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Abstract 

DNA replication needs to be strictly monitored to ensure proper duplication of the 

genome. During DNA synthesis, the DNA replication machinery encounters multiple obstacles 

such as incorrect dNTP incorporation, RNA-DNA hybrids, modification of DNA nucleobases, 

collision with the transcription-replication machinery. These endogenous and exogenous 

sources of DNA damage may result in single-strand breaks (SSBs) and double-strand DNA 

breaks (DSBs), thereby impeding fork progression. To prevent stalling of DNA synthesis a 

multitude of DNA repair pathways are specifically designed to deal with these kinds of 

blockages. One of the proteins involved in ensuring DNA replication fork progression is the DNA 

helicase Rrm3 in Saccharomyces cerevisiae. Rrm3 belongs to the PIF1 DNA helicase family, 

which is evolutionary conserved from bacteria to humans. The structure of members of the PIF1 

DNA helicase family can be divided into its helicase domain located in the C-terminus and a 

disordered N-terminus, which promotes protein-protein interaction. Rrm3 interacts with the 

subunit Orc5 of the origin complex and possesses a PCNA-interacting protein-box (PIP-Box) in 

its N-terminus. The majority of Rrm3’s function can be attributed to its 5’-3’ DNA helicase activity 

as deletion of RRM3 or disrupting its Walker A motif leads to increased replication fork stalling. 

Therefore, yeast cells deficient of Rrm3 in S. cerevisiae were used as a model organism to 

study how cells deal with increased stalled replication forks. One of the proteins identified to be 

upregulated in the presence of increased stalled replication forks is Rad5. Rad5 and its human 

orthologue, HLTF, belongs into the SWI/SNF family. Rad5 possesses a conserved region 

encoding an ATPase domain and seven helicase-related sequence motifs in its C-terminus and 

a HIRAN domain in the N-terminus. Both domains are important for fork reversal of stalled 

replication forks under replication stress. Furthermore, a really interesting new gene (RING) 



ix 
 

ubiquitin-ligase motif is embedded within the helicase domain, allowing Rad5 in a complex with 

Mms2-Ubc13 to polyubiquitinated PCNA. This in turn initiates the error-free template switching 

pathways using the newly synthesized sister strand as template to bypass the DNA lesion.   

In the second chapter I identify which function of Rad5 is required to deal with increased 

stalled replication forks in the absence of Rrm3. I determine that the Helicase and HIRAN 

domain, which are both involved in fork reversal activity, suppress replication stress in the 

absence of Rrm3, whereas the ubiquitin-ligase activity is not. Furthermore, prolonged fork 

stalling in the absence of Rrm3 and Rad5 results in recombinogenic DNA lesions, which are 

being processed by a Rad59-dependent recombination salvage pathway. These 

recombinogenic DNA lesions are dependent on Rrm3’s helicase activity, but not its N-terminus 

and on Rad5’s fork reversal activity. However, the ubiquitin-ligase activity of Rad5 and therefore 

poly-ubiquitination of PCNA is dispensable. Moreover, I identify the structure-specific 

endonuclease Mus81 to be required to prevent recombinogenic DNA lesions and gross 

chromosomal rearrangements (GCRs) in the absence of Rrm3, but not Rad5. Thus, two 

independent mechanisms, one depending on Rad5’s fork reversal activity and the other one on 

Mus81 dependent cleavage, exist to bypass fork stalling at replication barriers, thereby 

maintaining genome stability. 

The third chapter focuses on further exploring the biological relevance of the interaction 

between Rrm3 and Pol30.  We identified a positive genetic interaction between RRM3 and 

POL30 mutant, which is unable to modify lysine 127, which is located on the inter-domain 

connecting loop (IDCL). Additionally, deletion of RRM3 in other pol30 mutants, when either the 

ubiquitination site (pol30-K164R) or both, the SUMOylating and ubiquitination site (pol30-

K127,164R) are mutated, did not reveal a genetic interaction. Deletion of RRM3 suppresses the 

DNA damage sensitivity and the accumulation of recombinogenic DNA lesions in the pol30-

K127R mutant. Surprisingly, deletion of Rrm3’s N-terminus, specifically, the first 54 amino acids 
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containing the PIP-box are required for the suppression of the DNA damage sensitivity and for 

the recombinogenic DNA lesions, but not its helicase activity.  Furthermore, the suppression of 

pol30-K127R mutant in the absence of Rrm3 depends on an unknown substrate of the SUMO 

E3-ligase Siz1 and to a lesser extent Siz2. Thus, it appears that the physical interaction with 

PCNA, when lysine 127 cannot be SUMOylated, causes DNA damage sensitivity and 

accumulation of recombinogenic DNA lesions rather than Rrm3’s catalytical activity. Finally, 

studying the cellular functions and biochemical characteristics of Pif1 DNA helicases in yeast, 

such as Rrm3, can help to gain a better understanding on how the human orthologue PIF1 DNA 

helicase functions as tumor suppressor.  
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Chapter One: Introduction 
 

Note to reader: Part of this chapter has been previously published and is available under the 

terms of the Creative Commons Attribution License from the publisher as Muellner, J., & 

Schmidt, K. H. (2020). “Yeast Genome Maintenance by the Multifunctional PIF1 DNA Helicase 

Family”. Genes, 11(2), 224. Corresponding author: Kristina Schmidt, Department of Molecular 

Bioscience, University of South Florida, 4202 E. Fowler Avenue, ISA2015, Tampa, FL 33620. 

Phone: (813) 974-1592. Fax: (813) 974-1614.; E-mail: kschmidt@usf.edu 

History of the PIF1 DNA Helicase Family 

The PIF1 DNA helicase family is conserved from yeast to mammals [1, 2]. While the 

yeast Schizosaccharomyces pombe and more complex multicellular eukaryotes, including 

humans, only encode one PIF1 family helicase, Saccharomyces cerevisiae expresses two: 

Rrm3 and ScPif1. The ScPIF1 gene was originally identified in a screen to determine mutations 

that change the recombination frequency of tandemly arrayed repeats within mitochondria, and 

was therefore named after that defect, petite integration frequency (ScPIF1) [3]. In a quest to 

determine genes that suppress recombination of tandem repeats of the ribosomal DNA (rDNA) 

and copper chelatin (CUP1) genes in S. cerevisiae, the ribosomal DNA recombination mutation 

3 (RRM3) gene was identified and later classified as a member of the PIF1 DNA helicase family 

based on sequence similarity [4, 5]. Both Rrm3 and ScPif1 belong to the superfamily 1B and 

have 5′–3′ translocase activity that is encoded in helicase domains that share 40% identical 

residues [4, 6-8]. An overview of the domain structure and functional motifs of PIF1 helicase 

family members in yeasts and humans is provided in Figure 1.1. This leaves the intrinsically 

disordered N-terminal extensions of Rrm3 and ScPif1 to regulate their enzymatic activity and 
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their recruitment to specific sites within the yeast genome, where they perform the many distinct 

cellular functions. 

Replication through the rDNA replication fork barrier 

After initiation of replication of the highly repetitive ribosomal DNA (rDNA) locus that 

spans approximately 1.5 Mb on chromosome XII, the leftward-moving replication fork 

encounters a cis-acting sequence near the 3’ end, called the replication fork barrier (RFB) 

(Figure 1.2.). RFB is located in a non-transcribed spacer and contains two termination sites, 

Ter1 and Ter2, that are bound by Fob1 to ensure that replication of the rDNA locus occurs in a 

unidirectional manner [9]. 

 

Figure 1.1. Structure and functional motifs of the yeast and human PIF1 family helicases. 
Saccharomyces cerevisiae expresses two members of the PIF1 family, Rrm3, and ScPif1, whereas 

Schizosaccharomyces pombe and higher eukaryotes express one. PIF1 helicases share the conserved 

ATPase/helicase domain and an intrinsically disordered N-terminal tail of variable sequence. Post-

translational modification sites, proliferating cell nuclear antigen (PCNA)-interacting protein (PIP) box and 

alternative start sites, which give rise to mitochondrial isoforms, are marked. 
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The PIF1 helicase family members in yeasts whose functions are fairly well-understood 

(Rrm3, ScPif1, SpPfh1) all accumulate at the RFB and 35S regions of the rDNA, indicating an 

intimate involvement in the regulation of rDNA replication [10, 11]. However, they appear to 

have opposite effects; Rrm3 and Pfh1 promote replication through the RFB whereas ScPif1 

maintains it, although the molecular mechanisms by which they modulate the RFB remain 

unclear [10, 11]. These distinct roles in rDNA replication are evidenced by the increased number 

of chromosomal rDNA repeats, converged forks and fork pausing in rrm3 and pfh1 mutants 

when compared to pif1 mutants or wildtype cells [10, 12]. It is thought that Rrm3’s helicase 

activity removes DNA-bound proteins, including Fob1, ahead of the replication forks to prevent 

pausing (Figure 1.2.) [12, 13]. However, deletion of FOB1 only partially restores replication fork 

movement through the rDNA locus in rrm3 mutants, indicating the presence of Fob1-

independent barriers, such as the 35S and 5S rRNA genes and the inactive ARS [12, 14]. 

Additionally, removal of RFBs by deletion of FOB1 cannot rescue lethal interactions of rrm3 with 

deletions of the RecQ helicase gene SGS1, or the fork protection complex gene MRC1, 

indicating that forks stalled at RFB and their intermediates are not toxic to sgs1Δ and mrc1Δ 

mutants, and that Rrm3 performs crucial functions at genomic loci besides RFB [12, 14]. Two 

other subunits of the fork protection complex, Tof1 and Csm3, actually inhibit the “sweepase” 

activity of Rrm3 to remove DNA-bound proteins at termination sites of chromosomal rDNA and 

RNA polymerase III transcription [14], either directly by inhibiting the helicase activity of Rrm3 or 

indirectly by causing a conformational change of the replisome leading to restriction of Rrm3 

activity (Figure 1.2.) [14]. Although disruption of the fork protection complex abolishes pausing 

at termination sites, further deletion of RRM3 leads to a partial re-establishment of the 

termination site similar to the observation in rrm3 fob1 mutants [12, 14]. This is consistent with 

the observation that replication forks in rrm3 mutants also stall at Fob1-independent sites. Other 

DNA helicases, such as Sgs1 and Srs2, which are also capable of removing DNA-bound 

proteins [15, 16], were dispensable for replication through RFB [14]. This raises the possibility 
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that the factors that promote fork escape in rrm3 tof1 and rrm3 csm3 mutants may not be 

another DNA helicase but could involve DNA motor proteins that remodel DNA or chromatin. 

 
 
Figure 1.2. Replication through rDNA in S. cerevisiae. (A) Graphical abstract of chromosome XII 
containing the rDNA region. Close up of the composition of one of the 150 rDNA repeats, which is 9.1 Kb 
long and is enclosed by the replication fork barrier (RFB) to stop replication. (B) The DNA helicase Rrm3 
travels with the DNA replication complex and removes DNA bound proteins such as Fob1 to promote 
replication fork progression and minimize torsional stress. (C) Under replication stress, phosphorylation of 
Tof1 in a complex with Csm2 inhibits Rrm3‘s helicase activity. The DNA bound protein such as Fob1 is 
unable to be removed leading to replication fork stalling. This leads to increased torsional stress. Figures 
were adapted from  [17, 18].  
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Notably, unlike hydroxyurea (HU)-induced fork pausing, pausing at RFB is independent 

of the DNA-damage checkpoint kinases Mec1 and Rad53 and DNA synthesis resumes without 

breakage or recombination at RFBs [19], suggesting that naturally occurring replication pause 

sites are processed differently than those formed during DNA replication stress. This likely 

explains why deletion of MRC1 does not affect replication fork pausing at Fob1-RFBs and why 

the rrm3Δ mrc1-AQ mutant, which is defective in the checkpoint function but not the replication 

function of Mrc1, is viable [19-22]. A better understanding of the chromatin environment in which 

natural barriers of DNA replication reside, compared to the environment established at 

genotoxin-induced paused forks will help to elucidate the mechanisms by which the 

mechanistically poorly understood Rrm3 and other PIF1 helicases contribute to genome 

maintenance and stability.  

A helicase-independent function of Rrm3 during replication stress 

During replication stress, cells lacking Rrm3 continue to progress into S-phase. The 

ability of Rrm3 to restrict DNA synthesis depends on the integrity of the 230-amino-acid long 

disordered N-terminal tail of Rrm3, but not its ATPase/helicase activity [13]. Increased 

nucleotide levels are not sufficient for S-phase progression as helicase-dead rrm3 mutants also 

have increased dNTP levels, but do not progress into S-phase in hydroxyurea [13]. Notably, 

Rrm3 interacts with the origin recognition complex (ORC) subunit Orc5 and the region of the 

Rrm3 N-terminus required for inhibiting DNA synthesis during replication stress is required for 

the Rrm3-Orc5 interaction [13, 23]. Moreover, the N-terminal tail of Rrm3 is required for its 

association with origins of replication during replication stress, but not during the unperturbed 

cell cycle, raising the possibility that Rrm3 acts at replication origins to restrict DNA synthesis 

during replication stress. 
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Cellular response to replication fork stalling in the absence of Rrm3 

Populations of rrm3Δ cells exhibit a cell cycle defect with a DNA content intermediate 

between 1N and 2N, indicative of problems with timely progression through S-phase [24]. 

Deletion of SRS2 or SGS1 enhances this S-phase progression defect and causes a severe 

fitness defect that can be rescued by disrupting HR genes RAD51 or RAD55, suggesting a role 

for Rrm3 either in preventing the formation of replication-dependent HR substrates or 

contributing to their repair [24-26]. In contrast, the synthetic lethality between deletions of RRM3 

and MRE11 or RAD50, which code for subunits of the Mre11-Rad50-Xrs2 (MRX) DSB repair 

complex, is not due to illegitimate HR since it could not be rescued by RAD54 or RAD55 

deletions [24]. This suggests that, in addition to HR, Rrm3 functions in another MRX-mediated 

pathway, such as non-homologous end joining, telomere maintenance or S-phase checkpoint 

activation.  

How cells deal with HR substrates and other replication problems that arise from 

replication forks paused at thousands of protein-bound sites in Rrm3-deficient cells is poorly 

understood. Syed et al. [13] used Stable Isotope Labeling with Amino Acids in Cell Culture 

(SILAC), coupled to mass spectrometry, to determine that topoisomerase Top2 and the 

SWI/SNF ATPases Rad5 and Rdh54 were significantly upregulated in cells lacking Rrm3, 

implicating their role in replication stress tolerance. Increased Top2 most likely compensates for 

the loss of Rrm3’s contribution to resolving converging replication forks [27]. Rdh54 is important 

for HR in diploid cells, but roles in haploid cells are also emerging. Notably, the recently 

identified role for Rdh54 in regulating D-loop formation [28], and thereby HR levels, could 

become increasingly important in the absence of Rrm3 when greater numbers of HR substrates 

are likely to form at replication pause sites. That Sgs1-Top3-Rmi1 and Srs2 define two 

independent pathways of D-loop reversal could contribute to the synthetic lethality of the rrm3Δ 

mutation with sgs1Δ and srs2Δ mutations as well as its suppression by RAD51 deletion [24-26, 
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28]. Upregulation of Mph1, which also functions in D-loop disassembly [29], was also observed 

in the rrm3Δ mutant, albeit to a lesser extent than Top2, Rdh54 and Rad5, and further supports 

the increased requirement for tight regulation of D-loop formation in the absence of Rrm3 [13, 

29].  

Rad5 has replication fork reversal activity [30, 31] and its upregulation in the rrm3Δ 

mutant may indicate that fork reversal is a major mechanism to restart forks that are stalled at 

protein barriers [13]. Considering the association of Rrm3 with replisome components Polε and 

PCNA [32, 33], one could also speculate that Rrm3 itself can facilitate fork reversal to allow the 

forks to pass through protein-bound sites in a pathway that functions in parallel to replication 

stress-induced Rad5-mediated fork reversal.  

In the absence of Rrm3, the Rad53-dependent DNA-damage checkpoint is activated in a 

Rad9-dependent manner and remains active even after preventing the formation of HR 

intermediates by deleting RAD51 [24, 25, 34]. During replication stress, Rrm3 itself is 

phosphorylated in a Rad53-dependent manner; however, phosphorylation is not required for 

replication across natural pause sites [35]. The biological function of Rrm3 phosphorylation 

remains unknown but has been suggested to inhibit Rrm3 activity to prevent genome instability 

during replication stress [35].  

SWI/SNF Family of Translocases  

Members of the SWI/SNF family play a pivotal role in genome integrity as they are 

involved in multiple cellular processes. Some proteins function in transcriptional regulation, 

others in the maintenance of chromosome stability, chromatin remodeling or in nucleotide 

excision repair, recombinational pathways and post-replication daughter strand gap repair [36-

38]. While characterizing mating type switching (SWI) and sucrose nonfermenting (SNF) 

mutants, hence the name (SWI/SNF family), in S.  cerevisiae, the first member Snf2, was 
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discovered [39]. Upon further structural characterization, a conserved region encoding an 

ATPase domain and seven helicase-related sequence motifs, which have high similarity to other 

ATP-binding helicases of the DEAD/H family were discovered [40-42]. Proteins containing such 

helicase motifs can be categorized into superfamilies SF1, SF2 and SF3, depending on the 

space between motifs and their sequence composition [43-45]. Members of the SWI/SNF family 

are placed into the SF2 superfamily and can be further subdivided into six sub-families including 

the Snf2-like, SWI/SNF-related protein-like (Swr1-like), Rad54-like, Rad5/16-like, SSO1653-like, 

and Distant family, depending on their helicase motif homology [40, 43, 45]. In general, the 

structure of members of the SWI/SNF family can be divided into an ATP binding and ATP 

hydrolysis side within the N-terminal containing a RecA-like DExx (I, Ia, II, and III) motif and a 

DNA translocation function within the C-terminal HELICc (IV, V, and VI) motif (Figure 1.3) [44-

46]. A better understanding of the conserved helicase-like motif was gained from the spatial 

structure of Rad54 from Zebrafish [47]. The outer borders are defined by a Q-motif within the N-

terminus and a brace in the C-terminus [40, 44]. Within, the core helicase consistent of two 

RecA core domains, which are separated by a linker and two helical protrusions, one on each 

side of the linker [40, 44]. The two core RecA-like domains are farther apart compared to other 

members of the SF2 family and possess multiple conserved sequence blocks (Figure 1.3.) [40, 

44]. This difference could explain why despite of the high similarity among the helicase-related 

motif to the DEAD/H family, members of the SWI/SNF2 family are unable to unwind DNA [44, 

45]. However, likeother helicases, encountering DNA or DNA-protein complexes promotes ATP-

hydrolysis activity, which in turn allows members of the SWI/SNF family to translocate along 

dsDNA instead of unwinding [36, 38, 48-50]. So far recent advances in genome sequencing and 

homology search have identified 17 genes belonging to the SWI/SNF family in S. cerevisiae and 

32 in humans [40].  
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Figure 1.3. Structure and functional motifs of the yeast and human SNF2 family helicases. (A) 
SNF2 helicases share the conserved ATPase/helicase domain, which is characterized by two RecA 
domains connected by two protrusions and a linker. The ATPase domain is embraced by a Q-motif and 
Brace motif. The minor and major insert region are indicated. (B) S. cerevisiae’s Rad5 has two human 
homologues HLTF and SHRPH. The structural features of each protein are color coded to reflect the 
conserved SNF2 ATPase domain. All three proteins possess the RING domain. In addition, S.c. Rad5 
and H.s. HLTF possess the RING domain, which is in the N-terminus, while H. s. SHPRH does not. 
Instead, H. s. SHPRH has a PHD domain and a H1.5 domain inserted in the minor region. Figures were 
adapted from [51].  

