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The work described in this dissertation focuses on several aspects of DNA replication in 

the model organism Saccharomyces cerevisiae, with particular attention paid to the function of 

the replicative DNA polymerases. The majority of the work focuses on the lagging strand 

polymerase DNA polymerase δ (Pol δ) and its functions in Okazaki fragment synthesis and 

maturation. The first major theme of this dissertation is investigating the role that metal binding 

motifs play in the structure and function of Pol δ and other budding yeast polymerases. First, in 

Chapter II, I discuss the role that two metal binding motifs within the catalytic subunit of Pol δ 

play in creating the multi-subunit polymerase complex and in promoting crucial interactions with 

the replication sliding clamp, proliferating cell nuclear antigen, or PCNA. In Chapter III I 

describe work defining the importance of similar metal binding motifs in the translesion DNA 

polymerase ζ (Pol ζ). This yielded the observation that the two accessory subunits of Pol δ, 

Pol31 and Pol32, are also constitutive members of a four-subunit Pol ζ complex. In Chapter IV, I 

describe the creation of a chimeric DNA polymerase comprising the bacteriophage RB69 DNA 

v
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polymerase fused to the metal binding domain of the Pol δ catalytic subunit. We show that this 

chimeric polymerase can form a multimeric complex containing the Pol δ accessory subunits, 

interact with PCNA, and support DNA replication in vivo. This data provided insight into the 

structural requirements of the lagging strand replication machinery.  

The second major theme is Pol δ’s crucial role in synthesizing Okazaki fragments and 

participating in the removal of initiator RNA, called Okazaki fragment maturation. Chapter V 

describes my work developing a system to study the activity of Pol δ in higher kinetic detail than 

previous studies, using rapid-quench techniques. This work yielded insights into how Pol δ 

performs DNA synthesis and strand displacement synthesis, as well as accomplishes nick 

translation, requiring collaboration between Pol δ and the flap-endonuclease FEN1. Chapter VI 

describes the production and characterization of engineered PCNA heterotrimers. These proteins 

were produced to test the ‘toolbelt’ model, which is the hypothesis that PCNA binds multiple 

enzymes simultaneously to increase the efficiency of DNA metabolism processes involving 

multiple enzymes. Finally, there has been a growing interest among those studying lagging 

strand synthesis into how potential impediments to the Okazaki fragment maturation machinery 

are resolved. Chapter VII shows that although the transcription factor Rap1 can block strand 

displacement synthesis by Pol δ when it is bound to DNA, this block can be resolved through the 

action of the helicase Pif1.   
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CHAPTER I 

Introduction
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In all organisms, DNA replication is required for the copying of genetic information 

during each cell cycle. In order to faithfully maintain genetic information, the genome must be 

completely and accurately copied before cell division. In eukaryotes, DNA replication occurs 

during the synthesis (S) phase of the cell cycle. To accomplish complete duplication of the 

genome, eukaryotes employ a dynamic, multi-protein complex called the replisome.  A 

fundamental component of the replisome are replicative DNA polymerases, which perform 

template-directed DNA synthesis, creating a complete copy of genetic information in each cell.  

The unwinding of the two strands of the DNA duplex at replication origins creates the 

classical bi-directional replication fork, and the polarity of each DNA strand requires that 

replication of each side of the fork proceed by a different mechanism. After priming, the leading 

strand of the fork can be synthesized continuously by a 5’ to 3’ polymerase. However, the 

opposite, the lagging strand, must be replicated discontinuously. Primers are synthesized 

continuously throughout replication on the lagging strand, which are then extended by lagging 

strand DNA polymerases. The result of this discontinuous replication is many short stretches of 

DNA on the lagging strand known as Okazaki fragments. To make continuous, double-stranded 

DNA on the lagging strand, the RNA initiating each of the Okazaki fragments must be removed 

and the resulting nick ligated, a process known as Okazaki fragment maturation. 

In eukaryotic cells, the lagging strand is replicated by DNA polymerase delta (Pol δ), a 

three-subunit polymerase complex. All known functions of this polymerase are reliant on 

interaction with PCNA, a donut-shaped factor that encircles double-stranded DNA. Binding to 

PCNA greatly increases the efficiency by which Pol δ replicates, and their pairing is 

essential to completing DNA replication. This introduction will review current knowledge on 

how DNA replication occurs in eukaryotic cells. Particular emphasis will be placed on 
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lagging strand synthesis in budding yeast, the focus of this thesis. 

