lesion and the DNA polymerase 
used.  DNA lesions can be caused by intrinsic 
or extrinsic mutagens such as oxygen free 
radicals, radiation, and alkylating agents.  
MMEJ is a newly characterized DNA repair 
pathway that uses small stretches of DNA 
homology (5-25 bps) to repair DSBs 
(Decottignies et al. 2007; McVey and Lee 
2008).  The homology length used in MMEJ 
(5-25 bps) is distinct from HR (30 bps or 
more) and NHEJ (0-4 bps).   
 
Rev1, Rev3, and Rad30 are analyzed in this 
study.  These DNA polymerases are considered 
non-essential because cells are viable even in 
the absence of these proteins.  Although these 
DNA polymerases are not essential for 
viability, Rev1, Rev3, and Rad30 are conserved 
from yeast to higher eukaryotes such as 
humans.  Rev1 is a eukaryotic Y family DNA 
polymerase and is involved in translesion 
synthesis during post-replication repair and 
DSB repair (Lawrence et al. 2004 and Prakash 
et al. 2005).  Rev1 incorporates a cytosine in 
abasic sites or damaged bases.  This 
polymerase has been shown to interact with 
polymerase ζ (encoded by Rev3 and Rev7) for 
efficient bypass and extension of DNA lesions 
(Nelson et al. 1996, Prakash et al. 2005, 
Howell et al. 2007).    Rev3 is the catalytic 
subunit of Pol ζ.  Like Rev1, Pol ζ is involved 
in the translesion synthesis during post-
replication repair and DSB repair (Prakash et 
al. 2005 and Gan et al. 2008).  Pol ζ is 
polymerase with low fidelity and low 
processivity when incorporating nucleotides 
across damaged and undamaged base pairs 
(Nelson et al. 1996, Johnson et al. 2000, Guo et 
al. 2001).  Pol ζ  has been shown to interact 
with Rev1, Pol η, and Pol δ to allow proficient 
bypass of mismatch nucleotides (Haracska et 
al. 2001, Johnson RE et al. 2001, & Johnson 

RE et al. 2003). Finally, Rad30 encodes the Y 
family DNA polymerase η, which has the 
ability to incorporate nucleotides across DNA 
lesions such as UV-induced dimers, damaged 
base pairs, and abasic sites (Prakash et al. 
2005). Pol η can replace Pol δ in the 
replication holoenzyme (Zhuang et al.  2008).  
Pol η  is a polymerase with low fidelity and 
low processivity and has no proofreading 
exonuclease activity (Washington et al. 1999).  
Mutations in Pol η  have been shown to be 
linked to the human disease, xeroderma 
pigmentosum (XPV) (Matsutani et al. 1999 & 
Johnson et al. 1999). All translesion DNA 
polymerases in this study are conserved from 
yeast to humans.  To elucidate the function of 
each non-essential DNA polymerase, mutants 
were studied in the mismatch and complete 
homology interchromosomal and 
intrachromosomal MMEJ assays, discussed 
below.  Although past research provides 
information on these DNA polymerases, the 
non-essential DNA polymerases have not been 
analyzed in MMEJ.  This analysis characterizes 
the non-essential polymerases’ frequencies of 
repair in interchromosomal and 
intrachromosomal MMEJ following the 
creation of a DSB.  The translesion 
polymerases are tested in MMEJ assays (Figure 
2 and Figure 3) that have varying amounts of 
mismatched homology.  The assays have two 
base pair mismatches that are located in 
varying positions from the end of the induced 
DSB.  For example the interchromosomal 14-
2-2 assay, after creation of a DSB via galactose 
induction , produces a DNA complex that 
requires polymerase extension. For the 
interchromosomal 14-2-2 the DNA complex 
has 14 bps of homology followed by 2 bps of 
mismatch and followed by 2 bps homology.  
The other interchromosomal and 
intrachromosomal assays (14-2-2, 14-2-4, and 
14-2-9) follow similar assay design.  
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Figure 1. Pathways available to repair a DNA double-strand break. 
Credit:  Heyer et al. 2010 

 
 

Methods and Procedures 
Strain construction.   

Standard techniques for yeast growth, genetic 
manipulation and plasmid construction were 
used throughout this study (Sherman et al. 
1986; Maniatis et al. 1989).  All yeast strains 
used in this study were isogenic with W303-
1A (Thomas and Rothstein 1989) but were 
wild type at the RAD5 locus.   
 