 

Rad5’s structure and human homologues 

One of the 17 genes belonging to the SWI/SNF family in S. cerevisiae encodes for the 

protein Rad5. Rad5 and its two homologues, helicase like transcription factor (HLTF) and SNF2 

histone linker PHD RING helicase (SHPRH), in mammalian cells play critical roles during 

replication stress [52]. While the overall domains and structure of HLFT resemble more of 

Rad5’s architecture domain, SHRPH has additional motifs and domains (Figure 1.3.) [53]. 

However, all three possess the seven conserved helicase-like motifs, which are characteristics 

of members of this family [40, 44]. In addition, all three have a really interesting new gene 

(RING) ubiquitin ligase domain embedded within the second core of the recA domain [52, 53]. 

While HLFT and Rad5 have a HIP116 and Rad5 N-terminal (HIRAN) domain at its N-terminus, a 

putative HIRAN domain has been suggested for SHRPH within the N-terminus [53, 54]. As 
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mentioned above, SHRPH architectural domain contains additional motifs such as a linker 

histone H1.5 (linker histone H1 and H5) and PHD (plant homeodomain) domains, which 

separates the first recA-like domain [53]. Additionally, a putative AlkB homologue 2 PCNA-

interacting motif (APIM motif) has been identified in the human homologue HLFT and SHRPH 

[53, 55, 56].  

Mechanistic Insight into Rad5’s Cellular Functions: DNA Damage Tolerance: 

Error-free and Error-prone Pathway 

During DNA replication, the replication machinery encounters multiple obstacle such as 

DNA damage or DNA-bound proteins, which need to be dealt with in a timely manner to ensure 

replication progression [57]. The DNA damage tolerance pathway is utilized to prevent fork 

collapsing and thereby ensures continues DNA synthesis (Figure 1.4.) [57, 58]. Upon 

encountering of a DNA lesion on the leading strand, RPA is recruited to bind to ssDNA, which in 

turn leads to the recruitment of the Rad6/Rad18 complex [59, 60]. This highly conserved Rad6–

Rad18 ubiquitin conjugating enzyme complex targets lysine 164 on the proliferating cell nuclear 

antigen (PCNA) for mono-ubiquitination [60, 61]. PCNA is a ring-shaped homotrimer and a 

processivity factor that is loaded onto DNA and binds to replicative DNA polymerases Polδ or 

PolƐ [62-66]. After mono-ubiquitination, the replicative DNA polymerase is being replaced by a 

translesion (TLS) polymerase, which can replicate across the lesion, but at the risk of 

introducing mutations [67-72]. The TLS pathway is a two-step mechanism, utilizing one type of 

TLS polymerases to insert nucleotides and a second type of TLS polymerases to extend. The 

first insertion of nucleotides opposite from DNA damage is performed by members within the Y-

family of DNA polymerases, such as REV1, which is only able to incorporate cystine [71-75]. 

The extension of mismatched nucleotides is catalyzed by the B-family of DNA polymerases 

such as polymerase Polζ, compromised of the catalytic subunit Rev3 and the accessory subunit 

Rev7 [69, 75-78]. Thus, this DDT pathway is considered error-prone. However, some sub-
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pathways of the TLS pathway is considered error free depending on which TLS polymerase is 

being used, as the TLS polymerase Rad30 and Rev1 efficiently and accurately repair pyrimidine 

dimers arising from ultraviolet radiation (UVR) light lesions and 8-oxoguanine lesions or across 

exocyclic guanine lesions, adducted guanines, and abasic sites, respectively [73, 79-83]. 

In the early 1990’s, the discovery of reversion-deficient mutants rev1, rad5 (previously 

named rev2), rev3, which elevate mutation rates following UVR, provided evidence for a role of 

Rad5 in the TLS pathway [84]. Rad5’s function during the TLS pathway, is independently of its 

ubiquitin-ligase activity and ATPase activity, but dependent on its physical interaction with Rev1 

via Rad5’s first 30 amino acids of the N-terminus [85-89]. Recent crystal structure has revealed 

that Rad5’s N-terminus binds within a highly conserved region of Rev1’s C-terminus, which 

correlates with the binding site for polη in mammalian cells [53, 86, 87]. Thus, it is possible that 

Rad5 competes with polη (Rad30) for binding, especially following UVR. .  

Alternatively, PCNA can be further modified leading to poly-ubiquitination on lysine 164, 

which in turn initiates the error-free pathway via template switching (TS) (Figure 1.4.) [60, 90-

92]. Poly-ubiquitination is initiated by a protein complex composed of the E2 heterodimer 

Ubc13/Mms2 and the E3 ligase Rad5 [93-97]. The ubiquitin-ligase activity of Rad5’s RING 

domain synthesizes K63-linked polyubiquitin chains to the already existing mono-ubiquitination 

on lysine 164 [93, 98, 99]. One possibility is that stalled forks are converted from the three-way 

junction into a four-way junction also termed “chicken-foot” and then template switching is 

initiated using the newly synthesized strands to bypass the damage [57, 77, 85, 100]. This 

would suggest that template switching occurs in proximity of the stalled fork, on the other hand it 

was also suggested that the error-free pathway mimics a recombination-like invasion 

mechanism thereby promoting gap-filling behind the forks [61, 92, 101, 102].  
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Figure 1.4. Error-Free and Error-prone DNA damage repair pathway. (A) Upon encountering 

DNA lesion on the leading strand, RPA accumulates at stalled replication forks leading to (B) the 
recruitment of Rad6-Rad18, which monoubiquitinates PCNA. (C) The replicative DNA polymerase is 
replaced with a translesion (TLS) polymerase by incorporating non-specific nucleotides to bypass the 
DNA lesion; error-prone pathway. (D) Depending on the DNA damage certain TLS polymerases can 
bypass the DNA lesion in an error free manner. (E) Alternatively, PCNA can become further poly-
ubiquitinated by the Ubc13-Mms2-Rad5 complex, which initiates the error-free pathway. (F) Poly-
ubiquitination of PCNA promotes template switching by utilizing the newly synthesized sister chromatid as 
a template to bypass the DNA lesion. (G) An alternative pathway utilizes Rad5’s fork reversal activity to 
generate a four- way junction to bypass the DNA lesion. 
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Indeed, template switching requires similar proteins that are also used during 

homologues recombination [100, 103-105]. Furthermore, analyzing of 2-D gels has highlighted a 

group of DNA replication intermediates resembling X-shaped structures, indicative of sister 

chromatid junctions (SCJs) and Holliday junctions (HJs) that are dependent on proteins involved 

in template switching [103, 106, 107]. These recombination intermediates are being resolved by 

the RecQ helicase Sgs1 in a complex with Top3 and Rmi1 to resume DNA synthesis [108, 109]. 

It is not quite understood, when or how the cell decides to use error-free vs. error-prone 

pathway, it has been suggested to be dependent on the cell cycle, but no other protein so far 

has been shown to interact with poly-ubiquitinated PCNA to be the driving force to signal for the 

error-free template switching pathway [102, 110-112].  

Rad5’s/HLTF’s Fork Reversal Activity 

Fork reversal or fork regression is utilized as another template switch mechanism to deal 

with DNA replication stress to maintain genome stability (Figure 1.4.) [60, 92]. During fork 

reversal, the newly synthesized DNA strands dissociate from their parental strains and re-

anneal with each other, forming a four-way structure [97, 113]. Using fork reversal, protects the 

cells from accumulation of ssDNA and bypasses DNA lesions in the template strand by 

providing a recombination like pathway such as template switching [97, 113, 114]. The proteins 

with fork reversal activity that have been identified so far are Rad5 in S. cerevisiae and its 

human ortholog, HLTF as well as two other members of the SWI2 /SNF2 family in mammalians, 

SMARCAL1 and ZRANB3 [115-118]. All of them possess a substrate recognition domain 

(SRDs), which allows them to interact with specific DNA substrates [119, 120]. In Rad5 and 

HLTF this recognition site is the HIRAN (HIP116, Rad5p, N-terminal) domain, which recognizes 

ssDNA, specifically the free 3′-end of the newly synthesized leading strand [121, 122]. The 

HIRAN domain is in the N-terminus of Rad5 (170aa–310aa) and HLTF (57aa–167aa) and is 

separated by a flexible linker from the ATPase motor domain [54]. The HIRAN domain is highly 
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structured, possessing helical and beta-strand propensities (b1–b2–b3–b4–a1–b5–b6–a2), 

which is thought to form a binding pocket and an oligonucleotide/ oligosaccharide-fold for the 3’ 

end’s hydroxyl group and nucleobase of the nascent ssDNA, respectively [54, 118, 121, 122]. 

Besides the HIRAN domain, fork reversal also depends on Rad5’s/HLTF’s dsDNA translocase, 

activated by ATP hydrolysis, leading to branch migration of the four-way structure [115, 118]. 

Therefore, upon encountering a DNA lesion in the leading strand, fork reversal is initiated by 

binding of the HIRAN domain to the free hydroxyl group of the 3’ end of the newly synthesized 

leading strand [52, 118, 121, 123]. Based on the crystal structure of the HIRAN domain bound 

to DNA, it is possible that the HIRAN domain is able to unzip the nascent strand from the 

template or the DNA translocase activity causes topological constraints, thereby disassociating 

the 3’ end of the nascent strand from the template to be captured by the HIRAN domain [53, 

118, 122]. It is also possible that the DNA translocase activity moves along dsDNA ahead of the 

fork, thereby removing any DNA bound proteins. Indeed, it was shown that Rad5/HLTF 

displaces DNA bound proteins from dsDNA and ssDNA, independently of the placement in 

regards to the replication fork, in an ATP-dependent manner [124].  

Implications of Impaired Fork Remodeling in Cancer  

Mutations found in members of the SWI/SNF family have been associated with human 

diseases, such as the autosomal recessive disorder Schimke immuno-osseous dysplasia 

(SIOD) or African-specific type-2 diabetes and various cancers such as endometrial cancer, 

kidney cancer and many more [125-128]. While SIOD, which is associated with multiple 

symptoms such as T-cell immunodeficiency, growth retardation, renal failure and 

spondyloepiphyseal dysplasia is caused by a biallelic mutation of SMARCAL1, African-specific 

type-2 diabetes results from mutations in ZRAMN3 [126-129]. While these genetic disorders 

might arise outside of SMARCAL1 and ZRAMN3 fork remodeling activity, 
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The expression levels of fork remodeler HLTF are associated with multiple types of 

cancer in humans. While HLTF’s downregulation, caused by methylation of its promoter, is 

associated with human colorectal and gastric cancers, overexpression of HLTF facilitates tumor 

metastasis and negatively impacts survival rate in non-small cell lung cancer patients [130-133]. 

Additionally, different types of cancer possess variations of HLTF mRNA resulting in 

overexpressed dominant negative HLTF mutants, deficient in their DNA repair domains [134]. 

The poor prognosis could be associated with fork instability, as overexpression of HLTF’s yeast 

ortholog, Rad5, causes hyper-recombination at stalled forks [135]. In contrast, loss or 

downregulation of HLTF, but not of the remodelers SMARCAL1 and ZRAMN3, reduces DNA 

damage checkpoint signaling, double-strand break formation, sensitivity to replication stress 

induced by HU or mitomycin C and thereby, promotes proliferation in osteosarcoma U2OS cell 

lines [136-140]. Just like HLTF, SHPRH is also believed to be a tumor-suppressor gene as the 

expression of non-functional SHRPH protein or loss of heterozygosity on chromosome 6 is 

detected in various cancers such as in melanoma, cervical and ovarian. The loss of 

heterozygosity on the chromosome 6 is mapped to the region 6q24–q2, correlating with the 

location of the SHPRH gene [141-144]. 

Thus, the expression levels and functions of replication fork remodelers need to be 

tightly controlled to maintain genome stability, since being able to perform replication fork 

remodeling or not could be the difference between life or death. 

Structure and Function of Proliferating Cell Nuclear Antigen (PCNA) 

In S. cerevisiae, PCNA is encoded by the gene POL30 and is irreplaceable for efficient 

and timely DNA synthesis [77, 145, 146]. Before a direct involvement of PCNA during DNA 

replication was proposed, it was originally identified as a target for autoantibodies extracted 

from the sera of patients with systemic lupus erythematosus (SLE) in the late 1970’s [147]. The 

sliding clamp PCNA is a ring-shaped homotrimer that is composed of three identical monomers. 
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During DNA replication PCNA functions as a processivity factor for the replicative DNA 

polymerases (Pol) δ, Polα and β, and Polε and also functions in lagging strand maturation and 

DNA damage checkpoint pathway activation [63, 64, 66, 148-153]. Because of the interaction 

with varies polymerases, soon a direct role for PCNA in nucleotide excision repair was 

discovered by facilitating the repair of UV-induced DNA damage together with DNA polymerase 

δ [154-157]. More and more the involvement of PCNA, outside of its role as a processivity 

factor, in other DNA repair pathways such as base excision repair (BER), double-strand break 

repair, DNA mismatch repair, resolution of collision between replication and transcription 

machinery and in the error-prone (translesion synthesis) and error-free (template switching) 

DNA damage tolerance (DDT) pathway, has emerged [92, 97, 125, 158-170]. Besides its 

function in DNA damage response, PCNA is viewed as a regulatory platform involved in multiple 

other biological processes including sister chromatid cohesion formation, chromatin assembly, 

gene expression, epigenetic conversions, and inheritance [171-181]. 

In general, PCNA belongs into the family of β-clamps, which are highly conserved 

among all three domains, Bacteria, Archaea and Eukaryote [182-186]. While all β-clamps adopt 

the characteristic pseudo-six-fold symmetry, their monomer composition varies with the 

bacterial sliding clamp forming homodimers compared to homotrimers and heterotrimers of the 

archaeal and eukaryotic sliding clamps [182, 184, 186, 187]. Despite of only 10% sequence 

homology among the different domains, superimposing their tertiary structures reveal a highly 

structural similarity, indicating a common ancestor and more importantly conserved biological 

processes [77, 186]. Each PCNA monomer has two similar globular domains linked by the 

flexible inter-domain connecting loop (IDCL) [182, 188]. The homotrimer adopts the 

characteristic pseudo-six-fold symmetry, which allows for the negatively outer surface, 

composed of six β-sheets, to face away from the DNA binding site, while the positively inner 

surface, composed of twelve α-helices faces towards it [182, 187, 188]. This inner surface 
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provides a channel (~ 35 Å) that is nearly twice the diameter of B-form DNA (~ 20 Å) allowing 

for the binding of DNA, which is facilitated by five basic lysine residues interacting with the 

phosphate backbones of DNA [182, 187, 188].  

Two modes of sliding of PCNA along DNA have been proposed. One is termed 

“cogwheeling”, which requires the PCNA homotrimer to adjust to the helical propensity of DNA, 

thereby being tilted by 30° and tracks along the helix alternating between forward and backward 

tilts every one-half turn of DNA [185, 187]. The orientation of the tilt at the 3′ end of the DNA 

molecule functions as an additional regulatory mechanism in selection PCNA interacting binding 

partners [187]. The other mechanism is termed “tilt switch”, which is a non-helical tracking 

mechanism. This allows PCNA to track along DNA independently of the helical pitch [185, 187]. 

This mode of action by PCNA could grant greater freedom of rotation leading to a switch of the 

DNA binding site from the bound five α-helices to any of the other twelve α-helices, thereby 

altering the tilt relative to a 3′ terminus [185, 187]. This conformational change would allow 

additional binding of PCNA interacting partners or allow for the proof-reading activity of 

polymerases by redirecting the primer terminus from the polymerase site to the exonuclease 

site [185, 187]. 

Before PCNA can perform its biological processes, it needs to be loaded onto duplex 

DNA, by proteins known as clamp loaders, which belong to the family of AAA+ ATPase [189, 

190]. The replication factor C (RFC) complex interacts with PCNA and generates force in an 

ATP-dependent manner to open the ring-shape structures of PCNA to load at primer terminus of 

the RNA-DNA hybrid or at lesions in the DNA back bones [189, 191-195]. The other clamp 

loaders, which are RFC-like complexes (RLCs) are composed of the same smaller subunits Rfc 

2, 3, 4 and 5 but differ in their large subunit being Ctf18, Elg1 and Rad24 in S. cerevisiae or 

CTF18, ATAD5 and RAD17 in humans, respectively [190, 196, 197]. This indicates that different 

clamp loaders perform individual functions. Indeed, the RFC complex primarily loads PCNA 
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onto the lagging strand, while the Ctf18 RLC loads PCNA onto the leading strand [175, 198]. In 

contrast unloading of PCNA from DNA is performed by ATAD5-RLC or Elg1-RLC in mammalian 

cells and yeast, respectively [199-202]. The dissociation from DNA can also occur 

independently of clamp loaders or is regulated by post-translational modification of PCNA such 

as ubiquitination or acetylation [203-206]. Moreover, topological changes in DNA structure 

caused by replisome and nucleosome recruitment allows for the dissociation [198, 204].  