Replication initiation and organization of the eukaryotic replication fork 

Initiation of replication in eukaryotic systems requires the regulated, ordered assembly of 

multiple protein complexes at origins of replication. Of all eukaryotic DNA replication systems 

studied, the replication origins in budding yeast are the best understood, likely because its origins 

are the best defined to specific origin sequences. Replication in S. cerevisiae initiates from 

sequences known as autonomously replicating sequences (ARS), named such because of their 

ability to support the replication of plasmid DNA in yeast (Masai et al., 2010). Each ARS 

consists of three to four short (10-15 base pair) conserved sequences spread over 100-150 bp of 

chromosomal DNA (Bell and Dutta, 2002). These short sequences include the highly conserved 

Autonomously–replicating–sequence Conserved Sequence (ACS), along with other, 

less conserved elements. The key feature of origins in all eukaryotes, including budding yeast, is 

that they are binding sites for the origin recognition complex (ORC), which begins the 

process of origin firing when it binds to origin DNA.  

The complex process of replication initiation has been studied by many groups since the 

development of molecular biology techniques, and remains an active area of research. To briefly 

summarize and simplify this complex process (Fig. 1), replication initiation and origin firing can 

be divided into two main steps (Bell and Dutta, 2002; Masai et al., 2010; Weinreich, 2015). First, 

during late M and early G1 phase, the ORC complex binds origin DNA and, together with other 

protein factors (Cdc6 and Cdt1), recruits the MCM2-7 complex, the replicative helicase. The 

ordered assembly of these factors results in the loading of the MCM complex onto the origin 

DNA so that its binding is stable. The loaded MCMs, in complex with ORC, are known as the 

prereplicative complex (pre-RC). In the second major step, phosphorylation events (by the 
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kinases DDK and CDK) allow the recruitment of two further protein factors (Cdc45 and GINS) 

to the loaded MCMs at the G1 to S phase transition. These three factors, Cdc45, the MCMs, and 

GINS form what is known as the CMG. Through the formation of the CMG, the MCM helicase 

is activated, allowing for initial strand separation and the formation of the classical bi-

directional replication fork (Bell and Dutta, 2002; Fragkos et al., 2015; Weinreich, 2015; 

Yeeles et al., 2015). Additionally, the CMG acts as a platform upon which further protein 

complexes are formed, resulting in the recruitment of the replicative DNA polymerases (Pols 

ε, α, and δ) and accessory factors (including RPA, RFC, and PCNA) to the newly formed fork.   

In eukaryotes, including budding yeast, three main polymerases perform replicative DNA 

synthesis, Pol α, Pol δ, and Pol ε (Johansson and Dixon, 2013; Johansson and Macneill, 2010). 

The Pol α complex contains both polymerase and primase activities, and primes synthesis on 

both the leading and lagging strand. Pol α is additionally required to initiate each of the Okazaki 

fragments on the lagging strand. Pol δ and Pol ε have long been recognized as the major 

replicative polymerases, together performing the vast majority of DNA synthesis. Despite this 

knowledge, many groups sought to define roles for Pol δ and Pol ε in replication more 

specifically, i.e. which polymerase synthesizes DNA on which strand (leading and lagging) of 

the replication fork? A large body of evidence is consistent with a division of labor model of the 

eukaryotic replication fork (Burgers, 2009; Nick McElhinny et al., 2008). In this model (Fig. 2), 

DNA on the leading strand is synthesized by Pol ε, and the lagging strand is replicated by Pol δ. 

This conclusion has been supported by genetic data examining asymmetric mismatch generation 

by Pol δ and Pol ε (Larrea et al., 2010; Nick McElhinny et al., 2008; Pursell et al., 2007), 

studies of polymerase localization on replication forks (Yu et al., 2014), and rNMP incorporation 

in the two DNA strands (Reijns et al., 2015). In vitro work using purified CMG helicase complex
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and the three replicative polymerases to more closely simulate in vivo replication has also 

supported this model; Pol ε and Pol δ were found to spontaneously replicate the leading and 

lagging strands, respectively, consistent with the conclusions from genetic studies. These recent 

studies have additionally suggested that Pol ε and Pol δ are in fact inhibited from replicating on 

their ‘incorrect’ strand (Georgescu et al., 2014; 2015). For these reasons, the model placing Pol ε 

on the leading strand and Pol δ on the lagging strand has become widely accepted.  

Despite the preponderance of evidence supporting the organization of the replication fork 

as detailed above, a recent study has suggested an alternate arrangement of replicative 

polymerases at the fork (Johnson et al., 2015). The authors of this study conclude that Pol δ is 

the major replicative polymerase on both strands of the replication fork. They argue that Pol ε is 

localized to the leading strand, but playing a largely non-catalytic role. Despite raising concerns 

that must be addressed by the field as a whole, discussion of this study will be limited due to 

technical and data analysis concerns raised by several groups (Burgers et al., 2016; Johnson et 

al., 2016). 