The his3-Δ3’-HOcs interchromosomal MMEJ 
substrates were created by PCR using 
pWDH954 as a template to make three 
constructs that share varying amounts of 
homology with the his3-Δ5’-HOcs substrate.  
The first construct shares 14 bps of homology  

followed by a 2 bp mismatch and then 2 bps of 
homology (TTA AAG AGG CCC TAGGGG; 
Inter14-2-2); the second construct  
 
shares 14 bps of homology followed by a 2 bp 
mismatch and then 4 bps of homology (TTA 
AAG AGG CCC TAG GGG CC; Inter14-2-4); 
and the third construct has 14 bps of 
homology followed by a 2 bp mismatch and 
then 9 bps of homology (TTA AAG AGG CCC 
TAG GGG CCG TGC G; Inter14-2-9) (Figure 
3).  The PCR constructs were each digested 
with BamHI and cloned individually into 
YIp365R, which possesses a URA3 selectable 
marker, which had been digested with BamHI 
to create pWDH1006 (Inter14-2-2), 
pWDH1007 (Inter14-2-4) and pWDH1015 
(Inter14-2-9).  The resulting plasmids were 
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linearized by digestion with MscI to target 
their transplacement into the HIS3 locus 
following transformation and selection for 
uracil prototrophy.  Uracil prototrophs were 
plated to 5-FOA media to select for plasmid 
loss and the resulting 5-FOAr colonies assessed 
for histidine auxotrophy by replica plating to 
synthetic medium-lacking histidine.  5-FOAr 
resistant and histidine auxotrophic colonies 
were subjected to PCR analysis to confirm 
integration of the his3-Δ3’-HOcs MMEJ 
constructs into the HIS3 locus (D.  Meyer, 
personal communication).  Construction of 
the other MMEJ and translocation assay 
components (leu2::HOcs-his3-Δ5’(300), and 
trp1::GAL1-HO-KAN-MX) have been discussed 
previously (Pannunzio et al. 2008).    
 
The intrachromosomal MMEJ assay was 
created using the cloning free genomic 
integration method (Erdeniz et al. 1997), using 
the his3-∆5’, Kluyveromyces lactis URA3 gene 
and the newly constructed interchromosomal 
MMEJ constructs as substrates (Figure 2). The 
PCR generated substrates were targeted to the 
HIS3 locus following transformation and 
selection for. uracil prototrophy.  
Transformants were then screened for 
histidine auxotrophy and the resulting 
colonies were verified by PCR and sequencing 
to confirm integration. 
 
All interchromosomal MMEJ and translocation 
strains possess the his3-∆5’ substrate at the 
LEU2 locus on one copy of chromosome III 
and a his3-∆3’ substrate is located at the HIS3 
locus on one copy of chromosome XV.  The 
intrachromosomal MMEJ strains possess the 
his3-∆3’ substrate followed by a K.  lactis URA3 
gene and then the his3-∆5’ substrate (his3-∆3’-

URA3-his3-∆5’) as a tandem cassette at the 
HIS3 locus on one copy of chromosome XV.  
The his3-∆5’ and his3-∆3’ substrates share 
14+2 bps (Inter 14-2-2), 14+4 bps (Inter14-2-
4), 14+9 bps (Inter14-2-9) or 311 bps 
(translocation) of homology within the HIS3 
coding sequence.  These strains also possess 
one copy of the his3-∆200 allele at the HIS3 
locus on the second copy of chromosome XV 
that is unable to form an intact HIS3 gene by 
recombination with either substrate. 
 
The deletion mutants for the translesion 
polymerases were a generous gift from Dr. 
Lorraine Symington (Fung et al. 2009). 
 

HO-stimulated MMEJ DSB frequencies.    
Two ml cultures of YP-Raffinose were 
inoculated with single colonies of appropriate 
genotypes, and incubated for 24 hours at 30ºC.  
Galactose is added to the cells to a final 
concentration of 2% to induce expression of 
the HO endonuclease.  After four hours of 
expression, the cells were plated to medium-
lacking histidine to select for recombinants, 
and dilutions plated to YPD to determine 
viability (Figure 2).  The frequency was 
determined by dividing the number of 
histidine prototrophic colonies by the total 
number of viable cells plated.  Median 
frequencies from at least 25 independent 
cultures per growth period and for each 
genotype were reported and the 95% 
confidence intervals calculated using a table 
(Knight 2006).  Differences between 
frequencies for which the 95% confidence 
intervals did not overlap were considered 
statistically significant.   
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Figure 2:  MMEJ genetic recombination assays:  interchromosomal (inter MMEJ) (left)  

and intrachromosomal (intra MMEJ) (right). 
 

 

 
Figure 3:  MMEJ assay junctions with mismatch or complete homology in either the  

interchromosomal or intrachromosomal MMEJ assay. 
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Results 

Interchromosomal and Intrachromosomal MMEJ 
assays.   