PCNA is loaded onto DNA in an orientation-dependent manner, allowing the front face to 

point towards the direction of DNA synthesis [207-209]. This is important because the front face 

is composed of each monomer’s C-terminus and the flexible interdomain-connecting loop 

(IDCL) [77, 207, 210]. The inter-domain connecting loop creates a hydrophobic pocket, which 

allows for the interaction with proteins containing the PCNA-interacting protein (PIP) motifs [210, 

211]. This motif is found in the replicative polymerase and thus the proper orientation of PCNA 

allows for DNA synthesis to progress in the correct direction [210, 212]. On the other hand, the 

back face contains extended loops and is the site for post-translational modifications such as 

SUMOylation or ubiquitination on lysine 164, allowing for the recruitment of other proteins and 

holding them in proximity until they are needed [60, 213, 214]. 

The PCNA-Interacting-Protein Binding Motif (PIP-Box) 

PCNA-Interacting Proteins have a common motif that can be identified as a PIP-box 

(Table 1.1) [215]. The consensus motif of the PIP-box was discovered by analyzing the crystal 

structure of human PCNA with cyclin-dependent protein inhibitor p21CIP1/WAF1 and revealed the 

following characteristic sequence: Q1-x2-x3-h4-x5-x6-a7-a8 [210, 215]. While position “x” 

represents random amino acids, position “h” is always occupied by a hydrophobic (I/L/M/V) 

amino acids and positions “a” by aromatic (F/Y) amino acids [210, 215]. This PIP-box motif can 

be termed “canonical” or “non-canonical”, depending on the presence or absence of Q and 

aromatic amino acids F or Y at the first or the 7th and 8th residues of the motif, respectively [77, 
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215-217]. The consensus motif folds into a 310 helix, allowing the conserved hydrophobic and 

aromatic amino acids to bind to the hydrophobic PCNA cleft located within the IDCL [210, 218]. 

Furthermore, orientation of the PIP-box sequence is irrelevant since both forward and reverse 

can interact with the hydrophobic pocket. To accommodate all PCNA-protein interactors, it is 

believed that depending on the composition of the PIP-box sequence proteins have different 

binding affinities for the hydrophobic pocket located in the IDCL [208]. Indeed, biochemical 

studies have shown that the PIP-box sequence Q1-x2-x3-h4-T-D-a7-a8 exhibit higher PCNA-

binding affinity than proteins who do not possess the TD motif [218, 219]. If in addition to the 

PIP-box a positively charged residue (K or R) is found downstream at position 4, this protein will 

be marked for degradation, hence termed the PIP-degron [219]. Another PCNA-interacting motif 

that has been discovered is the AlkB homologue 2 PCNA interacting motif (APIM), which is 

composed of the sequence (K/R)-(F/Y/W)-(L/I/V/A)-(L/I/V/A)-(K/R) [211, 220, 221]. The APIM 

motif is mainly utilized when cells encounter replication stress and mediates the interaction with 

proteins involved in DNA repair [208]. An additional sequence, characteristic of the first two 

residues being lysine (K) and alanine (A), K-A-(A/L/I)-(A/L/Q)-x-x-(L/V), hence, termed the KA 

box, was discovered in proteins interacting with PCNA [222, 223]. Additionally, post-translation 

modifications such as SUMO and ubiquitin have shown to impact PCNA-interacting protein 

binding, while phosphorylation and acetylation regulate protein stability [60, 90]. Indeed, some 

binding partners of PCNA interact with the back face of PCNA by possessing ubiquitin-binding 

domain (UBD) and SUMO-interacting motif (SIM), which increases their binding affinity for 

modified PCNA [217, 224, 225].   

Since each monomer possesses a hydrophobic pocket, it is possible that the homotrimer 

can interact with up to three different proteins via the PIP-box motif. In contrast, it is also 

possible for a protein to have multiple binding sites with PCNA via its different types of PIP-

boxes or independently of them, thereby switching from an inactive state to an active state and 
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vice versa depending on the cellular response [226-230]. Additionally, many proteins interacting 

with PCNA have a short linear motif (SLiM) and are either intrinsically disordered proteins 

(IDPs) or hold intrinsically disordered regions (IDRs), which upon connecting with their binding 

partner exhibit highly stable structure [231-233]. Thus, a complex and multilayer mechanism 

exists for the binding of PCNA-interacting proteins and thereby regulating PCNA’s multiple 

biological processes to ensure genome integrity. 

Table 1.1. Known various PCNA interacting binding motifs (PIP-box) 

Listing of the different binding motifs found in PCNA interacting proteins. The conserved amino acids are 
highlighted and examples are given for each unique PCNA binding motif in S. cerevisiae and H.sapiens. 
An extensive summary of PIP-box proteins in yeast and humans has been provided elsewhere [234, 235]. 

 

Ubiquitin and SUMO pathway 

Small ubiquitin-related modifier (SUMO) and ubiquitin (UB) belong to the superfamily of 

ubiquitin-like (Ubl) modifiers [236]. S. cerevisiae only possesses one SUMO gene, encoding the 

protein Smt3, which is a 10-kDa highly conserved protein modifier [237] . While in higher 

eukaryotes the SUMO gene encodes for five different SUMO variants, SUMO1-SUMO5, the UB 

gene, which encodes for a 76-kDa protein modifier, is highly conserved from yeast to 

mammalian cells, differing only in three amino acids [237, 238]. In general, SUMOylation or 

ubiquitination occurs on specific lysine residues, which alter protein-protein interaction, protein 

localization and protein stability [237]. 
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Figure 1.5. Enzymatic cascade of ubiquitin-like modifiers. Summary of the pathway to process 

and transport the precursor of the (A) small ubiquitin-related modifier (SUMO) and (B) ubiquitin (UB) to 
the target protein. After maturation of the precursor, both pathways follow the same major steps of 
activation, conjugation and ligation. The E1, E2 and E3 enzymes are depicted in the pictures and the 
number of enzymes that are known to perform each step. The E3 ligase directs the SUMO/ubiquitin-
conjugated enzyme E2 to the target site and promotes either mono-, multi- or poly-
SUMOylation/ubiquitination, respectively. Figures were adapted from [239]. 
 

These small motifs are being processed and transported by a well-conserved enzymatic 

cascade leading to SUMOylation or ubiquitination of certain targeted proteins (Figure 1.5.) [236, 

237]. Firstly, the immature precursors of SUMO/Ub are processed by a cysteine-specific 
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protease, thereby exposing a di-glycine motif, which allows for covalent binding to the activating 

enzyme E1 in an ATP-dependent manner [237, 240]. Next, SUMO/Ub is transferred from the E1 

to a conjugated enzyme E2 forming thioester linage [240, 241]. In the final step, an E3 ligase 

directs the SUMO/ubiquitin-conjugated enzyme E2 to the target site and promotes SUMOylation 

or ubiquitination, respectively [242, 243]. So far it was shown that organism usually contains one 

or two E1s, a few E2s and multiple E3-ligases for substrate specificity [237, 244].  

Besides modifying one lysine on the target protein, additional lysines of the same protein 

can be modified, but also oligomeric chain structures can form [237, 245]. While SUMO chains 

are formed through K15 linkage, which in turn is marked for degradation by the SUMO targeted 

ubiquitin ligases (STUbLs), ubiquitin-chains are either formed through lys-48- or lys-63-linkage, 

acting as a degradation signal, as well, or in the DNA damage response pathway, respectively 

[240, 246, 247]. Additionally, other ubiquitin-chains are being discovered forming linkages at 

positions M1, K6, K11, K27, K29 and K33. Indicating that multiple cellular processes are being 

regulated depending on the type of linkages that result in ubiquitin-like modifier chains [245, 

248, 249]. The removal of SUMOylation or ubiquitination is performed by de-SUMOylation and 

deubiquitinating enzymes maintaining the balance between free, and substrate bound Ubl 

modifiers [237, 250]. 

PCNA’s Post-translational Modifications and its Implications 

Post-translational modifications of proteins lead to conformational changes and can tailor 

the mode of action in response to cellular stress [209, 216]. One main regulator of cellular 

activity, PCNA, can be modified at 13 of 16 lysine residues [216]. The identified post-translation 

modifications of these lysine residues include ubiquitination, SUMOylation, acetylation, 

NEDDylation, methylation and ISGylation (Figure 1.6.) [216]. This modification is not limited to 

one per lysine, but the same lysine can be targeted by different modification allowing for multiple 

different pathways. 
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SUMOylation and ubiquitination of PCNA were originally identified in S. cerevisiae, but 

since the structure of PCNA is highly conserved across the different domains of life so are most 

of the post-translation modifications [60]. Crystal structure of modified PCNA has revealed 

closed and discrete positions for ubiquitin, while SUMOylation appears to be in a more open 

and flexible state [251]. This allows for Rad18 to be recruited via its SIM motif and placed in 

proximity of lysine 164 of the adjacent PCNA monomer, resulting in mono-ubiquitination of 

lysine 164 by the Rad6-Rad18 complex [59, 60, 252]. Mono-ubiquitination of lysine 164 leads to 

the replacement of the replicative helicase with a TLS polymerase to bypass the DNA damage 

[57, 97]. Depending on the lesion and choice of TLS polymerase this pathway can be error-free 

or error-prone [67]. Furthermore, a ubiquitin-chain linkage can form by the E3 RING ligase Rad5 

in a complex with Mms2-Ubc13 leading to polyubiquitination, which leads to the error-free 

template switching pathway using the newly synthesized sister chromatid as a template to 

bypass the DNA lesion [60, 90, 92-94]. Another protein shown to bind to polyubiquitinated 

PCNA is Mgs1 (WRNIP in humans), which protects the stalled fork from unloading of PCNA and 

Srs2, thereby inhibiting illegitimate recombination [253]. Besides ubiquitination of lysine 164, 

other ubiquitination sites have been identified. If maturation of Okazaki fragments or the DNA 

ligase 1 activity are impaired, the E3 Ring ligase Rad5 in a complex with Mms2-Ubc4, not 

Ubc13, ubiquitinates lysine 107 (K110 in humans) [254, 255]. This modification acts as a sensor 

to activate S-phase checkpoints and cell cycle delay [254, 255]. Furthermore, in fission yeast 

ubiquitination of lysine 107 contributes to gross-chromosomal rearrangements (GCRs) in an 

Rad52-dependent manner [256]. Lysine 107 is located between PCNA monomers and 

ubiquitination at this site could alter the structure of PCNA thereby inhibiting its function [256]. 

Another site, lysine 242, is also ubiquitinated in response to impaired maturation of Okazaki 

fragments resulting in higher mutation rate by promoting TLS [257]. Finally, one modified site of 

unknown function is the ubiquitination of lysine 117 in response to UV-exposure [258]. 



 

24 
 

Alternatively, PCNA is SUMOylated at the same lysine residue 164 and at lysine 127 by 

the E3 ligase Siz1 and Siz2, respectively [60, 68]. While lysine 127 correlates with the canonical 

sumo consensus motif ΨKx(D/E), in which the lysine residue is embedded by a hydrophobic 

residue (Ψ) and any amino acid (x) followed by aspartic or glutamic acid, located at the IDCL, 

SUMOlyation of lysine 164 occurs at a non-canonical motif [259-262]. PCNA SUMOylation of 

lysine 127 and lysine 164 leads to the recruitment of the DNA helicase Srs2, which antagonizes 

homologous recombination by physically interacting with Rad51 and thereby removing Rad51 

nucleofilaments [263, 264]. Srs2 has a SIM and a non-canonical PIP-motif (PIP-degron), which 

is required for efficient binding to PCNA [214, 224]. While Srs2 can interact with unmodified 

PCNA, it possesses a higher binding affinity for SUMOylated PCNA [265]. Besides acting as an 

anti-recombinase, directly binding to SUMOylated PCNA allows for the displacement of Pol32, 

thereby limiting the quantity of spontaneous recombination intermediates [266]. Furthermore, 

Srs2 is downregulated at the replication fork by Esc2 in two ways [267]. Firstly, SUMOylated 

PCNA interacting with Srs2 is targeted by the clamp unloader Elg1, which is recruited to PCNA 

by SUMOylation on lysine 164 [267]. Secondly, Esc2 forms a complex with the Slx5/Slx8 

SUMO-targeted ubiquitin ligase (STUbL) marking Srs2 for degradation via its PIP-degron [267]. 

This allows for Rad51 filament formation to promote the error-free Rad5 template switching 

pathway [268]. Alternatively, SUMOylation of lysine 127 inhibits the recruitment of Eco1, thereby 

impairing cohesion establishment [174, 216]. Thus, it is possible that SUMOylation at lysine 127 

could act as a reset button for new protein-protein interaction [77]. While lysine at position 127 

of PCNA is not conserved among species, its surrounding residues leucine 126 and isoleucine 

128 are [268]. Therefore, SUMOylation of lysine 127 and its function might be specific for S. 

cerevisiae. 

Besides ubiquitination and SUMOylation of PCNA, acetylation of lysine 20 and lysine 77 

in response to DNA damage also protects the cells from genome instability [269, 270]. While 
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acetylation of lysine 20 is performed by the Eco1 acetyltransferase, which promotes repair in an 

HR dependent pathway using the sister chromatids, modification of lysine 77 and its function 

remain to be determined [269, 271]. Besides promoting repair by HR, acetylation of K20 could 

also lead to conformational changes of the trimer and thereby impairing DNA synthesis by 

disrupting the interaction with the replicative polymerases or PCNA sliding on DNA [187, 269, 

271]. In mammalian cells PCNA acetylation is performed by the histone acetyltransferase 

(HAT), p300, and CREB-binding protein (CPB) at lysine 13, 14, 77, and 80, which leads to the 

removal and degradation of DNA bound PCNA following UV-exposure [203, 270, 272]. 

Additionally, mass spectrometry reveals 13 phosphorylation sites on PCNA in 

mammalian cells [216], with the strongest signal captured from tyrosine 211 and serine 261 

[273, 274]. Phosphorylation of tyrosine 211 is performed by the epidermal growth factor receptor 

(EGFR) [273]. This modification inhibits the mismatch repair (MMR) pathway by disrupting the 

interaction with MMR proteins allowing for error-prone DNA replication to occur [274]. 

Furthermore, phosphorylation of tyrosine 211 functions as degradation protection mechanism 

[273, 275]. Moreover, phosphorylation of tyrosine 60, 133 and 250 stimulates PCNA 

ubiquitination in response to DNA damage [276].  

Certain post-translation modifications have only been identified in mammalian cells 

(Figure 1.6.). One of these, are methylation of lysine 110, lysine 248 and di-methylation of lysine 

10, which contributes to the stability of the PCNA trimer and to the interaction with Polδ, 

respectively [277, 278]. Another one modifies aspartate and glutamate residues by attaching 

ADP-ribose monomer, which also can form polymers, known as ADP-ribosylation [279]. This 

modification is thought to occur in the IDCL domain and therefore, might inhibit the binding site 

for PIP-box containing proteins [280]. Lastly, the resumption of normal replication is initiated by 

ISGylation in mammalian cells, which leads to the recruitment of deubiquitinating enzymes and 
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therefore leads to the restoration of unmodified PCNA allowing for reloading of the replicative 

DNA polymerases [281, 282]. 

In conclusion, PCNA is a main regulator of cellular activity, and its post-translational 

modifications determine the mode of action. In the future, identifying additionally modified 

residues and pathways of known modified sites will help us gain a better insight into the 

mechanisms which maintain genome stability. 
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Figure 1.6. Post-translational Modifications of PCNA and their functions. Summarizing the 
various post-translational modifications of PCNA in (A) S. cerevisiae and in (B) H. sapiens. The known 
enzymes responsible for the modification and the downstream applications are shown. Certain post-
translational modifications are unique to PCNA in H. sapiens. Unknown enzymes or downstream targets 
are marked with a question mark. Arrows indicating if the modification promotes (green) or inhibits (red) 
downstream targets.  
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Chapter Two: Helicase activities of Rad5 and Rrm3 genetically interact in the prevention 

of recombinogenic DNA lesions in Saccharomyces cerevisiae 

Abstract 

The genome must be monitored to ensure its duplication is completed accurately to 

prevent genome instability. In Saccharomyces cerevisiae, the 5’ to 3’ DNA helicase Rrm3, a 

member of the conserved PIF1 family, facilitates replication fork progression through an 

unknown mechanism. Disruption of Rrm3’s helicase activity leads to increased replication fork 

pausing throughout the yeast genome. Here, we show that Rrm3 contributes to replication 

stress tolerance in the absence of the fork reversal activity of Rad5, defined by its HIRAN 

domain and DNA helicase activity, but not in the absence of Rad5’s ubiquitin ligase activity. The 

Rrm3 and Rad5 helicase activities also interact in the prevention of recombinogenic DNA 

lesions, and stalled forks that accumulate in their absence need to be salvaged by a Rad59-

dependent recombination pathway. Disruption of the structure-specific endonuclease Mus81 

leads to accumulation of recombinogenic DNA lesions and chromosomal rearrangements in the 

absence of Rrm3, but not Rad5. Thus, at least two mechanisms exist to overcome fork stalling 

at replication barriers, defined by Rad5-mediated fork reversal and Mus81-mediated cleavage, 

and contribute to the maintenance of chromosome stability in the absence of Rrm3.    

Introduction 

DNA bound proteins and secondary DNA structures such as G-quadruplexes or hairpin-

loops, need to be removed to facilitate the progression of the replication fork and maintain 

genome stability. Thus, cells have developed mechanisms to deal with different kinds of barriers 

encountered during replication that restart blocked or collapsed replication forks and to repair or 
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bypass damaged DNA. In Saccharomyces cerevisiae, the 5’ to 3’ DNA helicase Rrm3 ensures 

replication fork progression through nonhistone DNA-bound proteins. In the absence of Rrm3, 

paused replication forks accumulate at many sites throughout the genome including the rDNA 

locus, tRNA genes, telomeres, the mating type loci, centromeres, inactive origins of replication, 

and RNA polymerase II-transcribed genes [1-3]. RRM3, the ribosomal DNA recombination 

mutation 3 gene, was initially identified as a suppressor of tandem repeat instability at the rDNA 

and the copper chelatin (CUP1) genes [1]. The RRM3 gene codes for 723 amino acids, 

including the seven helicase motifs of the PIF1 helicase family [4, 5] (Figure 2.1A). In general, it 

is thought that Rrm3 helicase activity removes DNA-bound proteins, such as replication-fork 

blocking Fob1 in the rDNA gene array, before the replication fork encounters the obstacle. The 

ATPase activity of Rrm3 for the removal of DNA-bound proteins is regulated by subunits of the 

fork protection complex, Tof1 and Csm3 [6]. However, there are Fob1-independent pause sites 

and deleting Fob1 does not rescue synthetic lethality between rrm3∆ and sgs1∆ or mrc1∆, 

indicating a role for Rrm3 outside of simply “sweeping” Fob1 in front of the DNA replication 

machinery [6, 7].   