It is important to note that Johnson et al. makes no argument against the persisting 

agreement that Pol δ is the main replicative polymerase of the lagging strand (Johnson et al., 

2015; Nick McElhinny et al., 2008). This has been supported by many of the studies cited above, 

and is additionally supported by genetic and biochemical evidence linking Pol δ with Okazaki 

fragment maturation (Garg et al., 2004; Jin et al., 2001; 2003; Stith et al., 2008).  

The eukaryotic B-family polymerases: organization and structure 

In budding yeast and higher eukaryotes, each of the replicative DNA polymerases, Pol α, 
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Pol δ, and Pol ε, is a multi-subunit complex consisting of a polymerase subunit and additional 

accessory subunits. Pol δ contains three subunits (Pol3, Pol31, and Pol32), Pol α, four subunits 

(Pol1, Pol12, Pri1, Pri2), and Pol ε, four as well (Pol2, Dpb2, Dpb3, Dpb4) (Johansson and 

Dixon, 2013; Johansson and Macneill, 2010). The subunit composition and organization of these 

polymerase complexes is diagrammed in Fig. 3. The catalytic subunits containing polymerase 

activity (Pol1, Pol2, and Pol3) are phylogenetically related, and are members of the Family B 

polymerases (Doublié and Zahn, 2014). Eukaryotes also contain a fourth B-family DNA 

polymerase, the translesion DNA polymerase Pol ζ (Makarova and Burgers, 2015). Like the 

other family members, Pol ζ is a multi-subunit complex consisting of the catalytic subunit Rev3 

as well as accessory subunits Rev7, Pol31, and Pol32 (the latter two shared with Pol δ) 

(Makarova et al., 2012).  

The Family B polymerases are one of seven described DNA polymerase families, and are 

found not only in eukaryotes but also in archaea, viruses, and proteobacteria (Doublié and Zahn, 

2014; Filée et al., 2002; Ito and Braithwaite, 1991).  These polymerases are classified as such 

according to the structural organization of their polymerase domain, into five subdomains: the 

palm, finger, thumb, exonuclease, and N-terminal domain (NTD) (Fig. 4) (Doublié and Zahn, 

2014; Franklin et al., 2001; Hopfner et al., 1999). The first three, the palm, finger, and thumb 

domains, contain the polymerase activity of the enzymes. This common polymerase fold is 

conserved among not only the B-family polymerases, but among all DNA polymerases and 

even polymerases with different activities (i.e. RNA polymerases and reverse transcriptases).  

The exonuclease domain is present in all four eukaryotic, B-family polymerases, but is 

only active in the catalytic subunits of Pol δ and Pol ε. This activity, a 3’ to 5’ nuclease activity, 
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is the proofreading activity of the enzyme, correcting for incorrectly incorporated nucleotides. In 

Pol α and Pol ζ, the critical residues required for exonucleolytic cleavage have been lost, and 

these enzymes are not able to proofread for misincorporations. As the original function of the 

exonuclease domain has not been preserved in these polymerases, the overall structure of this 

domain in Pol α is not as well-conserved as the exonuclease domains of Pol δ and Pol ε (Doublié 

and Zahn, 2014).  

The N-terminal domain of each eukaryotic, B-family polymerase does not contain an 

enzymatic activity, and its function in each polymerase is largely undefined. The structure of the 

Pol3-NTD contains motifs that resemble an OB fold, found in proteins that bind single-stranded 

DNA, and also an RNA-binding motif (Swan et al., 2009). This structural homology has led to 

the proposal that the N-terminal domain may be involved in binding template DNA upstream of 

the 3’-primer terminus. However, this hypothesis remains unconfirmed, and a specific role for 

the NTD in Pol δ or the other B-family polymerases has yet to be described.  

What distinguishes the B-family polymerases in eukaryotes from those found in simpler 

organisms is the presence of an additional subdomain, the C-terminal domain (CTD). Although 

part of the same polypeptide chain as the polymerase subunits, the C-terminal domains have 

been predicted to be physically separated from the main catalytic core of these polymerases, 

connected by a linker peptide lacking significant structure (Jain et al., 2009). The main function 

of the CTD in the eukaryotic polymerases is to mediate interactions between the polymerase 

subunit and the B-subunits of each polymerase (either Pol12, Dpb2, or Pol31) (Netz et al., 2012). 