Rev1: 
The rev1 deletion mutant was analyzed in the 
mismatch inter and intra MMEJ assays.  The 
rev1 mutants showed a 2.4-fold decrease in the 
14-2-4 bp inter MMEJ assay and a 7.8-fold 
decrease in the 14-2-4 bp intra MMEJ assay 
(Table 1, Figure 4 & 5).  In the 14-2-2 bp intra 
MMEJ assay, rev1 mutants had a 5.8-fold 
decrease in recombination, while the 14-2-2 bp 
inter MMEJ assay had a 292-fold decrease in 
the inter 14-2-2 bp MMEJ assay (Table 1, 
Figure 4 & 5).  The most dramatic phenotype 
of the rev1 mutant was in the 14-2-9 bp intra 
MMEJ assay which showed a 520-fold decrease 
in the intra 14-2-9 bp MMEJ (Table 1, Figure 4 
& 5).  However, rev1 had no effect in the 14-2-
9 bp inter MMEJ assay (Table 1, Figure 4 & 5).  
Rev1’s specific effect on the shortest and 
longest mismatch MMEJ substrates shows 
protein specificity in different scenarios of 
DNA double strand break.   
 
Rev3: 
The rev3 deletion mutant was analyzed in the 
mismatch inter and intra MMEJ assays.  The 
rev3 mutant showed mild 2-fold effects on the 
14-2-4 bp inter MMEJ assay and 14-2-9 bp 
inter MMEJ assays (Table 1, Figure 6 & 7).  

The rev3 mutants also showed a 5.8-fold 
decrease in the 14-2-4 bp intra MMEJ assay 
while showing no effect on the 14-2-2 bp intra 
MMEJ assay (Table 1, Figure 6 & 7).  The rev3 
mutant had the most severe phenotype in the 
14-2-2 bp inter MMEJ assay and the 14-2-9 bp 
intra MMEJ assay showing a 146-fold decrease 
and a 104-fold decrease, respectively (Table 1, 
Figure 6 & 7).  The rev3 mutants showed 
statistically significant decreases in 
recombination in the all the inter MMEJ assays 
and in the intra 14-2-4 bp and 14-2-9 bp 
mismatch assays.  However, Rev3 seems to be 
following the same pattern as Rev1 for 
specificity to the inter shortest substrate and 
intra longest mismatch MMEJ substrates.    
 
Rad30: 
Rad30 deletion mutants were tested in the 
intra 14-2-2, 14-2-4, and 14-2-9 bp mismatch 
assays.  Rad30 showed mild 5- and 3-fold 
decreases in recombination in the 14-2-2 bp 
and 14-2-4 bp MMEJ assays, respectively 
(Table 1, Figure 8).  The rad30 mutants’ most 
severe phenotype was in the 14-2-9 bp intra 
MMEJ assay where it showed a 105-fold 
decrease in recombination (Figure 8).  The 
specificity of the 14-2-9 bp assay suggests that 
Rad30 plays a major role in extending 
mismatch DNA ends that are about 9 bps away 
from the lesion.   
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Table 1:  Mutant and Wild-Types in the MMEJ Assays 

 

Values in parentheses indicate the statistically significant fold decrease compared to wild-type.  
Values in brackets indicate the range for each recombination frequency. 
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Figure 4: The data for rev1 mutants in the interchromosomal MMEJ mismatch assays. 
 

 
Figure 5: The data for rev1 mutants in the intrachromosomal MMEJ mismatch assays. 
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Figure 6: The data for rev3 mutants in the interchromosomal MMEJ mismatch assays. 
 

 

Figure 7: The data for rev3 mutants in the intrachromosomal MMEJ mismatch assays. 
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Figure 8: The data for rad30 mutants in the intrachromosomal MMEJ mismatch assays. 

Discussion 

The role of non-essential polymerases in MMEJ 

The analysis of the non-essential polymerases 
using the mismatch and complete homology 
MMEJ substrates reveals that each non-
essential polymerase has specific roles in 
MMEJ repair.  Rev1, Rev3, and Rad30 have 
phenotypes in specific substrates in the 
interchromosomal and intrachromosomal 
MMEJ mismatch assays.  Rev1, Rev3, and 
Rad30 were analyzed in the mismatch MMEJ 
assays.  Rev1 and Rev3 both showed the 
greatest recombination defect in the 14-2-9 bp 
intra MMEJ assay and the 14-2-2 bp inter 
MMEJ assay.  Rev1 had the greatest 
recombination decrease for the 14-2-9 bp inter 
MMEJ assay (292-fold decrease) and the 14-2-
2 bp intra MMEJ assay (520-fold decrease).  
Rev3 showed a 104-fold decrease in the 14-2-2 
bp inter MMEJ assay and a 146-fold decrease 