In response to RRM3 deletion, Rad5 levels increase, suggesting that Rad5 may allow 

cells to deal with increased replication fork stalling [8]. Rad5 is a member of the SWI/SNF2 

family and a multi-functional protein defined by its three domains: an N-terminal HIRAN domain 

(residues 170-300), a C-terminal domain with the seven conserved helicase motifs (residues 

430-1169), and a RING domain between helicase motifs III and IV (residues 910-990) (Figure 

2.1A) [9-12]. The best understood role of Rad5 is in the DNA damage tolerance pathway, also 

known as the post-replicative repair pathway. If the DNA replication machinery stalls, 

accumulating ssDNA is coated by RPA, which in turn recruits RAD6/Rad18 to mono-ubiquitinate 

PCNA [13]. Rad5 then catalyzes poly-ubiquitination of PCNA in a complex with Mms2 and 

Ubc13, which acts as a signal to utilize the newly synthesized sister chromatid for template 
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switching to bypass fork-blocking lesions, known as the error-free pathway [12, 14-16]. Mono-

ubiquitination of PCNA replaces the replicative DNA polymerase with a translesion (TLS) 

polymerase, such as Rev1, to bypass the DNA lesion in an error-prone manner [14-16]. The first 

30 residues of Rad5 contain a binding site for Rev1, possibly indicating a connection of Rad5 to 

this error-prone pathway [17, 18]. Rad5 has been identified to initiate fork reversal in S. 

cerevisiae, which is dependent on its HIRAN domain and the integrity of the helicase motifs [19-

22]. During fork reversal the newly synthesized strands are paired, generating a fourth 

regressed arm, thus transforming the three-armed replication fork into a Holliday-junction-like 

four-way structure, also referred to as a “chicken foot” [23, 24].  

Despite growing evidence for the importance of fork reversal to maintain genomic 

integrity, the mechanism by which it occurs and when it is activated remains largely unknown. 

Here, I use Rrm3-deficient yeast as a model system to further elucidate the cellular response to 

replication fork pausing, with a focus on the genetic interactions between Rrm3 and the multiple 

DNA-damage response functions of Rad5 in replication stress tolerance and the prevention of 

recombinogenic DNA lesions.    

Materials and Methods 

Yeast strains and media 

Yeast strains were derived from S288C-derived strain KHSY802 (MATa, ura3-52, 

trp1Δ63, his3Δ200, leu2Δ1, lys2-Bgl, hom3-10, ade2Δ1, ade8, hxt13::URA3). RAD5 point 

mutations that disrupt the HIRAN domain (rad5-K194E) [20], ubiquitin-ligase activity (rad5-

C914/917A) [12], or helicase activity (rad5-Q1106D) [22] were introduced into plasmid pR5-28 

[25] (gift from L. Prakash) by site-directed mutagenesis and confirmed by sequencing. These 

rad5 point mutations have been described and characterized elsewhere [12, 20, 22]. A myc-

HIS3MX6 tag was amplified from plasmid pFA6a-13Myc-His3MX6 [26] and inserted into the 
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plasmid at the 3’ end of the rad5 mutant alleles. The plasmid-borne rad5 alleles were amplified 

by PCR and inserted at the chromosomal RAD5 locus by LiAc-mediated yeast transformation as 

described [27]; integration of the desired mutant alleles (rad5-K194E, rad5-C914/917A, rad5-

Q1106D) at the chromosomal RAD5 ORF was verified by PCR, followed by sequencing of the 

alleles. RRM3 truncation alleles were first created in CEN/ARS plasmid pRS315, containing a 

genomic fragment encompassing the RRM3 ORF and promoter linked to a TRP1 selection 

cassette (pRS315-RRM3.TRP1) using HR-mediated integration in NHEJ-deficient yeast strain 

KHSY2331 (lig4Δ) and verified by sequencing. The truncated rrm3 allele was then amplified by 

PCR and integrated at the chromosomal RRM3 locus, followed by verification of the truncation 

by sequencing. Similarly, the C-terminus of Rad52 was tagged with GFP using plasmid pFA6a-

GFP(S65T)-HIS3MX6 [26] as a template. Haploid strains with more than one modified genomic 

locus were obtained by sporulating diploids heterozygous for the desired mutations and 

genotyping spores on selective media or by PCR. Yeast were grown at 30 °C in yeast extract 

(10g/L) peptone (20g/L) and dextrose (20g/L) (YPD) or synthetic complete (SC) media, as 

previously described [28]. Solid media was supplemented with agar (20 g/L) agar. Yeast strains 

used in this study are listed in Table 2.1. 

Spot assay 

The sensitivity of yeast cells to DNA damaging agents or replication stress was tested 

via spot assay as previously described [29]. Briefly, cell cultures were grown exponentially to 

OD600 = 0.5 in YPD and either 5-fold or 10-fold serial dilutions were spotted on YPD 

supplemented with hydroxyurea (HU) (US Biological) at the indicated concentrations. Colony 

growth was recorded every 12h for 2-4d of incubation at 30 °C with a Gel-Doc IT Imaging 

system (UVP).  
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Gross-chromosomal rearrangement (GCR) assay 

Gross-chromosomal rearrangement (GCR) rates were determined by fluctuation 

analysis as previously described [30-32]. Briefly, fifteen cultures from three independent isolates 

were grown from single colonies in 10 ml YPD to saturation (2 days) at 30 °C. Dilutions of cells 

were plated on YPD agar plates to determine the viable cell count. The remaining culture was 

plated on synthetic media lacking arginine and uracil and supplemented with canavanine (60 

mg/L, Sigma) and 5-fluoro-orotic acid (1 g/L, US Biological). Clones with GCRs were identified 

by their resistance to canavanine and 5-fluoro-orotic acid (Canr 5-FOAr), which is indicative of 

simultaneous inactivation of the CAN1 and URA3 genes on chromosome V. The rate of 

accumulating GCRs was determined as previously described and is reported as the median rate 

with 95% confidence intervals [30].  

Fluorescence microscopy 

To determine the fraction of cells with nuclear Rad52 foci, cells were grown in YPD to OD600 = 

0.5 and arrested in G1 phase by adding alpha-factor (2 µg/µL) and continuing incubation at 30 

°C for 90 minutes, with a second addition of alpha-factor at 45 min. Cells were washed in water 

and released into prewarmed YPD with 200 mM HU for 90 min. For fluorescence microscopy, 

cells were spotted on agarose pads and images acquired on a BZ-X800 (Keyence) fitted with a 

60x objective. The presence of Rad52-GFP foci was evaluated in at least 250 cells from three 

independent isolates per yeast strain. The mean and standard deviation is reported. Unpaired t 

tests were performed to determine statistical significance of differences between the fraction of 

cells with Rad52-GFP foci in different mutant strains.  

Doubling time measurement 

A single colony was incubated overnight in YPD at 30°C. To measure doubling time, a 15ml 

starting culture of to OD600 = 0.2 was set up and placed in a shaking incubator at 30 °C. Cell 
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density was measured for every hour for a total of 8 hours at to OD600. Individual measurements 

for each strain were graphed on a logarithmic scale to determine the exponential growth phase. 

Measurements were performed in triplicates and the mean and standard deviation is reported. 

Unpaired t tests were performed to determine statistical significance of differences between cell 

proliferation. 

Results 

Integrity of the HIRAN and helicase domains of Rad5 is required for tolerance of 

replication stress in the absence of Rrm3  

Deletion of RAD5 (rad5∆) causes hypersensitivity to DNA damage and, to a lesser extent, to 

replication stress, whereas deletion of RRM3 (rrm3∆) does not cause hypersensitivity to these 

agents [8, 12, 19]. Deleting RRM3 in the rad5∆ mutant (rad5∆ rrm3∆) leads to a further increase 

in sensitivity to replication stress induced by hydroxyurea (HU) (Figure 2.1B). To determine 

which of the multiple Rad5 domains are required for replication stress tolerance in the rrm3∆ 

mutant we replaced the chromosomal RAD5 ORF with rad5 mutant alleles and assessed 

sensitivity of these mutants to HU using the spot assay. Specifically, we disrupted the HIRAN 

domain (rad5-K194E [20]), which captures the 3’OH of the nascent leading strand end during 

fork reversal [19, 20, 22], helicase motif VI (rad5-Q1106D [22]) whose integrity is required for 

ATPase and helicase activity and for fork reversal, and the RING domain (rad5-C914/917A 

[12]), which mediates poly-ubiquitination of PCNA [12, 14, 15] (Figure 2.1A). Whereas the rad5-

Q1106D and rrm3∆ single mutants were no more sensitive to HU-induced replication stress 

than wildtype, even at the highest HU concentration, combining the rrm3∆ and rad5-Q1106D 

mutations led to HU hypersensitivity (Figure 2.1B), revealing a genetic interaction between the 

two helicases in tolerating replication stress. In contrast to the rad5-Q1106D mutant, the rad5-

K194E mutant was hypersensitive to HU, suggesting a greater importance of the HIRAN domain 

for dealing with replication stress, which increased further in the rrm3∆ mutant (Figure 2.1B). 
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Combining HIRAN domain and helicase motif VI mutations (rad5-K194E/Q1106D) increased HU 

sensitivity compared to either single mutant, suggesting at least some redundant roles for the 

two activities in HU tolerance, which was further exacerbated by deletion of RRM3 (Figure 

2.1B). The ubiquitin-ligase activity of Rad5, defined by its RING domain, was also required for 

replication stress tolerance, as indicated by HU hypersensitivity of the rad5-C914/917A (Figure 

2.1B). However, in contrast to the rad5-Q1106D and rad5-K194E mutations, we observed no 

genetic interaction between the rad5-C914/917A and rrm3∆ mutations on HU (Figure 2.1B). 

Together, these observations indicated that the HIRAN domain of Rad5 is important for dealing 

with replication stress whereas the helicase activity of Rad5 is dispensable, but that both 

activities of Rad5 are required for dealing with replication stress in cells lacking Rrm3. Notably, 

the helicase activity of Rad5 only becomes necessary in the absence of Rrm3 or in the absence 

of HIRAN domain activity. In contrast, Rad5 ubiquitin-ligase activity, implicated in poly-

ubiquitination of PCNA [12, 14, 15], is equally required for dealing with replication stress in 

Rrm3-deficient cells and in Rrm3-proficient cells.  

Recombinogenic DNA lesions accumulate in the absence of Rrm3 and Rad5 

activities 

Since deletion of RRM3 increases replication fork pausing genome wide [1-3], we 

hypothesized that prolonged fork stalling in the absence of Rad5 fork reversal activities could 

lead to recombinogenic DNA lesions. To test this, we arrested cells in G1 with α-factor, released 

them into fresh media supplemented with HU, and evaluated Rad52-GFP foci accumulation as 

a marker of recombinogenic DNA lesions [33] (Figure 2.2A). Using fluorescence microscopy, we 

observed that cells lacking Rad5 had about twice as many Rad52-GFP foci as wildtype cells (p 

< 0.01), whereas we observed no significant difference in Rad52-GFP foci accumulation 

between wildtype cells and the rrm3∆ mutant either in the presence or absence of HU (Figure 

2.2B). However, deletion of both RRM3 and RAD5 led to significantly more Rad52-GFP foci 



49 
 

during HU exposure than in either single mutant (p < 0.05), suggesting that RRM3 and RAD5 

genetically interact to suppress recombinogenic DNA lesion formation in response to replication 

stress.   

Rrm3 can be divided into a structured C-terminal helicase domain (residues 213-723) 

and an unstructured N-terminal tail (residues 1-212), which contains a PIP-box for interaction 

with PCNA [34] and two motifs that are important for the response to DNA replication stress [8, 

35] (Figure 2.1A). As expected from the wildtype level of Rad52-GFP foci in the rrm3∆ mutant, 

neither deleting the N-terminal tail of Rrm3 (rrm3-∆N212), which leaves the helicase activity of 

Rrm3 intact [8, 34], nor disrupting its helicase activity (rrm3-K260D) led to Rad52-GFP foci 

accumulation above wildtype levels in the presence or absence of HU (Figure 2.3A). Deleting 

RAD5 in these two rrm3 mutants had no effect on Rad52-GFP foci accumulation in the absence 

of HU (Figure 2.3A, left panel), but in the presence of HU deleting RAD5 in the rrm3-K260D 

mutant increased Rad52-GFP foci formation (Figure 2.3A, right panel, p < 0.01) to the same 

level as in the rrm3∆ mutant whereas deletion of RAD5 in the rrm3-∆212 mutant had no effect. 

This indicates that cells that lack the helicase activity of Rrm3, which normally prevents 

replication fork pausing throughout the yeast genome [1-3], need Rad5 to prevent the 

accumulation of recombinogenic DNA lesions under replication stress whereas cells that lack 

the N-terminal, regulatory tail of Rrm3 do not.   

Next, we determined which functional domains of Rad5 were required for the 

suppression of recombinogenic DNA lesions. Disrupting either the RING domain (rad5-

C914/917A) or the HIRAN domain (rad5-K194E) led to accumulation of Rad52-GFP foci in the 

presence (p < 0.01) or absence (p<0.5) of replication stress similar to deletion of RAD5 (rad5∆), 

whereas Rad52-GFP foci stayed at wildtype levels after disrupting the helicase domain of Rad5 

(rad5-Q1106D) (Figure 2.3B). Rad5 helicase activity (rad5-Q1106D), however, was required for 

suppression of Rad52-GFP foci when RRM3 was deleted (Figure 2.3B, left panel, p < 0.01). 
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Deletion of RRM3 also further increased Rad52-GFP foci accumulation in the HIRAN-domain 

mutant (Figure 2.3B, right panel, rad5-K194E, p < 0.01), reaching the same level as in the 

rad5∆ mutant, but did not increase Rad52-GFP foci formation in the RING-domain mutant (rad5-

C914/917A) (Figure 2.3B). Combining the HIRAN domain mutation and the helicase domain 

mutations (rad5-K194E/Q1106D) did not further increase Rad52-GFP foci formation (Figure 

2.3B, right panel). Finally, disrupting Rad5 helicase activity (rad5-Q1106D) in a rrm3 mutant 

specifically defective in helicase activity (rrm3-K260D) significantly increased Rad52-GFP foci 

accumulation both in the absence (Figure 2.3C, left panel, p < 0.01) and presence (Figure 2.3C, 

right panel, p < 0.01) of replication stress. Together, these findings demonstrate a genetic 

interaction between the helicase activity of Rrm3 and Rad5 activities involved in fork reversal 

(3’OH end capture, helicase activity), but not error-free DNA-damage tolerance pathways 

triggered by PCNA poly-ubiquitination (RING domain), in the prevention of recombinogenic DNA 

lesions during replication stress. Notably, the helicase activity of Rad5 (rad5-Q1106D) only 

became necessary for the suppression of recombinogenic DNA lesions in the absence of the 

helicase activity of Rrm3 (Figure 2.3C).    

Requirement of Mus81 endonuclease for genome stability and fitness under 

replication stress in the absence of Rrm3 

Stalled replication forks can be substrates for endonucleases to initiate rescue 

processes [36, 37]. One of these endonucleases, Mus81, preferably recognizes four-way DNA 

structures, such as Holliday junctions, but also stalled replication forks and 3’ flaps, and plays a 

major role in the restart of stalled replication forks [38-41]. Deletion of MUS81 in wildtype cells 

(mus81∆) did not lead to an increase in Rad52-GFP foci in the absence (Figure 2.4A, left panel) 

or presence of HU (Figure 2.4A, right panel), but did so in Rrm3-helicase-defective cells (Figure 

2.4A, rrm3∆ mus81∆, p < 0.001; rrm3-K260D mus81∆, p < 0.001), indicating that Mus81 

prevents recombinogenic DNA lesions in cells with replication fork stalling caused by the 
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absence of Rrm3 helicase activity. In contrast to the rrm3 mutants, deletion of MUS81 in the 

rad5∆ mutant did not increase Rad52-GFP foci accumulation in the absence of replication 

stress (Figure 2.4A, left panel) and only had a minor effect in its presence (Figure 2.4A, right 

panel, p < 0.01). The further increase in Rad52-GFP foci in the rrm3∆ mus81∆ mutant upon 

deletion of RAD5 (Figure 2.4A, rrm3∆ mus81∆ rad5∆, p < 0.01) indicates that Rad5 and Mus81 

independently contribute to the prevention of recombinogenic DNA lesions in cells lacking 

Rrm3.  

Increased formation of recombinogenic DNA lesions due to the deletion of MUS81 in the 

rrm3∆ mutant (Figure 2.4A) was associated with impaired tolerance of induced replication stress 

(Figure 2.4B), suggesting that absence of Mus81 could lead to inappropriate or untimely 

processing of paused forks that arise in the absence of Rrm3. To test this, we used the gross-

chromosomal rearrangement (GCR) assay, which measures the rate of simultaneous loss of 

two counter-selectable markers (URA3, CAN1) on the non-essential end of chromosome V, 

typically due to a chromosome break that is healed by a chromosome rearrangement (e.g., 

translocation, interstitial deletion, inversion) or de novo telomere addition [30, 42]. Using this 

GCR assay, we observed that combining RRM3 and MUS81 deletions (rrm3∆ mus81∆) caused 

a synergistic increase (3.8-fold) in genome instability compared to the single mutants (Table 

2.1), demonstrating the importance of Mus81 not only for the suppression of recombinogenic 

DNA lesions (Figure 2.4A) and tolerance of replication stress in the rrm3∆ mutant (Figure 2.4B), 

but also for the maintenance of genome stability (Table 2.1).  

