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Abstract

Rad52 play a major role in homologous recombination (HR). The function of Rad52 
are separated between its role in mediated Rad51 loading on RPA-coated ssDNA and 
its strand annealing activity. While its functions extensively study in HR during the 
repair of DNA double-strand break, its role outside of HR remains elusive. Here we 
took advantage of aRad52 separation of function mutant, which is impaired for DSB 
repair and strand annealing to study its strand annealing activity outside of DSB 
repair. Recently, it has been show that Rad52 acts in error-free PRR pathway. We 
found that its role in error-free PRR is solely due to is function as a Rad51-mediator.  
We are currently validating a genetic screen that should yield better understanding 
on the role of Rad52-mediated strand annealing.
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Introduction

In yeast, Rad52 protein is composed of two main domains, which dictates the function 
of Rad52. The strand-annealing activity of Rad52 is contained in its N-terminal 
domain, while the Rad51-mediators activity is located in the C-terminal domain 
(Mortensen et al., 1996; Milne and Weaver, 1993). First characterized as a double-
strand break (DSB) repair protein (Paques and Haber, 1999), Rad52 has been found 
to have other biological functions (Le et al., 1999; Claussin and Chang, 2016; Ball 
et al., 2009). In this thesis, especially in Chapters 3 and 4, we have highlighting the 
importance of strand-annealing activity of Rad52 outside of its role in DSB repair. 
For these studies, we took advantage of Rad52 class C mutants, which are deficient 
for Rad52’s strand-annealing activity (Shi et al., 2009). 
 The Rad52 class C mutants were identified by an alanine scan of the N-terminal 
region of Rad52 (Mortensen et al., 2002). This class of mutants were later found to 
be specifically defective for the strand-annealing activity of Rad52 (Mortensen et 
al., 2002; Shi et al., 2009). These mutants are sensitive to ionizing radiation and 
campothecin, indicating a defect in the repair of DSBs (Lettier et al., 2006), and are 
also defective in Rad51-independent break-induced replication (BIR), single-strand 
annealing (SSA) and sister chromatid recombination. However, these mutants are 
still proficient for Rad51-dependent BIR, heteroallelic recombination and Rad51-
mediated activity (Munoz-Galvan et al., 2013; de Mayolo et al., 2010; Claussin and 
Chang, 2016; Mortensen et al., 2002; Shi et al., 2009). Thus, these mutants allow us 
to examine the consequences of losing the strand annealing activity of Rad52, while 
retaining its ability to function as a Rad51 mediator. We have recently found that 
Rad52-mediated strand-annealing activity is required for telomere maintenance to 
prevent accelerated senescence in the absence of telomerase (Claussin and Chang, 
2016). In this study, we proposed that the strand-annealing function of Rad52 may 
be required to mediate error-free post-replication repair (PRR). Because class C 
mutants are deficient for DSB repair, and have a separation-of-function between 
its strand-annealing and Rad51-mediated activities, these mutants offer a great tool 
to study the function of Rad52-mediated strand annealing activity outside of DSB 
repair. Here, I will show some of my preliminary data that I have assembled to 
understand the role of strand annealing in different context than DSB repair. 
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Results and Discussion

rad52 class C mutations rescue neither mus81∆ sgs1∆ synthetic lethality 
nor rmi1∆ slow growth 

Mus81 and Sgs1 are two proteins respectively involved in the resolution and 
dissolution of dHJs during DSB repair. Deletion of both MUS81 and SGS1 causes 
synthetic lethality, which can be rescued by deletion of RAD51 or RAD52 (Fabre 
et al., 2002). It has been proposed that the synthetic lethality of the double sgs1∆ 
mus81∆ mutants is due to the accumulation of a toxic recombination intermediate. 
Deletion of RAD51 or RAD52 can rescue this lethality by preventing the formation 
of this recombination intermediate in the first place.

Similar observations have been made regarding the sickness of top3∆ and 
rmi1∆ mutants (Oakley et al., 2002; Shor et al., 2002; Chang et al., 2005). It is 
thought that Sgs1, working downstream of Rad51 and Rad52, creates a potentially 
toxic recombination intermediate (different than the one that accumulates in sgs1∆ 
mus81∆) that is acted on by the combined action of Top3 and Rmi1. Deletion of SGS1, 
RAD51 or RAD52 will prevent this intermediate from forming, which suppresses 
top3∆ and rmi1∆ sickness.