in the 14-2-9 bp intra MMEJ assay.  Similarly 
Rad30 showed its greatest recombination 
defect in the 14-2-9 bp intra MMEJ assay with 
a 105-fold decrease compared to wild-type.  
The results suggest that the translesion 
polymerases (Rev1, Rev3, and Rad30) are 
major players in the repair of DSBs using 
MMEJ, but their involvement is dependent on 
the length of homology  and amount of 
msiamtches and if the recombination event is 
interchromosomal or intrachromosomal.  The 
analysis for the translesion polymerases is not 
fully complete.  Rad30 must be tested in the 
remaining mismatch MMEJ assays (inter 14-2-
2 bp, 14-2-4 bp, and 14-2-9 bp).  Rev1, Rev3, 
and Rad30 will also be tested in the inter and 
intra complete 20 bp MMEJ assay.  In addition, 
the data suggests that interchromosomal 
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translocations are not the same as 
intrachromosomal DNA repair events.  As 
shown in the translesion polymerases, 
interchromosomal and intrachromosomal 
events of the same mismatch engineered 
substrates do not produce the same fold 
difference for all three translesion polymerases.  
For example, Rev1 and Rev3 show drastic 
recombination defects in the 14-2-2 bp inter 
MMEJ assay ( Rev1: 292-fold decrease and 
Rev3: 104-fold decrease) while for the 14-2-2 
bp intra MMEJ assay show either a frequency 
with a small fold decrease or none at all (Rev1: 
5.8-fold decrase and Rev3: wild-type).  The 
inconsistency between the intra and inter 
MMEJ assays are unchanging with all the 
translesion polymerases.  The inter and intra 
MMEJ assays are designed to be identical 
except for the location of the microhomologies 
are either on the same or different 
chromosomes.  However, the polymerases 
show a difference in dealing with inter and 
intra substrates which suggests that although 
the assays were designed to be identical (with 
the exception of location) the cell does not 
treat an interchromosomal translocation event 
the same as an intrachromosomal DNA repair 
event. 
 
The results presented in this study shows 
overlap with research done previously on 
MMEJ.   Our study confirms that Rad30, Rev3, 
and Rev1 have a role in MMEJ gap-filling. The 
distinct difference in our study is that we show 
Rad30 and Rev3 were found to have specific 
affinity in extending specific regions of 
mismatched DNA in inter and 
intrachromosomal MMEJ repair events.  
Because these translesion polymerases remain 
to be tested in the complete homology assays, 
we cannot confirm that Rad30 and Rev3 have 
definite defects in all MMEJ events.  Our study 
does implicate that more than one polymerase 
is involved in MMEJ repair.  The differences in 
the data acquired compared to past results can 

be due to assay specific factors.  The assay 
employed by Lee & Lee involved DSBs at the 
MAT locus while the assay in our studies did 
not.  The MAT locus has controlled DSB repair 
that is arguably distinct from normal DSB 
repair, which occurs throughout the rest of the 
genome.  Another factor that is different 
between the assays is that our system has 
engineered MMEJ DSB repair substrates, which 
either have mismatches or complete homology, 
which are integrated inside the yeast genome.   
 
Various endogenous and exogenous agents can 
cause DNA damage that range from DSBs to 
helix distortions or base alterations, which 
threaten an organism’s genomic stability.  DNA 
damage can alter normal cellular functions 
thus must be repaired or it can result in cell 
death or cancer.   Eukaryotes and prokaryotes 
have evolved diverse DNA repair mechanisms 
to maintain genomic stability (NHEJ, HR, and 
MMEJ).  The importance of these repair 
pathways are best represented in recessive 
human diseases such as xeroderma 
pigmentosum variant (XPV) which is due to 
mutations in Rad30 (Masutani et al.  1999). 
Research has shown that there is a strong 
correlation between DNA repair and genomic 
integrity with human disease.  Mutations in 
proteins that are involved in the DNA repair 
pathways affect the ability of a cell to faithfully 
replicate, transcribe, and repair its DNA which 
in turn affects the biological processes 
downstream that lead to an increase of 
carcinogenesis and genomic instability.  This 
study shows the analysis of Pol32, Pol4, 
Rad30, Rev1, and Rev3 in MMEJ, thereby 
illuminating the functions of each protein in 
DNA repair using the genetically tractable 
organism, S.  cerevisiae.  Although the proteins 
are studied in budding yeast, they are 
conserved from yeast to humans.  Therefore, 
we are able to use a model organism to 
understand the contribution of each protein in 
DNA repair which will help determine the 



 
UC Davis | EXPLORATIONS:  THE UNDERGRADUATE RESEARCH JOURNAL  

Vol. 15 (2013) B. X. H. Fu, p.12 
 

mechanisms underlying its role in human 
disease. 
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