Combining MUS81 and RAD5 deletions (rad5∆ mus81∆) also led to increased sensitivity 

to replication stress (Figure 2.4C), notably at a lower concentration of HU (25 mM versus 125 

mM) than for the rrm3∆ mus81∆ mutant (Figure 2.4B), but no significant increase in the GCR 

rate over that of the rad5∆ single mutant (Table 2.1). This finding indicates that, in contrast to 

the rrm3∆ mutant, DNA lesions that form in the rad5∆ mutant do not appear to require Mus81 
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for error-free repair. Compared to the double mutants, genome instability and sensitivity to 

replication stress did not change in the rrm3∆ rad5∆ mus81∆ triple mutant (Figure 2.4C, Table 

2.1). Considering that Rad52-GFP foci increased in this triple mutant and we did not see a loss 

in viable cell count in the GCR assay, the lack of a GCR rate increase in the rrm3∆ rad5∆ 

mus81∆ triple mutant suggests that some of the recombinogenic DNA lesions in this strain do 

not go on to form mutagenic genome rearrangements.     

To gain insight into how replication-stress-induced recombinogenic DNA lesions in the 

rrm3∆ rad5∆ mutant are repaired, we considered the Rad51- and Rad59-dependent branches of 

homology-directed DSB repair. Rad51 forms the recombinogenic filament for strand invasion in 

synthesis-dependent strand annealing (SDSA) whereas Rad59 can act on shorter 3’ overhangs 

and is required for single-strand annealing (SSA). While Rad59 is also involved in break-

induced replication (BIR), which initiates from one-ended DSBs that arise from collapsed 

replication forks, BIR can also take place in the absence of Rad51 [43-47]. We observed that 

combining RAD5 and RRM3 deletions (rrm3∆ rad5∆) or a RAD59 deletion with an RRM3 

deletion (rrm3∆ rad59∆) or a RAD5 deletion (rad5∆ rad59∆) had no effect on cell proliferation as 

measured by the doubling time (Figure 2.4D), but the doubling time increased significantly 

(~30%, p < 0.01) upon deletion of all three genes (rrm3∆ rad5∆ rad59∆). In contrast, combining 

a RAD51 deletion with an RRM3 deletion (rrm3∆ rad5∆) had no effect on the doubling time (p = 

0.29). Although combination of RAD51 and RAD5 deletions (rad5∆ rad51∆) significantly 

increased the doubling time (~18%, p < 0.05), there was no further increase upon RRM3 

deletion (rad5∆ rrm3∆ rad51∆, p = 0.13). Overall, these findings show that Rad51 is important 

for normal growth in the absence of Rad5 whereas Rad59 only becomes important in the 

absence of both Rad5 and Rrm3.  
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Discussion 

The ATPase/helicase and HIRAN domains of Rad5 collaborate to reverse replication 

forks in vitro, with the ATPase/helicase thought to power leading strand unwinding to initiate 

four-way junction formation and the HIRAN domain capturing the 3’ OH at the nascent leading 

strand end to allow ATP-hydrolysis-driven branch migration of the four-way-junction, including 

reversal of the regressed fork back to a three-way junction [19, 20]. Although mapping to 

opposite ends of Rad5, the HIRAN and ATPase/helicase domains appear to engage in intra-

molecular interactions, consistent with their concerted actions in fork reversal [48]. In this study, 

we have investigated the importance of this fork reversal activity of Rad5 in cells experiencing 

replication stress either due to deletion of RRM3 or due to exposure to HU, or both. We show 

that the HIRAN domain is required for tolerating HU and for preventing recombinogenic DNA 

lesions in wildtype cells, and this requirement increases if Rrm3 is absent. Intriguingly, Rad5 

helicase activity is required for HU tolerance and recombinogenic DNA lesion prevention only if 

Rrm3 is absent. The ubiquitin-ligase activity of Rad5 was required for HU tolerance and 

recombinogenic lesion prevention, but unlike the fork reversal activities of Rad5, it was no more 

important in the absence of Rrm3 than in its presence.  

Considering that the HIRAN and ATPase/helicase domains cooperate in fork reversal in 

vitro, it was surprising that the HIRAN domain is required for recombinogenic DNA lesion 

suppression and HU tolerance of wildtype cells whereas the ATPase/helicase activity was only 

required for these functions in the absence of Rrm3. This difference could be explained by the 

recent discovery that besides fork reversal the HIRAN domain of Rad5 contributes to binding 

and ubiquitination of PCNA [49]. Moreover, the spot assay results of the rad5-K194E/Q1106D 

mutant indicate at least some redundancy between the function of the HIRAN domain and the 

ATPase/helicase activity of Rad5 in tolerating HU-induced replication stress. However, analysis 
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of additional genetic interactions will be required to identify and better understand overlapping 

and nonoverlapping roles of these two Rad5 activities in vivo.  

Previous studies established functions of the ubiquitin-ligase activity of Rad5 in PCNA 

poly-ubiquitination and recombination-based, error-free DNA lesion bypass, and the role of the 

Rev1 binding site of Rad5 in recruitment of TLS polymerases for error-prone DNA lesion bypass 

and replication across single-strand DNA gaps [50-52]. However, while in vitro experiments 

demonstrated that Rad5 has helicase activity and that this activity can mediate fork regression 

in vitro [19], the role of Rad5 helicase activity in vivo is poorly understood. The difficulty stems in 

part from the initially unrecognized overlap of conserved helicase motifs with the RING domain, 

which led to mutations being used for the in vivo characterization of Rad5 helicase activity that 

also affected PCNA poly-ubiquitination [22, 53-56]. Recently, mutation of the conserved Q1106 

residue in helicase motif VI (rad5-Q1106D), which is also used in this study, was established as 

a true separation-of-function mutation that disrupts Rad5 helicase activity without affecting 

PCNA poly-ubiquitination [22]. Using this mutation, previous reports showed that the helicase 

activity of Rad5 was not required for survival of replication stress induced by HU [50], consistent 

with my observation, and dispensable for error-free or error-prone DNA lesion bypass [22, 51, 

55]. This study is one of the first to identify a specific biological requirement for the helicase 

activity of Rad5 in vivo, namely the prevention of recombinogenic DNA lesions in cells with 

impaired replication fork progression.  

That the helicase activity of Rad5 was required under conditions of replication fork 

stalling due to RRM3 deletion but not due to nucleotide pool depletion by HU suggests that the 

Rad5 helicase reverses specific types of forks. For example, nucleotide pool depletion due to 

HU treatment impairs DNA synthesis by leading and lagging strand DNA polymerases, 

generating long single-stranded regions behind the fork [57, 58] whereas DNA-bound proteins 

and G-quadruplexes that impair fork progression in the rrm3∆ mutant [2, 3, 59] would act in front 
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of the fork, thus impairing CMG helicase progression but not causing large ssDNA regions 

behind the fork. Indeed, a recent in vitro study suggests that Rad5 helicase-mediated leading 

strand unwinding may not be required for fork reversal if there is a sufficiently large ssDNA gap 

on the leading strand [20]. Additionally, HU-arrested replication forks may be stabilized by 

multiple pathways whereas survival of forks in the rrm3∆ mutant may depend more strongly on 

Rad5 helicase activity. In support of the latter, Rad5 was one of the top three proteins (in 

addition to Rdh54, Top2) upregulated in cells lacking Rrm3 [8].  

The recombinogenic DNA lesions that arise in rrm3∆ cells when Rad5 is disrupted 

appear to be preferentially repaired by Rad59-dependent rather than Rad51-dependent 

recombination (Figure 2.4D). This is consistent with previous reports that Rad59 is preferred for 

homology-dependent repair of DNA lesions associated with DNA replication [60-62], and there 

is evidence that Rad51-dependent recombination events may even be downregulated during 

DNA replication [60]. The role of Rad59 in lesion repair in the rrm3∆ rad5∆ mutant could also be 

regulatory, such as inhibiting detrimental Rad51-dependent events at stalled forks. I observed a 

similar interplay between Rad51 and Rad59 when DSBs could not be properly processed due to 

the absence of Sgs1 and Exo1 [63]. The DNA structures that arise at replication forks in rrm3∆ 

cells when fork regression is prevented could also allow Rad59 to be directly involved in fork 

recovery by sister-chromatid recombination.          

The genetic interaction between rrm3 and mus81 mutations provides some additional 

insight into events at blocked replication forks in the absence of Rrm3. As a subunit of a 

structure-specific endonuclease, Mus81 prevents the accumulation of arrested or broken forks 

[38, 39, 64]. Our findings indicate that some forks that stall due to the absence of Rrm3 could 

form recombination structures that become substrates for Mus81, which faithfully restarts these 

forks. In the absence of Mus81, stalled forks that arise due to lack of Rrm3 could become 

unstable, mostly likely due to attack by other nucleases, causing the accumulation of 
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recombinogenic DNA lesions and giving rise to genome instability. A similar negative genetic 

interaction between RRM3 and MUS81 was recently identified at yeast telomeres [41]. I find that 

inactivation of Rad5 increased recombinogenic lesions in the rrm3∆ mus81∆ mutant and that 

inactivation of Rad5 in the mus81∆ mutant increased hypersensitivity to replication stress, 

suggesting that the Rad5- and Mus81-mediated fork rescue mechanisms can act independently 

on stalled forks, probably because they have different fork substrates, and that a fraction of the 

recombinogenic lesions, especially those generated by the lack of Rad5 in the rrm3∆ mus81∆ 

mutant, may be lethal.  

In summary, I propose the following pathways for the rescue of blocked replication forks 

and prevention of recombinogenic DNA lesions and chromosome instability (Figure 2.5): To 

ensure replication fork progression, Rrm3 helicase activity allows replisomes to move through 

replication barriers (RBs), such as DNA-protein complexes, most prominently the replication-

fork-blocking protein Fob1 in the rDNA genes but also countless other RBs throughout the 

genome, and may also unfold hard-to-replicate DNA secondary structures, such as G-

quadruplexes [65, 66]. If these blocks to replisome progression cannot be overcome due to the 

absence of Rrm3, our findings indicate two pathways for fork rescue: First, collaboration 

between the helicase activity and the 3’ OH end capture activity of Rad5 regresses the stalled 

fork into a chicken-foot-like structure to set it up for restart [67]. We find that only this fork 

reversal activity of Rad5 is required in the absence of Rrm3 to prevent recombinogenic lesions, 

most likely a sign of fork stalling or collapse, whereas the Rad5 ubiquitin-ligase activity, which 

leads to PCNA poly-ubiquitination thought to remodel replisome components to allow 

resumption of DNA synthesis by template switching [68, 69], is not. Additionally, it is 

conceivable that movement of Rad5 on the DNA in the vicinity of a stalled replisome could 

remove RBs similar to Rrm3 and contribute to resumption of some forks. In the absence of 

Rad5 or Rad5 fork reversal activity, forks that stalled due to lack of Rrm3 helicase persist, 
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leading to accumulation of recombinogenic DNA lesions and increased sensitivity to additional 

replication stress. We observed that a recombination mechanism dependent on Rad59 is 

specifically required for normal growth when both Rrm3 and Rad5 are absent. As Rad59 does 

not appear to be required for template switching [70], a Rad59-dependent recombination-driven 

replication salvage pathway that also requires Rad52 and Pol δ [71] may act on forks in cells 

that lack the Rrm3- and Rad5-mediated pathways for fork progression and fork rescue, 

respectively. Finally, a subset of stalled forks are processed by Mus81, most likely in a 

mechanism that suppresses chromosome rearrangements that result from BIR, for example by 

converting mutagenic BIR-induced D-loops [72, 73] to normal replication forks [74].  
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Figure 2.1. Genetic interaction between functional domains of RAD5 and RRM3 in the 
suppression of replication stress. (A) Domain structures of Rad5 and Rrm3. Both enzymes have 
structurally ordered C-terminal domains (green), which contain the seven conserved helicase motifs I-VI; 
a RING domain is located between helicase motifs III and IV of Rad5. The disordered N-terminal domains 
(blue) contain protein-protein interaction sites (Rev1, Orc5, PCNA), a leucine zipper (3L), and a 
phosphorylation cluster (P) [8, 34, 35]. A structured HIRAN domain is located within the N-terminus of 
Rad5 [18]. Amino acid positions of approximate domain boundaries are indicated above the drawing. 
Point mutations used in this study are shown below the drawing. (B) Spot assay to test for genetic 
interactions between rad5 and rrm3 mutations in the suppression of DNA replication stress induced by 
chronic exposure to hydroxyurea (HU). Serial dilutions of exponentially growing yeast strains with 
deletions of RAD5 and/or RRM3 or with chromosomally integrated mutations in functional domains of 
RAD5 (RING-domain: rad5-CC914/917AA, helicase-domain: rad5-Q1106D, HIRAN-domain: rad5-K194E, 
or both HIRAN- and helicase-domain: rad5-K194E /Q1106D) were spotted onto YPD agar plates 
containing various concentrations of HU. Images were acquired on a GelDoc-It system (UVP) after 2-3 
days of incubation at 30 ˚C.  
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Figure 2.2 Genetic interactions between rad5∆ and rrm3∆ in the prevention of 
recombinogenic DNA lesions. (A) Yeast strains bearing deletions of RRM3 and/or RAD5 and 
expressing GFP-tagged Rad52 (Rad52-GFP) were grown to O.D.=0.5, arrested in G1 phase by 
incubation with α-factor, and released into fresh YPD with or without 200 mM hydroxyurea (HU). Images 
of at least 250 cells per yeast strain were acquired on a BZ-X800 microscope (Keyence) and the fraction 
of cells with Rad52-GFP foci (white arrows) scored. (B) Quantification of percentage of cells with Rad52-
GFP foci in rrm3∆, rad5∆ and rrm3∆ rad5∆ mutants in the presence or absence of replication stress 
induced by HU. Experiments were repeated three times and the mean ± SD is reported.  
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Figure 2.3. Interaction between RRM3 and RAD5 functions in the suppression of 
recombinogenic DNA lesions. (A) Quantification of Rad52-GFP foci in cells harboring an RRM3 
deletion (rrm3∆), a disruption of Rrm3 helicase activity (rrm3-K260D), or a truncation of the Rrm3 N-
terminal tail (rrm3-∆N212). Effect of rrm3 mutations was assessed in the presence (RAD5) or absence 
(rad5∆) of Rad5 and in the presence or absence of replication stress induced by hydroxyurea (HU) 
following the scheme in Figure 2A. (B) Quantification of Rad52-GFP foci in cells harboring a RAD5 
deletion (rad5∆), a disruption of the Rad5 RING domain (rad5-CC914/917AA), Rad5 HIRAN domain 
(rad5-K194E), Rad5 helicase motif VI (rad5-Q1106D), or both HIRAN- and helicase-domain (rad5-
K194E/Q1106D). The effect of rad5 mutations on Rad52-GFP foci formation was assessed in the 
presence (RRM3) or absence (rrm3∆) of Rrm3 and in the presence or absence of replication stress 
induced by hydroxyurea (HU) following the scheme in Figure 2A. (C) Quantification of Rad52-GFP foci in 
cells harboring point mutations disrupting fork reversal activity of Rad5 (rad5-K194E, rad5-Q1106D) and 
helicase activity of Rrm3 (rrm3-K260D).  
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Figure 2.4. Effect of MUS81 deletion on recombinogenic DNA lesion formation and 
replication stress tolerance in rrm3∆ and rad5∆ mutants. (A) Quantification of Rad52-GFP foci 

in cells with deletions of RRM3 (rrm3∆), RAD5 (rad5∆) or both (rrm3∆ rad5∆) in the presence (MUS81) or 
absence (mus81∆) of Mus81. All experiments were performed in triplicate in the presence or absence of 
replication stress induced by hydroxyurea (HU) following the scheme in Figure 2A. A minimum of 250 
cells were scored for absence or presence of Rad52-GFP foci by fluorescence microscopy. The mean 
percentage of cells with Rad52-GFP foci in all three experiments is reported with standard deviation. The 
mean percentage of cells with Rad52-GFP foci for each of the three experiments is indicated in the 
graphs by gray dots. Statistical significance of differences between mutants was determined by t test and 
reported as * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. (B) Spots of serial dilutions of exponentially growing 
rrm3∆ mutants harboring wildtype MUS81 or a mus81∆ deletion on YPD agar plates supplemented with 
hydroxyurea (HU). (C) Spots of serial dilutions of exponentially growing rrm3∆, rad5∆ and rrm3∆ rad5∆ 
mutants harboring wildtype MUS81 or a mus81∆ deletion on YPD agar plates supplemented with 
hydroxyurea (HU). (D) Effect of RAD51 and RAD59 deletions on the doubling time of rrm3∆, rad5∆, and 
rrm3∆ rad5∆ mutants. Measurements were performed in triplicate and the mean ± SD is shown. 
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Figure 2.5. Model for overcoming replication fork barriers that accumulate in the absence 
of Rrm3. (A) Rrm3 facilitates fork progression by removing replication blockages (RBs), such as those 
formed by DNA-associated proteins. The PIF1 helicase family to which Rrm3 belongs has also been 
shown to unwind polymerase-blocking DNA secondary structures, such as G-quadruplexes. (B) In the 
absence of Rrm3, when RBs cannot be readily removed, blocked forks can be rescued by Rad5 fork 
reversal activity, which requires intact HIRAN (H) and helicase (Hel) motifs, preventing accumulation of 
recombinogenic DNA lesions. Mus81 endonuclease may act on 3-way or 4-way junctions formed during 
fork reversal. Rad5 translocation on DNA may also lead to removal of DNA-associated proteins. Ubiquitin-
ligase-deficiency of Rad5 (rad5-CC914/917AA) does not impair this pathway whereas HIRAN and 
helicase motif mutations in Rad5 (rad5-K194E, rad5-Q1106D) cause hyperaccumulation of 
recombinogenic DNA lesions and hypersensitivity to replication stress and DNA damage. (C) Structure-
specific endonuclease Mus81 can act independently of Rad5 to prevent recombinogenic DNA lesions, 
possibly on a subset of stalled forks that is not amenable to reversal by Rad5. In the absence of Mus81 
those blocked forks persist and become susceptible to nucleolytic attack, causing recombinogenic DNA 
lesions and chromosome rearrangements.  
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Table 2.1. Effect of deletions of RRM3, RAD5, MUS81 on accumulation of gross-chromosomal 
rearrangements 
 