Figure 1. rmi1∆ sickness is not rescued by rad52 class C mutations. Graphical representation of 
the colony size measurements of the indicated genotypes after tetrad dissection of rmi1Δ/RMI1 xxxΔ/
XXX diploids. (Patterned column represents the expected value if RMI1 and gene XXX act in separate 
pathways).
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In both cases (sgs1∆ mus81∆ and either top3∆ or rmi1∆), the initial lesion is 
then repaired by an alternate repair mechanism. Interesting, since deletion of RAD52 
can rescue this lethality, and because Rad52 is required for repair of DSBs, the initial 
lesion in both cases cannot be a DSB. What is not known is whether strand-annealing 
activity of Rad52 is required. We fine that while deletion of RAD51 and SGS1 
rescue rmi1∆ sickness, neither rad52-Y66A nor rad52-R70A could do so (Figure 1). 
Similarly, rad52-Y66A could not suppress mus81∆ sgs1∆ synthetic lethality (data 
not shown). This suggests that an endogenous lesion(s), which is not a DSB, induces 
Rad51-mediated recombination that requires the downstream activity Sgs1/Top3/
Rmi1 and Mus81 for completion of repair, but does not require the strand annealing 
function of Rad52. This implies that neither toxic recombination intermediate is a 
double Holliday junction, which would presumably require strand annealing activity.

Exploring the role of Rad52-mediated strand-annealing activity in error-
free PRR

Recombination proteins, such as Rad51 and Rad52, have been found to participate 
in error-free PRR (Huang et al., 2013; Ball et al., 2009; Gangavarapu et al., 2007). 
However, it is not known whether the strand-annealing function of Rad52 does 
as well. PRR is a still poorly defined repair pathway that has two main branches: 
translesion synthesis (TLS; which is error-prone) and error-free PRR. Mutations in the 
error-free branch cause more repair by TLS, which increases the rate of spontaneous 
mutations. To determine the role of Rad52-mediated strand annealing in error-free 
PRR, we measured the rate of mutation at the CAN1 locus in wild type (WT), rad52∆ 
and rad52-Y66A mutants. We find that rad52∆ shows a 10-fold increase in mutation 
rate compared to WT cells, as previously reported (Endo et al., 2007; Huang et al., 
2003), while the rad52-Y66A mutant exhibits only a twofold increase (Figure 2A). 
This suggests that the rad52-Y66A mutant is generally proficient for error-free PRR.

Another way to probe the error-free pathway is to combine mutations in 
the pathway with mutations in TLS. Rad6 and Rad18, which are important for both 
branches of PRR, are sensitive to low doses of the DNA damaging agent methyl 
methanesulfonate (MMS), while TLS and error-free PRR mutants alone are not. 
However, combining mutations in both TLS and error-free PRR results severe 
sensitivity to MMS (Xiao et al., 1999; Broomfield and Xiao, 2002). Similarly, rad51∆ 
and rad52∆, when combined with the TLS mutation rev3∆, causes severe sensitivity 
to MMS (Ball et al., 2009). If the strand-annealing activity of Rad52 is required for 
error-free PRR, then combining rad52 class C mutants with mutants involved in 
TLS should also cause the same sensitivity to a low dose of MMS. Single deletion 
of RAD52 and REV3 does not show any sensitivity to low dose MMS, similar to the 
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rad52-Y66A mutant. Double rad52∆ rev3∆ mutants show high sensitivity to 0.001% 
MMS, while rad52-Y66A rev3∆ are similar to the single mutants and does not show 
particular sensitivity to low dose MMS (Figure 2B). Similar results have been found 
with regards to ultra violet (UV) sensitivity (Figure 2B). Taken together, our data 
indicates that Rad52-mediated strand-annealing is not required for error-free PRR.

Figure 2. Exploring the role of Rad52-mediated strand-annealing activity in error-free PRR. 
(A) CAN1 mutation rate of indicated genotypes. (B) Low-dose MMS and UV sensitivity of TLS and 
recombination mutants.

Our findings are consistent with data showing rad52-Y66A has additive 
defects in terms of telomere attrition-induced senescence (Claussin and Chang, 2016) 
and cell growth (Fallet et al., 2014) in combination with rad5∆, which is required 
for PRR, further suggesting that Rad52-mediated strand-annealing is not involved 
in error-free PRR. However, we proposed in Chapter 3 that Rad52-mediated strand-
annealing is important for error-free PRR at telomeres in the absence of telomerase, 
although in a Rad5-independent manner (Claussin and Chang, 2016). So, is Rad52-
mediated strand-annealing involved in error-free PRR or not? The answer is 
complicated by the fact that we know very little about error-free PRR, and the little 
we do know suggests that at least two subpathways may exist: a Rad5-dependent 
subpathway that deals with lesions located on the leading strand template and a 
Rad5-independent subpathway for lesions located on the lagging strand template 
(Gangavarapu et al., 2007). Further characterization of error-free PRR is needed 
before we can confidently assign a role for strand annealing in this repair pathway. 