Relevant Genotype GCR rate (95% Cl) 
Canr 5-FOAr  x 10-10 

  
Wildtype 1.1 (<1-6) 

rrm3 13.7 (12-16) 

mus81  23.2 (18-33) 

rrm3 mus81 86.6 (71-124) 

rad5 103 (67-122) 

rrm3 rad5 89 (81-105) 
  
rad5 mus81 138 (61-196) 

 
rrm3 rad5 mus81 128 (98-153) 
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Table 2.2. Yeast strains used in this study 

Strain Genotype 

KHSY802 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3 

KHSY211 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, mus81::HIS3 

KHSY1064 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1 

KHSY2746 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad51::HIS3 

KHSY5145 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5::HIS3 

KHSY5146 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5::HIS3 

KHSY5194 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212.Myc.HIS3 

KHSY5196 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3 

KHSY5520 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, Rad52.GFP.HIS3 

KHSY6428 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, Rad52.GFP.HIS3 

KHSY6429 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5::HIS3, Rad52.GFP.HIS3 

KHSY6438 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5::HIS3, 

Rad52.GFP.HIS3 

KHSY7038 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5-CC914/917AA.Myc.HIS3 

KHSY7039 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5-Q1106D.Myc.HIS3 

KHSY7040 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5-K194E.Myc.HIS3 
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Table 2.2 (continued) 

KHSY7044 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

CC914/917AA.Myc.HIS3 

KHSY7045 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

Q1106D.Myc.HIS3 

KHSY7046 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

K194E.Myc.HIS3 

KHSY7049 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3, 

Rad52.GFP.HIS3 

KHSY7050 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212.Myc.HIS3, 

Rad52.GFP.HIS3 

KHSY7051 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3, 

rad5::HIS3, Rad52.GFP.HIS3 

KHSY7052 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212.Myc.HIS3, 

rad5::HIS3, Rad52.GFP.HIS3 

KHSY7056 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5-CC914/917AA.Myc.HIS3, 

Rad52.GFP.HIS3 

KHSY7057 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5-Q1106D.Myc.HIS3, 

Rad5.GFP.HIS3 

KHSY7058 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5-K194E.Myc.HIS3, 

Rad52.GFP.HIS3 

KHSY7059 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

CC914/917AA.Myc.HIS3, Rad52.GFP.HIS3 
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Table 2.2 (continued) 

KHSY7060 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

Q1106D.Myc.HIS3, Rad52.GFP.HIS3 

KHSY7061 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

K194E.Myc.HIS3, Rad52.GFP.HIS3 

KHSY7064 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3, rad5-

Q1106D.Myc.HIS3, Rad52.GFP.HIS3 

KHSY7065 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3, rad5-

K194E.Myc.HIS3, Rad52.GFP.HIS3 

KHSY7067 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, mus81::HIS3 

KHSY7068 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5::HIS3, mus81::HIS3 

KHSY7069 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5::HIS3, 

mus81::HIS3 

KHSY7070 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, mus81::HIS3, 

Rad52.GFP.HIS3 

KHSY7071 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, mus81::HIS3, 

Rad52.GFP.HIS3 

KHSY7072 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5::HIS3, mus81::HIS3, 

Rad52.GFP.HIS3 

KHSY7073 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5::HIS3, 

mus81::HIS3, Rad52.GFP.HIS3 
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Table 2.2 (continued) 

KHSY7075 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3, 

mus81::HIS3, Rad52.GFP.HIS3 

KHSY7076 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad59::HIS3 

KHSY7078 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad59::HIS3 

KHSY7079 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5::HIS3, rad59::HIS3 

KHSY7080 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5::HIS3, 

rad59::HIS3 

KHSY7082 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad51::HIS3 

KHSY7083 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5::HIS3, rad51::HIS3 

KHSY7084 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5::HIS3, 

rad51::HIS3 

KHSY7125 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3,rad5-K194E/Q1106D.Myc.HIS3 

KHSY7126 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

K194E/Q1106D.Myc.HIS3 

KHSY7127 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad5-

K194E/Q1106D.Myc.HIS3, Rad52.GFP.HIS3 

KHSY7128 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad5-

K194E/Q1106D.Myc.HIS3, Rad52.GFP.HIS3 
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Chapter Three: Physical interaction of Rrm3 and PCNA results in aberrant recombination 

when PCNA’s inter-domain connecting loop cannot be modified at lysine 127 

Abstract 

DNA synthesis needs to be executed in a timely and accurate manner. To ensure DNA 

replication fork progression, the cell utilizes multiple pathways, which are specifically designed 

to deal with the endogenous and exogenous sources of DNA damage. In Saccharomyces 

cerevisiae, Rrm3, a member of the Pif1 DNA helicase family, is required to ensure DNA 

replication fork progression as deletion of RRM3 or disruption of its 5’-3’ helicase activity leads 

to the accumulation of stalled replication forks genome wide. While these helicase-mediated 

functions of Rrm3 are becoming better understood, a biological role for the physical interaction 

of Rrm3 with PCNA has remained elusive. Here, we define a novel genetic interaction between 

PCNA and Rrm3 under replication stress that sheds light on the physical interaction between 

the two proteins. We find that Rrm3 is toxic to cells if PCNA cannot be modified at lysine 127 but 

not when PCNA cannot be modified at lysine 164. Notably, this toxicity of Rrm3 is caused by a 

disordered segment of the first 54 residues which contains a PCNA-interaction-protein (PIP)-box 

motif, whereas the DNA helicase activity of Rrm3 is nontoxic. The deleterious effect of the PIP-

box domain is associated with an accumulation of DNA lesions that bind the homologous 

recombination factor Rad52. Restoration of replication stress tolerance by interrupting binding 

between Rrm3 and PCNA non-modifiable at lysine 127 is dependent on the SUMO E3-ligase 

Siz1, and to a lesser extent Siz2; together with the observation that the Rrm3 toxicity is 

independent of its DNA helicase activity this suggests that Rrm3 may prevent another protein 

from binding to PCNA. In conclusion, our findings suggest that the physical interaction between 

Rrm3 and PCNA needs to be tightly regulated under replication stress by modification of lysine 
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127 near the interdomain-connector loop of PCNA where Rrm3 binds to achieve proper repair of 

replication-stress-induced DNA lesions.   

Introduction 

DNA replication needs to be performed in an efficient and precise manner for accurately 

duplication of the genome. During DNA synthesis, the DNA replication machinery encounters 

multiple obstacles, which could impair replication fork progression [1, 2]. Therefore, the cell 

possesses multiple pathways to deal with specific sources of DNA damage [1, 2]. One of the 

proteins promoting replication fork progression is Rrm3 [3-5]. Rrm3 belongs into the PIF1 DNA 

helicase family, which are conserved from bacteria to humans [6, 7]. Members of this family 

possess a 5’-3’ translocase activity which is embedded in the highly conserved helicase motif of 

the C-terminus [8-10]. In the absence of Rrm3 or disrupting its catalytical activity results in the 

accumulation of stalled replication forks at multiple sites such as rDNA locus, tRNA genes, 

centromeres, and many more [4, 5, 11, 12]. In contrast, the N-terminus is highly disordered and 

varies among members of the PIF1 DNA helicase family, promoting different protein-protein 

interaction or are site of post-translational modifications and thereby executing unique functions 

[13-15]. Indeed, the N-terminus becomes phosphorylated and harbors the binding site for Orc5, 

a subunit of the origin complex [13, 14]. Moreover, the binding site of the proliferating cell 

nuclear antigen (PCNA) resides within Rrm3’s N-terminus [16]. Rrm3, just like other PCNA 

interacting proteins, possesses a canonical PCNA-interacting protein motif (PIP-box) with the 

consensus motif Q-x-x-(I/L/M/V)-x-x-(F/Y)-(F/Y) within the first 54 amino acids of the N-terminus 

[16-18]. In S. cerevisiae, PCNA is encoded by the gene POL30 and is an essential gene in DNA 

synthesis [19]. PCNA is a sliding clamp, which is composed of three monomers, forming a 

functional homotrimer. During DNA synthesis PCNA functions as a processivity factor for the 

replicative DNA polymerases to promote DNA replication [20-23]. Upon DNA damage, PCNA 

can undergo post-translational modifications resulting in SUMOylation or ubiquitination of lysine 
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residues to deal with replication stress [1, 2, 24-26]. Mono-ubiquitination of lysine 164 by the 

Rad6-Rad18 complex results in the replacement of the replicative DNA polymerase with a 

translesion (TLS) DNA polymerase [26-30]. Depending on the DNA lesion and choice of TLS 

polymerase, this pathway can be error-prone or error-free [31-34]. Furthermore, lysine 164 can 

be poly-ubiquitinated by the formation of ubiquitin-chains, which is promoted by the E3 RING 

ligase Rad5 in a complex with Mms2 and Ubc13 [24, 26, 35-38]. This modification initiated the 

error-free pathway, using the synthesized sister chromatid for template switching to bypass 

DNA lesions [2, 24, 38-40]. On the other hand, lysine 164 and lysine 127 can be SUMOylated 

by the E3 ligases Siz1 and Siz2, respectively [26, 29, 41]. While lysine 127, which is in the inter-

domain connecting loop (IDCL), possesses a canonical SUMO consensus motif ΨKx(D/E), 

lysine 164 does not [42-44]. Sumoylation of lysine 127 and lysine 164 promotes the recruitment 

of the anti-recombinase Srs2, which inhibits homologous recombination by dismantling Rad51 

nucleofilaments [45, 46]. Additionally, binding of Srs2 with SUMOylated PCNA results in the 

displacement of Pol32 and thereby, limiting D-loop extension [47]. Sumoylation of PCNA at 

lysine 127 suppresses homologous recombination but also leads to the displacement of Eco1, 

which is important in cohesion establishment [48-50]. Thus, it is possible that modification at 

lysine 127 functions as a reset button to promote new protein interactions in response to DNA 

replication stress [19].  

Despite of the known binding site of PCNA for the past 20 years, the biological relevance 

of the interaction between the DNA helicase Rrm3 and PCNA has remained unknown. Here, we 

are investigating the genetic interaction between POL30 mutants and RRM3 mutants.  
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Materials and Methods 

Yeast strains and media 

Yeast strains were derived from S288C-derived strain KHSY802 (MATa, ura3-52, 

trp1Δ63, his3Δ200, leu2Δ1, lys2-Bgl, hom3-10, ade2Δ1, ade8, hxt13::URA3). POL30 point 

mutations were purchased from Addgene and incorporated at the endogenous POL30 locus by 

LiAc-mediated transformation and replaced by 5-FOA selection as described [14, 51]. The 

presence of the desired mutations and successful replacement of the endogenous locus was 

verified by sequencing the POL30 open reading frame. The C-terminus of Rad52 was tagged 

with GFP using plasmid pFA6a-GFP(S65T)-HIS3MX6 as a template [52]. Desired Srs2 point 

mutations or deletions were generated by site-directed mutagenesis and PCR respectively. The 

replacement of the native SRS2 locus was confirmed by PCR. Haploid strains with more than 

one modified genomic locus were obtained by sporulating diploids heterozygous for the desired 

mutations and genotyping spores on selective media or by PCR. Yeast were grown at 30°C in 

yeast extract (10g/L) peptone (20g/L) and dextrose (20g/L) (YPD) or synthetic complete (SC) 

media, as previously described. Solid media was supplemented with agar (20 g/l) agar. Yeast 

strains used in this study are listed in Table 3.1. 

Spot assay 

The sensitivity of yeast cells to DNA damaging agents or replication stress was tested 

via spot assay as previously described [14]. Briefly, cell cultures were grown in exponential 

phase to an OD600 = 0.5 in yeast extract (10g/L) peptone (20g/L) and dextrose (20g/L) (YPD) 

and either 5-fold or 10-fold serial dilutions were spotted on YPD supplemented with hydroxyurea 

(HU) (US Biological) or methyl methane sulfate (MMS) at the indicated concentrations. Colony 

growth was recorded every 12h for 3-5 days of incubation at 30 °C with a Gel-Doc IT Imaging 

system (UVP).  
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Fluorescence microscopy 

To determine the fraction of cells with nuclear Rad52 foci, cell cultures were grown in 

exponential phase to an OD600 = 0.5 in YPD and arrested in G1 phase by adding alpha-factor (2 

µg/µL) and continuing incubation at 30° C for 90 min, with a second addition of alpha-factor at 

45 min. Cells were washed in water and released into prewarmed YPD with 200 mM HU for 90 

min at 30° C. For fluorescence microscopy, cells were spotted on agarose pads and images 

acquired on a BZ-X800 (Keyence) fitted with a 60x objective. Presence of Rad52-GFP foci was 

evaluated in at least 250 cells from three independent isolates per yeast strain. The mean with 

standard deviation is reported. Student t-tests were performed to determine statistical 

significance of differences between the fraction of cells with Rad52-GFP foci in different yeast 

strains.  

Results 

DNA helicase Rrm3 becomes toxic under replication stress when the interdomain-

connecting loop of PCNA cannot be modified at lysine 127  

The physical interaction between Rrm3 and PCNA via an N-terminal PIP-box in Rrm3 

was identified over 20 years ago yet a biological role of this interaction has remained elusive 

[16]. Our recent identification of a novel functional interaction during replication stress between 

the helicase-activities of Rrm3 and Rad5, the latter of which also ubiquitinates PCNA, prompted 

us to investigate the possibility of genetic interactions between RRM3 and POL30. To this end, 

we replaced the endogenous POL30 ORF with previously described pol30 mutant alleles, 

specifically pol30-K127R, coding for PCNA that cannot be SUMOylated at lysine 127, pol30-

K164R, coding for PCNA that cannot be SUMOylated or ubiquitinated on lysine 164, and pol30-

K127/164, coding for PCNA defective in modification at both lysine 127 and 164 [26, 48, 51]. 

Inability to modify lysine 164 (pol30-K164R) caused hypersensitivity to HU-induced replication 
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stress and to MMS-induced DNA damage (Figure 3.1A), consistent with previous reports [48, 

51]. This hypersensitivity was suppressed by disrupting PCNA modification on lysine 127, which 

maps to the IDCL of PCNA and is embedded in the SUMOylation consensus motif ΨKXE, 

(pol30-K127/K164R) [48, 51] (Figure 3.1A). In contrast, only mutating lysine 127 (pol30-K127R) 

increases sensitivity to both replication stress and DNA damage, albeit to a lesser extent than 

mutating lysine 164 (pol30-K164R) or both (pol30-K127/164R) [42, 48, 51] (Figure 3.1A). When 

we combined these pol30 mutant alleles with an RRM3 deletion (rrm3∆) we observed 

suppression of the hypersensitivity of the pol30-K127R mutant to HU but not MMS (Figure 

3.1B), but no suppression of either HU or MMS hypersensitivity of the pol30-K164R mutant 

(Figure 3.1C.) or the pol30-K127R/K164R double mutant (Figure 3.1D). This genetic analysis 

indicated that Rrm3 is toxic in cells under replication stress if they cannot SUMOylate PCNA at 

lysine 127. In contrast, Rrm3 does not contribute to HU/MMS hypersensitivity of cells that 

cannot modify PCNA at lysine 164. 

The N-terminal disordered region of Rrm3, not its ATPase/helicase activity, 

suppresses the sensitivity of HU-induced replication stress and accumulation of 

Rad52 foci in the pol30-K127R mutant 

Rrm3’s protein structure can be divided into a conserved C-terminus (residues 213-723), 

harboring its 5’-3’ DNA helicase activity, and into its disordered N-terminus (residues 1-212), 

which includes the PIP-Box motif, a phosphorylation cluster and binding site for protein-protein 

interaction [13, 14, 16]. To distinguish which function of Rrm3 leads to sensitivity when lysine 

127 cannot be modified under replication stress, we deleted the disordered N-terminus of Rrm3 

(rrm3-∆N212), which leaves the ATPase/helicase activity of Rrm3 intact, or disrupted the 

helicase activity of Rrm3 (rrm3-K260D). Unexpectedly, the rrm3-∆N212 mutation but not the 

rrm3-K260D mutation suppressed the sensitivity of HU-induced replication stress in the pol30-

K127R mutant similar to the effect of deleting RRM3 (rrm3∆) (Figure 3.2A), suggesting that a 
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function mapping to the first 212 residues of Rrm3, encompassing the disordered N-terminal tail, 

is toxic when cells under replication stress cannot SUMOylate PCNA at K127. We found that 

removing the first 54 residues of Rrm3 (rrm3-∆54) was sufficient to suppress the sensitivity of 

the pol30-K127R mutant to HU (Figure 3.2B). This segment of 54 residues of Rrm3 contains a 

PCNA-interaction-protein (PIP)-box motif which was previously verified to interact with PCNA in 

vitro and in a yeast-two hybrid assay [16]. Thus, it appears that the HU hypersensitivity of the 

pol30-K127R mutant is caused by a toxic physical interaction between PCNA-K127R and Rrm3, 

whereas the enzymatic activity of Rrm3 is harmless. 

Since mutation of lysine 127 of PCNA reduces the hypersensitivity to replication stress 

(HU) and DNA damage (MMS) when lysine 164 of PCNA cannot be modified, it was proposed 

that SUMOylation on lysine 127 inhibits DNA repair [48]. Indeed, SUMOylation of lysine 127 and 

lysine 164 lead to the recruitment of anti-recombinase Srs2 [45], which prevents Rad51 filament 

formation and therefore, inhibits HR-dependent DNA repair [45, 46]. Based on these previous 

findings, I hypothesized that preventing SUMOylation at lysine 127 of PCNA leads to diminished 

Srs2 recruitment which in turn results in hyperrecombination and, thus, increased sensitivity to 

HU-induced replication stress in the pol30-K127R mutant. To test this hypothesis, we used 

fluorescence microscopy to measure the appearance of nuclear Rad52-GFP foci as an indicator 

of accumulating recombinogenic DNA lesions. First, we observed a significant increase in cells 

with Rad52-GFP foci in cultures of the pol30-K127R mutant compared to cultures of wildtype 

cells in the presence or absence of HU, whereas Rad52-GFP foci appearance did not change in 

any of the rrm3 mutants we tested (rrm3∆, rrm3-K260D, rrm3-∆N212, rrm3-∆N54, or rrm3-

K260D/∆N212). (Figure 3.3A-B). However, when we deleted RRM3 (rrm3∆) in the pol30-K127R 

mutant accumulation of Rad52-GFP foci was suppressed to wildtype levels, both in the 

presence or absence of replication stress (Figure 3.3A-B). This suppression of Rad52-foci 

accumulation in the pol30-K127R mutant in the presence or absence of replication stress could 
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be achieved by removing the N-terminal tail of Rrm3 (rrm3-∆N212, rrm3-K260D/∆N212), 

specifically the first 54 residues, but not by disrupting its helicase activity (rrm3-K260D) (Figure 

3.3A-B). Thus, a deleterious physical interaction between Rrm3 and PCNA-K127R not only 

causes hypersensitivity to HU-induced replication stress but also accumulation of 

recombinogenic DNA lesions. 

SUMO E3-ligases Siz1 and Siz2 are required, whereas Rad18 is not, for the 

suppression of pol30-K127R in the absence of Rrm3 

In S. cerevisiae SUMOylation of PCNA is performed by the E3-ligases Siz1 and Siz2, 

which bind to lysine 164 and lysine 127, respectively [26, 29, 41]. If the absence of Rrm3 

suppresses the sensitivity in the pol30-K127R mutant under replication stress because PCNA 

cannot be SUMOylated at lysine 127, then further deletion of SIZ2 (siz2∆) should not alter the 

DNA damage sensitivity. Deletion of SIZ2 (siz2∆) does not result in sensitivity in the presence or 

absence of Rrm3 under replication stress. As expected, I also did not observe changes in 

sensitivity when deleting the E3 ligase SIZ2 (siz2∆) in the pol30-K127R mutant (Figure 3.4B) 

under DNA damage and replication stress. Interestingly, I observed an increased DNA damage 

sensitivity when further deleting SIZ2 (siz2∆) in the rrm3∆ pol30-K127R mutant indicating that 

the suppression of the DNA damage sensitivity in the absence of Rrm3 depends on Siz2’s 

function outside of SUMOylating PCNA.  

Additionally, we determined that deletion of RRM3 suppresses the DNA damage 

sensitivity to the same extent as mutating lysine 164 (pol30-K127/164R). Since lysine 164 can 

undergo SUMOylation or ubiquitination, we deleted the genes SIZ1 (siz1∆) and RAD18 

(rad18∆), respectively, to distinguish between them. Deletion of SIZ1 (siz1∆) does not cause 

DNA damage sensitivity in the presence or absence of Rrm3 or in the pol30-K127R mutant. 

However, further deletion of SIZ1 (siz1∆) in the rrm3∆ pol30-K127R mutant causes increased 
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DNA damage sensitivity (Figure 3.4A). In contrast, inhibiting ubiquitination of lysine 164 by 

deleting RAD18 (rad18∆) increased DNA damage sensitivity in the presence or absence of 

Rrm3. We also observe an increased DNA damage sensitivity when further deleting RAD18 in 

the pol30-K127R mutant (Figure 3.4C). Unlike deletion of SIZ1 (siz1∆), further deletion of 

RAD18 (rad18∆) in rrm3∆ pol30-K127R mutants, does not lead to increased DNA damage 

sensitivity compared to either rrm3∆ rad18∆ or rad18∆ pol30-K127R mutants.  

Even though, deletion of RRM3 suppresses the DNA damage sensitivity to the same 

extent as mutating lysine 164 (pol30-K127/164R), this occurs independently of SUMOylation or 

ubiquitination of lysine 164. Nonetheless, a downstream target of Siz1 and to a lesser extent of 

Siz2 is required for the suppression of the DNA damage sensitivity of the pol30-K127R mutant 

in the absence of Rrm3. 

Srs2’s functions, not Eco1’s, are responsible for sensitivity in the pol30-K127R 

mutant under DNA damage, but not under replication stress 

To better understand how deletion of RRM3 suppresses the sensitivity of HU-induced 

replication stress in the pol30-K127R mutant, we considered the role of Srs2. Deletion of SRS2 

(srs2∆) in the rrm3∆ mutant leads to a severe fitness defect [53] and SUMOylation of PCNA at 

K127 leads to the recruitment of Srs2. To determine which roles of Srs2 are important for 

normal growth of the rrm3∆ mutant we generated srs2 mutations that disrupt the helicase 

activity (srs2-K41A), Rad51 binding (srs2∆875-902), D-loop extension (srs2-SIM) and PCNA 

binding (srs2-A1159E) [46, 47, 54-56]. When combining these srs2 mutations with the rrm3∆ 

mutation we found that only the rrm3∆ srs2-K41A mutant had a severe fitness defect, indicated 

by slow growth on YPD, and exhibited hypersensitivity to HU and MMS. This indicates that cells 

lacking the Rrm3 helicase require the helicase activity of Srs2 for viability and DNA damage 

tolerance whereas the other functions of Srs2 are dispensable (Figure 3.5A-C). The rrm3∆ srs2-
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K41A pol30-K127R triple mutant had the same growth defect and HU/MMS sensitivity as the 

rrm3∆ srs2-K41A mutant indicating that Rrm3 and Srs2 helicase activity are required for normal 

growth and HU/MMS tolerance irrespective of PCNA status (Figure 3.5D).  

While none of the other srs2 mutations (srs2∆875-902, srs2-SIM, srs2-A1159E) were 

synthetically sick with rrm3∆ or affected the sensitivity of the rrm3∆ mutant to HU-induced 

replication stress (Figure 3.5A-D) they did increase sensitivity after MMS-induced DNA damage 

when combined with an RRM3 deletion (rrm3∆) (Figure 3.5A-C). Notably, the srs2 mutations 

srs2∆875-902, srs2-SIM and srs2-A1159E suppressed the MMS hypersensitivity in the pol30-

K127R mutant while having no effect on HU hypersensitivity in the pol30-K127R mutant (Figure 

3.5A-C). This contrasts with the rrm3 mutations, which suppress the HU hypersensitivity of the 

pol30-K127R mutant, but not its MMS hypersensitivity. The ability of the srs2 mutations to 

suppress the MMS hypersensitivity of the pol30-K127R mutant was at least partially dependent 

on Rrm3, indicating that Rrm3-mediated events deal with DNA damage in these srs2 pol30-

K127R mutants (Figure 3.5A-D).  

Unmodified PCNA residue 127 also contributes to the binding site for the 

acetyltransferase Eco1 as interaction between PCNA and Eco1 is disrupted upon SUMOylation 

of lysine 127 [50]. It was therefore conceivable that the pol30-K127R mutation stabilizes Eco1 

binding to PCNA and impairs the regulation of the binding event in response to replication stress 

and DNA damage. Eco1 binding leads to acetylation of lysine 20 on PCNA, which promotes 

DNA damage tolerance by an HR-dependent pathway using the sister chromatid (template 

switching) [57].Thus, in cells exposed to genotoxic agents like HU and MMS, SUMOylation of 

PCNA K127 would be expected to disrupt Eco1 binding, K20 acetylation and, thus, HR at the 

DNA replication fork. In contrast, in the pol30-K127R mutant, Eco1 binding would not be 

disrupted upon genotoxin exposure, maintaining (undesirable) K20 acetylation and HR at the 

replication fork. Thus, like the pol30-K127R mutation, a pol30-K20Q mutation, which mimics 
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K20 acetylation, would be expected to cause hypersensitivity to genotoxins. If so, this 

hypersensitivity might be suppressed by an RRM3 deletion similar to suppression of genotoxin 

hypersensitivity caused by the pol30-K127R mutation. To test this, we constructed strains 

expressing PCNA-K20Q (pol30-K20Q) or PCNA-K20A (pol30-K20A), which mimic or inhibit 

lysine 20 acetylation, respectively, and combined them with an RRM3 deletion. While both 

pol30-K20Q and pol30-K20A caused genotoxin hypersensitivity, RRM3 deletion could not 

suppress it (Figure 3.6). This suggests that the toxicity of Rrm3 in the HU-treated pol30-K127R 

mutant is not related to HR dysregulation by PCNA K20 (hyper)acetylation.  

Physical interaction between Rrm3 and PCNA is toxic in the pol32∆ mutant 

As shown above, the interaction between PCNA and the PIP-box containing N-terminal 

54 residues of Rrm3 is toxic when PCNA cannot be modified at lysine 127 during replication 

stress. To test if Rrm3 was also toxic in cells carrying other replisome defects, we tested a 

POL32 deletion. POL32 encodes the nonessential subunit of DNA polymerase δ, linking the 

polymerase to PCNA through its PIP-box to ensure high processivity and fidelity of DNA 

replication [58-61]. While the other two subunits of DNA polymerase δ, Pol3 and Pol31, are 

essential, Pol32 is not, but its absence results in DNA replication defects and renders cells 

sensitive to replication stress [60, 61]. Remarkably, deletion of RRM3 suppressed the 

hypersensitivity of the pol32∆ mutant to HU-induced replication stress. To determine which 

function of Rrm3 was toxic in the pol32∆ mutant, we introduced the rrm3-K260D or rrm3-∆N54 

mutations into the pol32∆ mutant. Like the pol30-K127R mutant, the first 54 residues of Rrm3, 

containing the PIP-box, were toxic in the pol32∆ mutant whereas the ATPase/helicase activity of 

Rrm3 was nontoxic (Figure 3.7.). This suggests that the PIP-box mediated interaction of Rrm3 

with PCNA contributes to the replication-stress hypersensitivity of cells in which Pol δ has been 

uncoupled from PCNA. 
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Discussion 

During the DNA damage response PCNA undergoes post-translational modifications 

and acts as a platform to recruit proteins to bypass the DNA lesions [19, 62]. One of the proteins 

shown to interact with PCNA via its PIP-box is Rrm3 [16]. In this study I identified a positive 

genetic interaction between RRM3 and POL30, when lysine 127 cannot be modified, under 

replication stress. We further showed that disrupting the interaction with PCNA (rrm3-∆N54), 

rather than Rrm3’s helicase activity (rrm3-K260D) suppresses the sensitivity of HU-induced 

replication stress and accumulation of Rad52-foci in the pol30-K127R mutant. 

We investigated the genetic interaction between Rrm3 and pol30 mutants that cannot be 

modified at lysine 127 (pol30-K127R), lysine 164 (pol30-K164R), or both (pol30-K127/164R). In 

our previous publication, we did not observe a requirement for Rad5’s ubiquitin-ligase activity, 

which is needed for poly-ubiquitination of lysine 164, in the absence of Rrm3 to deal with 

replication stress or DNA damage [26, 63]. In accordance with this observation, we also do not 

identify a genetic interaction between RRM3 and POL30 when lysine 164 cannot be modified. 

Further confirming that the error-free pathway is no more required for dealing with replication 

stress or DNA damage in the rrm3∆ mutant than in wildtype cells. In contrast, deleting RRM3 

(rrm3∆) suppresses the sensitivity of cells that are unable to modify PCNA on lysine 127 under 

replication stress.  Lysine 127 resides within the canonical SUMO consensus motif ΨKx(D/E) 

and is located on the IDCL, which is a flexible linker between PCNA monomers [42]. The 

function of SUMOylation of lysine 127 is poorly understood, in comparison to lysine 164. 

However, mutating lysine 127 suppresses the DNA damage sensitivity of the pol30-K164R 

mutant, which is unable to utilize the error-free or error-prone DNA repair pathway [26, 27, 29, 

40]. Thus, it was proposed that SUMOylation of lysine 127 is inhibiting DNA repair [48]. Indeed, 

we provide further evidence that SUMOylation of lysine 127 of PCNA inhibits DNA repair using 

Rad52-foci as an indicator of recombinogenic DNA lesions. We identified a significant increase 



84 
 

in recombinogenic DNA lesions when PCNA cannot be modified at lysine 127 in the presence or 

absence of replication stress. One possible explanation for the increase in recombinogenic DNA 

lesions in the pol30-K127R mutant could be the diminished recruitment of the anti-recombinase 

Srs2, which is facilitated by SUMOylation of PCNA [25, 26]. In turn, the increased 

recombinogenic DNA lesions lead to sensitivity of the pol30-K127R mutant under replication 

stress. 

When further investigating the positive genetic interaction between RRM3 and POL30-

K127R, we discovered that deleting the first 54 amino acids of Rrm3’s N-terminus suppresses 

the sensitivity of HU-induced replication stress and the accumulation of Rad52-foci of PCNA 

when lysine 127 cannot be SUMOylated, while Rrm3’s helicase activity is dispensable. The first 

54 amino acids of Rrm3’s N-terminus contain the PCNA interacting binding motif (PIP-box) [16]. 

This short linear motif in Rrm3’s N-terminus is a canonical PIP-box motif following the 

characteristic sequence Q-x-x-(I/L/M/V)-x-x-(F/Y)-(F/Y) [18]. Proteins with a PIP-box were 

shown to bind specifically to the hydrophobic pocket formed in the IDCL domain of PCNA, 

where lysine 127 is located [19]. Thus, the inability to deal with replication stress and increased 

recombinogenic DNA lesions I observe in the pol30-K127R mutant is caused by the physical 

interaction between PCNA and Rrm3 rather than Rrm3’s helicase activity generating toxic DNA 

substrates. 

Previously, it has been proposed that SUMOylation of PCNA at lysine 127 could act as a 

“reset button” for new protein interaction [19]. Therefore, a possible model could be that 

SUMOylation of lysine 127 disrupts its interaction with Rrm3 to encourage interaction of an 

unknown protein under replication stress. A possible candidate could be the chromatin 

assembly factor 1, which has been shown to compete with Rrm3 for PCNA binding [64]. 

Alternatively, the acetyltransferase Eco1 binds to unmodified PCNA and the interaction is 

disrupted upon SUMOylation of lysine 127 [50]. Besides, acetylating lysine 20 of PCNA, Eco1 is 
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required for cohesion establishment [50, 57, 65, 66]. Thus, prolonged interaction with PCNA 

could lead to robust cohesion establishment, which leads to sensitivity and recombinogenic 

DNA lesion in pol30-K127R mutant under HU-induced replication stress. Furthermore, Rrm3 

was also shown to promote cohesion, thus deletion of RRM3 (rrm3∆) or disrupting its interaction 

with PCNA (rrm3-∆N54) might suppress the cohesion establishment induced by Eco1 [67].  

Additionally, we discovered that the E3 ligase Siz1 is required for the suppression of 

pol30-K127R mutant in the absence of Rrm3. Siz1, Siz2 and Mms21 are the only E3 ligases 

responsible for SUMOylation of the whole yeast genome [68, 69]. While Siz2 substrates are 

mainly HR proteins, the substrates for Siz1 are unclear, as they also can have overlapping 

targets and compensate for each other [68, 69]. However, one downstream target of Siz1 could 

be Sae2, which was shown to function in the error-free and error-prone pathway [70, 71]. 

Additionally, a negative genetic interaction between Rrm3 and Sae2 has been suggested [72]. 

Sae2 functions together with MRX in resecting ssDNA at stalled replication forks, which then 

leads to the recruitment of Rad6-Rad18 [70]. Furthermore, mono- and diubiquitinated PCNA are 

reduced in a sae2 mutant [70]. Thus, the simplest explanation for the requirement of Siz1 would 

be that in its absence Sae2 cannot be SUMOylated, which results in insufficient ssDNA 

resection, thereby preventing the recruitment of Rad6-Rad18. This in turn inhibits mono- or 

polyubiquitination of lysine 164 leading to the impairment of the TLS and error-free pathway 

resulting in DNA damage sensitivity [2, 25, 26, 29]. In addition, deletion of RAD18 causes 

increased DNA damage sensitivity when PCNA cannot be modified at lysine 127 as well. 

However, the pol30-K127/164R mutant is less sensitivity compared to either mutating lysine 127 

or lysine 164 [48]. Therefore, simple inhibition of ubiquitination at lysine 164 cannot explain the 

requirement of Siz1 in the rrm3 pol30-K127R mutant. Alternatively, a separate pathway 

depending on the modification of lysine 127 but independent of the error-free and error-prone 

pathway could be utilized. Indeed, just recently another pathway termed the salvage 
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recombination (SR) pathway, which is independent of PCNA ubiquitination has been described 

[73-75].  