Screen for genetic interactions of rad52-Y66A to dissect the functions of 
Rad52

To further characterize the function of Rad52, we performed a synthetic genetic 
interaction screen using synthetic genetic array (SGA) technology (Tong and Boone, 
2006). We used the Cutoff Linked to Interaction Knowledge (CLIK) method (Dittmar 
et al., 2013) to determine that 86 genes show a synthetic sick or lethal interaction 
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with rad52-Y66A (Figure 3).

Figure 3. Synthetic interactions of rad52-Y66A. The density plot is a graphical representation of the 
CLIK analysis. The bottom left corner shows an enrichment (a CLIK group) of BioGRID annotated 
interactions among genes that show a negative genetic interaction with rad52-Y66A. Genes in this 
CLIK group are shown on the right.

 Currently we are performing validation for the screen. Validation of the 
interation is performed by spore analysis after tetrad dissection of sporulation We 
have been tested geneX∆/geneX rad52-Y66A/RAD52 or geneX∆/geneX rad52∆/
RAD52 diploids. Until now, we have tested POL32, RAD52, RAD27, REV3, CTF4, 
ELG1 and TOP3. We found that as predicted, when combined rad52∆, rad27∆ 
with either rad52∆ or rad52-Y66A is lethal (Figure 4A). Similar data have been 
previously reported for synthetic lethal interation in hst3∆ hst4∆ rad52∆ and for 
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hst3∆ hst4∆ rad52 class C (Claussin and Chang, 2016).

Figure 4. Screen validation. (A) Tetrad analysis of rad27∆/RAD27 rad52∆/RAD52 (top) and rad27∆/
RAD27 rad52-Y66A/RAD52 (bottom) dissections. (B) Tetrad analysis of pol32∆/POL32 rad52-Y66A/
RAD52 dissections. Colony sizes were quantified and normalized to the average WT colony size (graph 
on the right).

 . 
 However, we were surprised to see that while , pol32∆ rad52∆ double mutant 
is synthetic lethal (Tong et al., 2004; Hanna et al., 2007), deletion of POL32 in rad52-
Y66A mutants only results in strong sickness (Figure 4B). The synthetic lethality of 
pol32∆ rad52∆ double mutants has been interpreted as defective DNA replication 
caused by pol32∆ resulting in damage that is repaired by Rad52-dependent repair. 
The sickness of rad52-Y66A pol32∆ double mutants implies that some of the damage 
associated with the loss of Pol32 can still be repaired, albeit inefficiently. 
 . Finally, deletion of ELG1 in Rad52-Y66A mutant shows a reduced sickness 
as compare to the elg1∆ rad52∆ mutant (Data not shown). 

Summary

In this chapter, I attended to share some of my preliminary data assembled about 
class C mutants. As preliminary data, we do need to more experiments and validation 
to get a better sense of the role of the strand annealing function of Rad52. We are 
hopping that this study, while help us to understand the function of strand-annealing 
activity in the formation of spontaneous SCEs.
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Materials and methods

Fluctuation test, and MMS sensitivity. Freshly streaked single colony was inoculated 
into 5mL of YDP media, in 9 separated cultures for each genotype and grown at 30°C 
for 2 days until saturation. 100uL of saturated culture (~107 cells) was plated onto 
SD-arg supplemented with 50ug/mL of canavanine to identify forward mutation in 
CAN1 locus. And 50uL of 106 fold dilution of the same saturated cultures were 
plated onto SD complete for count of viable cell number. Plates were incubated 2 
days at 30°C and colony were count for the 9 parallel cultures. Rate of mutations was 
calculated according to (Lea and Coulson, 1949). 
 Low doses MMS sensitivity were measured by drop test assay. Strains were 
diluted to a concentration of 1 x 107 cells/mL, and four additional serial dilutions 
were made. 3.5 µL of each dilution was spotted onto agar plates of the indicated 
media and incubated at 30°C for two days. 

SGA screening procedure. Screening plates were array in 1536 format, meaning that 
each deletion were present four times and independently mated with the query strain. 
Colony size of the double mutant (gene X from the deletion collection and rad52-
Y66A or Control strain) after selection was measure using ScreenMill software 
(Dittmar et al., 2010). SGA procedure as been performed according to the (Tong 
and Boone, 2006). Analysis have been done using CLIK software as described in 
(Dittmar et al., 2013)
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