In conclusion, while most of Rrm3 functions to date have been associated with its 

helicase activity, this study provides the first evidence for a function of Rrm3’s N-terminus under 

replication stress. Further studies will determine how the interaction between Rrm3 and PCNA 

is regulated and whether other proteins, such as Caf1, are competing with Rrm3 for binding to 

PCNA under different physiological conditions. 
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Figure 3.1. Genetic interaction between POL30 and RRM3 in the suppression of 
replication stress. (A) Different pol30 mutants on various Hydroxyurea (HU) and methylmethane 

sulfonate (MMS) concentrations. The pol30 mutants are 6xHIS tagged on the N-terminus and have point 
mutations at position 127 (pol30-K127R), position 164 (pol30-K164R), or on both (pol30-K127/164R). 
Spot assay to test for genetic interactions between (B) pol30-K127R, (C) pol30-K164R, (D) pol30-
K127/164R and rrm3 mutations in the suppression of DNA replication stress induced by chronic exposure 
to hydroxyurea (HU). Images were acquired on a GelDoc-It system (UVP) after 2-3 days of incubation at 
30˚C.  
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Figure 3.2. Genetic interaction between functional domains of RRM3 and POL30, when 
lysine 127 cannot be modified, in the suppression of replication stress (A) Assessing DNA 
damage sensitivity in cells harboring an RRM3 deletion (rrm3∆), a disruption of Rrm3’s helicase activity 
(rrm3-K260D), or a truncation of Rrm3’s  N-terminal tail (rrm3-∆N212) following exposure to 
concentrations of HU and MMS (B) Effect of deleting first 54 amino acids of Rrm3’s N-terminus (rrm3-
∆N54) on the suppression of pol30-K127R mutant on HU and MMS. Images were acquired on a GelDoc-
It system (UVP) after 2-3 days of incubation at 30˚C. 
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Figure 3.3. Interaction between POL30 and RRM3 mutations in the suppression of 
recombinogenic DNA lesions. (A) Quantification of Rad52-GFP foci in cells harboring an RRM3 
deletion (rrm3∆), a disruption of Rrm3 helicase activity (rrm3-K260D), or deletion of first 54 amino acids 
(rrm3-∆N54), or a truncation of the Rrm3 N-terminal tail (rrm3-∆N212), or both (rrm3-K260D, ∆N212). 
Effect of rrm3 mutations was assessed in pol30 mutant cells, when PCNA cannot be modified at lysine 
127 and in the absence or (B) presence of replication stress induced by hydroxyurea (HU). Images of at 
least 250 cells per yeast strain were acquired on a BZ-X800 microscope (Keyence). All experiments were 
repeated three times and the mean percentage of cells with Rad52-gfp foci in all three experiments is 
reported with standard deviation. The mean percentage of cells with Rad52-GFP foci for each of the three 
experiments is indicated by a gray dot. Statistical significance of differences between mutants was 
determined with a Student’s t-test and reported as * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; n.s., not 
significant.  
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Figure 3.4. Function of Lysine 164 modifications in rrm3∆ pol30-K127R mutant. (A) Spot 

assay of serial dilutions of exponentially growing cells to determine the effect of deleting SIZ1 or (B) 

deleting RAD18 on the suppression of the DNA damage sensitivity of pol30-K127R mutant in the absence 

of Rrm3 on HU and MMS.  
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Figure 3.5. Identifying functional domains of Srs2 in the suppression of DNA damage 
sensitivity in rrm3 pol30-K127R. Assessing DNA damage sensitivity of cells harboring mutations in 
Srs2’s (A) PCNA interacting motif (srs2-A1159E), (B) D-loop activity (srs2-SIM), (C) Rad51-binding site 
(srs2-875-902) and (D) helicase activity (srs2-K41A) in the absence of Rrm3 and pol30-K127R following 
exposure to MMS and HU.  
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Figure 3.6. Genetic interaction between RRM3 and POL30 mutants when lysine 20 cannot 
be modified under replication stress. Assessing the DNA damage sensitivity of pol30 mutants that 
(A) mimic acetylation (pol30-K20Q) or (B) inhibits acetylation (pol30-K20A) in the absence of Rrm3 under 

replication stress induced by HU and MMS. 
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Figure 3.7 Genetic interaction between functional domains of RRM3 and POL32. Assessing 

DNA damage sensitivity in cells harboring an RRM3 deletion (rrm3∆), a disruption of Rrm3’s helicase 

activity (rrm3-K260D), or a truncation of Rrm3’s PIP-box motif (rrm3-∆N54) in the absence of Pol32 

following exposure to concentrations of HU and MMS. 
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Table 3.1. Yeast strains used in this study 

Strain Genotype 

KHSY55 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆54.Myc.HIS3 

KHSY802 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3,  

KHSY885 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad51::HIS3 

KHSY886 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad51::HIS3, rrm3::TRP1 

KHSY1064 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1 

KHSY5194 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212.Myc.HIS3 

KHSY5196 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3 

KHSY5520 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, Rad52.GFP.HIS3 

KHSY5898 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, 6xHIS pol30-K164R 

KHSY5901 
MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, 6xHIS pol30-K164 

KHSY5906 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, 6xHIS pol30-K127,164R 

KHSY5910 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, 6xHIS pol30-

K127,164R 

KHSY5930 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, 6xHIS pol30 

KHSY5977 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, 6xHIS pol30-

K127R 

KHSY5981 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, 6xHIS pol30-K127R 
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Table 3.1. (Continued) 

KHSY6566 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, 6xHIS pol30-

K127R, Rad52.GFP.HIS3 

KHSY6607 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212.Myc.HIS3, 6xHIS 

pol30-K127R 

KHSY6646 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212.Myc.HIS3, 6xHIS 

pol30-K127R, Rad52.GFP.HIS3 

KHSY6671 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, siz1::HIS3 

KHSY6672 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad51::HIS3, 6xHIS pol30-

K127R 

KHSY6673 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad51::HIS3, 

6xHIS pol30-K127R 

KHSY6674 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, siz1::HIS3 

KHSY6675 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, siz1::HIS3, 6xHIS pol30-

K127R 

KHSY6676 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, siz1::HIS3, 6xHIS 

pol30-K127R 

KHSY6731 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1,siz2::HIS3 

KHSY6735 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, siz2::HIS3, 6xHIS pol30-

K127R 
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Table 3.1. (continued) 

KHSY6740 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, siz2::HIS3, 6xHIS 

pol30-K127R 

KHSY6774 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N54.Myc.HIS3, 6xHIS 

pol30-K127R 

KHSY7130 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212/K260D.Myc.HIS3 

KHSY7131 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3, 6xHIS 

pol30-K127R 

KHSY7133 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, 6xHIS pol30-K127R, 

Rad52.GFP.HIS3 

KHSY7134 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-K260D.Myc.HIS3, 6xHIS 

pol30-K127R, Rad52.GFP.HIS3 

KHSY7136 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212/K260D.Myc.HIS3, 

6xHIS pol30-K127R, Rad52.GFP.HIS3 

KHSY7137 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N212/K260D.Myc.HIS3, 

Rad52.GFP.HIS3 

KHSY7138 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N54.Myc.HIS3, 6xHIS 

pol30-K127R, Rad52.GFP.HIS3 

KHSY7139 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3-∆N54.Myc.HIS3, 

Rad52.GFP.HIS3 

KHSY7140 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-A1159E.Myc.HIS3 
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Table 3.1. (continued) 

KHSY7141 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-SIM.Myc.HIS3 

KHSY7142 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-

SIM.Myc.HIS3 

KHSY7143 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-SIM.Myc.HIS3, 6xHIS 

pol30-K127R 

KHSY7144 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-

SIM.Myc.HIS3, 6xHIS pol30-K127R 

KHSY7145 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-

A1159E.Myc.HIS3 

KHSY7146 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-A1159E.Myc.HIS3, 6xHIS 

pol30-K127R 

KHSY7147 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-

A1159E.Myc.HIS3, 6xHIS pol30-K127R 

KHSY7148 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-∆875-902.Myc.HIS3 

KHSY7149 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-∆875-

902.Myc.HIS3 

KHSY7150 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-∆875-902.Myc.HIS3, 

6xHIS pol30-K127R 

KHSY7151 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-∆875-

902.Myc.HIS3, 6xHIS pol30-K127R 
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Table 3.1. (continued) 

KHSY7152 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-K41A.Myc.HIS3 

KHSY7153 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad18::HIS3 

KHSY7154 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-

K41A.Myc.HIS3 

KHSY7155 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, srs2-K41A.Myc.HIS3, 6xHIS 

pol30-K127R 

KHSY7156 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, srs2-

K41A.Myc.HIS3, 6xHIS pol30-K127R 

KHSY7157 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad18::HIS3 

KHSY7158 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rad18::HIS3, 6xHIS pol30-

K127R 

KHSY7159 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, rad18::HIS3, 

6xHIS pol30-K127R 

KHSY7160 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, 6xHIS pol30-K20A 

KHSY7161 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, 6xHIS pol30-K20Q 

KHSY7162 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, 6xHIS pol30-

K20A 

KHSY7163 MATa ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl, hom3-10, 

ade2Δ1, ade8, YEL069C::URA3, rrm3::TRP1, 6xHIS pol30-

K20Q 
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Chapter Four: Conclusions and Future Directions 

Note to reader: Part of this chapter has been previously published and is available under the 

terms of the Creative Commons Attribution License from the publisher as Muellner, J., & 

Schmidt, K. H. (2020). “Yeast Genome Maintenance by the Multifunctional PIF1 DNA Helicase 

Family”. Genes, 11(2), 224. Corresponding author: Kristina Schmidt, Department of Molecular 

Bioscience, University of South Florida, 4202 E. Fowler Avenue, ISA2015, Tampa, FL 33620. 

Phone: (813) 974-1592. Fax: (813) 974-1614.; E-mail: kschmidt@usf.edu  

The cell utilizes multiple pathways to ensure progression of the DNA replication 

machinery through numerous obstacles to transmit genetic information in an accurate and 

timely manner. Endogenously- and exogenously-induced obstacles impeding the DNA 

replication machinery, causes replication fork stalling or collapse, which can result in genome 

instability [1]. While a common understanding that DNA lesions inhibit replication fork 

progression was established decades ago, the discovery of how frequently replication fork 

stalling occurs reignited interest in this field [2-4]. Therefore, the importance of identifying 

proteins that promote replication fork progression has emerged in the last decade. 

The PIF1 DNA helicase Rrm3 was shown to promote fork progression genome wide [5-

7]. Therefore, in the second chapter we used cells deficient of Rrm3 in S. cerevisiae, as a model 

organism to study how cells deal with increased stalled replication forks. It is thought that Rrm3 

removes DNA bound protein ahead of the fork, therefore, it could be possible that Rad5, which 

was shown to be upregulated to deal with increased stalled replication forks in the absence of 

Rrm3 performs a similar function [6, 8]. Indeed, Rad5 and its human homolog, HLTF efficiently 

displace DNA bound proteins in front of the replication fork [9]. Thus, Rad5’s ATPase translocate 
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activity can act as a backup mechanism to Rrm3’s helicase activity in removing non-histone 

bound proteins ahead of the replication forks. Furthermore, we identified another protein, the 

endonuclease Mus81, that deals with increased replication fork stalling. While RRM3 and RAD5 

genetically function together to prevent recombinogenic DNA lesions under replication stress, 

Mus81 specifically acts on replication forks that stall in the absence of Rrm3, but not under 

replication stress. This further provides evidence that replication forks stalling at natural pausing 

sites, such as the replication fork barrier, is structurally distinct from those arising under 

replication stress.  

In mammalian and yeast cells, replication forks stalled at natural pausing sites are 

processed independently of the DNA damage checkpoint kinases Mec1 and Rad53 in 

comparison to genotoxin-induced forks [10]. While DNA structures found at these sites resemble 

reversed forks, fork reversal is regulated by the S-phase checkpoint under replication stress, 

induced by hydroxyurea (HU) [11, 12]. Specifically, phosphorylation of Rrm3 and Pif1 by Rad53 

reduces replication fork reversal and resection, thus, indicating that members of the Pif1 family 

can induce fork remodeling [13]. Indeed, in-vitro analysis showed that human PIF1 can generate 

DNA structures resembling reversed forks as well as unwind DNA structures representing 

stalled replication forks [14]. This further supports the proposal that Rad5 is required to deal with 

increased stalled replication forks, especially its fork reversal activity in the absence of Rrm3.  

Originally, the established mutations distinguishing Rad5’s helicase and ubiquitin-ligase 

activity overlapped, hence some of the conclusions drawn from these rad5 mutants contradict 

each other [15-17]. Just recently, several point-mutations separating the individual functions of 

Rad5 have emerged and provided a foundation to properly characterize Rad5 [18, 19]. 

Furthermore, while fork reversal activity of Rad5 and its human orthologue, HLTF, has been 

extensively studied on model substrates in-vitro, which only contain a fraction of the proteins 

found at stalled replication forks, their functional contributions in-vivo are scarce [9, 20, 21]. 
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Here in this study, I have used the newly established Rad5 separated-by-functions alleles, 

providing the first evidence for a biological relevance of Rad5’s fork reversal activity in dealing 

with increased stalled replication forks and preventing recombinogenic DNA lesions under 

replication stress in-vivo. These recombinogenic DNA lesions arise due to prolonged fork 

stalling or inability to perform remodeling by fork reversal, which results in fork breakage and 

one-ended DSBs in the absence of Rrm3 and Rad5 under replication stress.  

Early on, fork reversal was only observed in replication-checkpoint deficient yeast cells, 

thus were assumed to be DNA structures arising from failed replication fork progression [13, 22]. 

However, in recent years the importance of fork reversal was highlighted by the discovery that 

inducing replication stress by activating oncogenes causes atypical replication intermediates 

resembling reversed replication forks in cancerous cells [23]. Furthermore, HLTF is silenced in 

nearly 50% of colon cancers, in other types of cancers HLTF is amplified, thus, highlighting the 

importance of studying the mechanism of fork reversal as a therapeutic target [24-26]. In 

addition to Rad5’s human orthologue, HTLF, other members of the SWI/SNF family, 

SMARCAL1, ZRANB3 promote fork reversal in mammalian cells, indicating that fork reversal in 

higher eukaryotes is a common occurrence and plays an important physiological role in 

maintaining genome stability [9, 20, 27, 28]. This raises multiple questions: Do other proteins in 

yeast also promote fork reversal? Do these proteins collaborate with each other during fork 

remodeling? Does a specific DNA-damage induced DNA structure require a certain member of 

the SWI/SNF family to perform fork reversal? 

In the third chapter, we identified that the presence of Rrm3 is toxic when PCNA cannot 

be modified at lysine 127 under replication stress (HU), but is not toxic following the induction of 

methyl methanesulfonate (MMS). MMS is a DNA alkylating agent modifying both guanine to 7-

methylguanine and adenine to 3-methlyladenine, thereby impeding replication fork progression 

[29]. Thus, the genetic interaction between RRM3 and POL30, when lysine 127 cannot be 
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modified, is not specifically required after alkylation damage. Additionally, other proteins were 

shown to be sensitive to MMS, but not HU, further supporting the notion that HU and MMS 

result in unique specific modes of action to deal with the different DNA structures [30]. The 

checkpoint signaling pathways utilized are different depending on the lesion, while replisome 

stalling (in this case caused by HU) initiates a Mrc1-dependent DNA replication response, 

polymerase-blocking lesions (such as those induced by MMS) result in activation of Rad9-

dependent DNA damage response [31-33]. Additionally, HU-induced replication stress leads to 

the unloading of PCNA from the lagging strand, thereby inhibiting elongation to reduced ssDNA 

formation [34, 35]. Therefore, significantly more ssDNA is found when cells are treated with 

MMS, but not HU, which in contrast significantly reduces the amount of ssDNA compared to 

wildtype [31]. The increased accumulation of ssDNA after MMS-induced DNA damage 

corresponds to post-replicative daughter-strand gaps, which are processed by the Rad6/Rad18 

pathways [31, 36, 37].  

Indeed, increased PCNA ubiquitination is observed after MMS, but not HU treatment, 

indicating an importance for the error-free or error-prone pathways in dealing with alkylated DNA 

lesions [36, 38, 39]. Besides ubiquitination, PCNA is also highly sumoylated after MMS 

treatment, which recruits the anti-recombinase Srs2 to regulate recombination during the post-

replicative repair pathways of the daughter-strand gaps [37, 40, 41]. Therefore, we only 

observed srs2 mutants suppressing the DNA damage sensitivity of PCNA when lysine 127 

cannot be modified on MMS but had no effect on HU. Thus, a different potential recombination 

pathway outside of template switching and independently of Srs2 is utilized by modification of 

lysine 127 under replication stress. It was shown that the recombination proteins Rad52 and 

Rad51 are recruited to the nucleus following prolonged HU exposure to initiate fork restart [42-

45]. However, this needs to be tightly controlled since hyperrecombination prevent fork restart 

[46-49]. Thus, one could hypothesize that the increased recombinogenic DNA lesions in pol30-
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K127R could impede fork restart. Subsequently, deletion of Rrm3 or its first 54 amino acids, 

harboring the PCNA binding sites, suppresses recombinogenic DNA lesion, therefore, promoting 

fork restart.  

However, future studies are required to gain a better understanding on how the 

interaction between Rrm3 and PCNA lead to replication stress when PCNA cannot be modified 

at lysine 127. These studies may focus on determining at what stage during the cell cycle Rrm3 

interacts with PCNA and whether the interaction changes under different physiological 

conditions. Alternatively, unmodified PCNA at lysine 127 interacts with the acetyltransferase 

Eco1, which is important in cohesion establishment and Rrm3 is known to have a defect in 

cohesion [34, 50-52]. Thus, it is possible that defects in cohesion establishments or prolonged 

cohesions give rise to recombinogenic DNA lesions in pol30-K127R mutant and restoration of a 

dynamic assembly/disassembly of cohesion is restored in the absence of Rrm3 under 

replication stress.   

Finally, I would like to highlight the importance of functional DNA helicase PIF1 in 

maintaining genome stability. It is thought that Human Pif1 acts as a tumor suppressor [53]. 

Multiple PIF1 variants that code for single amino changes of uncertain significance have been 

identified in cancer patients and L319P functionally evaluated in yeast. The completely 

conserved L319 is located in the helicase domain of hPif1 and mutation of its corresponding 

residue in Pfh1 was lethal, suggesting that it disrupts both nuclear and mitochondrial functions 

of Pfh1 and that L319P likely inactivates hPif1 [53]. Other hPif1 mutations from cancer genomes 

map near conserved helicase motifs (S223T) or affect other relatively conserved residues in the 

helicase domain (P357L, R592C), suggesting that they could also impair hPif1 function [53]. 

P109S, although located far upstream of the conserved helicase domain, also affects a 

completely conserved residue, but of unknown function [53]. The physical interaction between 
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hPif1 and Brca1 in the resolution of G4 structures also supports a potential role for hPif1 in 

cancer suppression [54]. 

Even though we know that PIF1 DNA helicases associate with over a thousand discrete 

sites in the yeast genome, including 274 tRNA genes and ∼900 sites in the rDNA array, as well 

as replication origins, boundary elements, and sites of replication fork convergence, some of the 

underlying mechanisms by which helicases of the PIF1 family prevent fork stalling at these sites 

remain unknown [7, 55-58]. Despite Rrm3’s and ScPif1’s common binding regions in the yeast 

genome, such as tRNA genes, rDNA locus, centromeres, and telomeres, their mode of action at 

those sites appears distinct. Their highly disordered N-terminal tails, which are not conserved at 

the amino acid level, may be responsible for this difference by recruiting distinct sets of genome 

maintenance factors and being subject to distinct post-translational modification. Indeed, the 

recent identification of Rrm3 functions that map to the N-terminal tail rather than the helicase 

domain, N-terminal phosphorylation sites that regulate the helicase activity, and distinct as well 

as shared N-terminal binding partners keep adding to the ever-expanding properties of the PIF1 

helicase family and their roles in maintaining genome integrity in unperturbed and stressed cells 

[13, 59, 60].  

In addition to further elucidating the regulatory function of the N-terminal tails of PIF1 

family helicases, other puzzling observations still await explanations. What is so special about 

genome maintenance in some yeasts that it requires two PIF1 helicases when eukaryotes with 

more complex genomes, including humans, cope with one? What extra functions make S. 

pombe’s Pfh1 essential for survival? Are these functions performed by other proteins in other 

eukaryotes or are these functions not required? Besides providing detailed insights into the 

growing number of cellular functions and biochemical characteristics of the PIF1 helicase family, 

yeast can also serve as a powerful model system for the functional evaluation of hPif1, and 

potentially disease-associated hPif1 mutations. 
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