Since all four polymerases contain phylogenetically conserved CTDs and B-subunits, it is likely 

that the CTD/B-subunit pair in each polymerase adopts a similar, conserved structure. Direct 

structural evidence for this hypothesis is currently unavailable. The only CTD/B-subunit 
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structure solved to date is the yeast Pol1-CTD in complex with its B-subunit Pol12 (Klinge et al., 

2009) (Fig. 5a). Bound to Pol12, the Pol1-CTD adopts an “elongated, bilobal shape” (Klinge et 

al., 2009). Each lobe contains four conserved metal-binding cysteine residues, a structural feature 

present in all four CTDs. In Pol1/Pol12, the second of these four-cysteine motifs, along with a 

conserved a helix, makes extensive contacts with the B-subunit Pol12, suggesting that the 

interaction between these two proteins is constitutive. Chapter II takes this line of research 

further, by investigating the function of the metal-binding clusters in these polymerases.  

In addition to the Pol12 structure, a structure of the Pol δ B-subunit (p50, the human 

homologue of yeast Pol31) has been solved, in complex with a portion of the third subunit (p66, 

homologue of yeast Pol32) (Baranovskiy et al., 2008a; 2008b) (Fig. 5b). Comparing these two 

B-subunit structures has revealed common structural features. Both Pol12 and p50 contain two 

main domains: an N-terminal OB-like fold, and a C-terminal phosphodiesterase-like scaffold. 

The OB-like motif is analogous to DNA-binding folds found in single-stranded DNA binding 

proteins, and may help the polymerase complex bind nucleic acid. It is thought that the 

inactivated phosphodiesterase motif, forming the bulk of both Pol12 and p50, has been optimized 

to form extensive protein-protein interactions with the polymerase CTDs.  

The p50 structure also contains a fragment of p66, the third subunit of Pol δ (Pol32 in 

budding yeast). The p66 fragment forms a winged helix-turn-helix (wHTH) domain, and makes 

extensive contacts with the C-terminal end of p50. The authors hypothesize that the structure 

solved in this study represents the true “B-subunit” core, even though it is spread over two 

separate polypeptides in Pol δ. They note that the primary structure of the Pol δ B-subunit differs 

from that of Pol ε and Pol α (Dpb2 and Pol12, respectively), both of which contain an N-
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terminal region of unknown structure not found in Pol δ. Computational predictions of this 

region in both Dpb2 and Pol12 are consistent with a wHTH, suggesting that the OB-

fold/phosphodiesterase/wHTH structure observed in the Pol δ accessory subunits (pictured in 

Fig. 5b) may be a structural feature found in all the B-family polymerases. While each of the B-

family polymerases contain more than just two subunits, the additional accessory subunits spread 

among the polymerases are not conserved like the catalytic and B-subunits, and I will focus 

further discussion on Pol δ.   

Current understanding of the overall structure of the Pol3-Pol31-Pol32 complex remains 

incomplete. No high-resolution structure of the entire polymerase complex has been solved to 

date. Nevertheless, some insight has been gained by other techniques. A small angle X-ray 

scattering study examined the full, three-subunit budding yeast complex (Jain et al., 2009), 

finding that the polymerase overall forms an elongated structure. This paper proposes a structure 

in which the globular core of Pol3 forms one structural unit, while Pol3-CTD–Pol31–Pol32 form 

a second, elongated, structural unit. This was consistent with sedimentation velocity analysis of 

the complex (Johansson et al., 2001). However, both analyses were performed in the absence 

of both DNA and Pol δ’s obligate partner in DNA replication, PCNA. It is plausible and even 

likely that when bound to PCNA and template-primer DNA, Pol δ does not adopt an 

elongated structure like it may in solution (and in SAXS analysis), but may appear more 

compact overall. Future study is required to address what structures the PCNA-Pol δ-DNA 

complex adopts, and how this may differ from when Pol δ is in solution. 

Processivity of PCNA–Pol δ 

 Processivity is the ability of an enzyme to catalyze successive reactions without 

dissociating from its substrate. It was recognized soon after its discovery that Pol  δ polymerizes
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DNA with low processivity (Bauer and Burgers, 1988; Burgers, 1988; Downey et al., 1990; 

Prelich et al., 1987), meaning that the number of nucleotides incorporated by the polymerase in a 

single polymerase-DNA binding event is low (<10 nucleotides). As alluded to previously, 

processive DNA synthesis by Pol δ requires an additional replication factor, proliferating cell 

nuclear antigen (PCNA). This factor, which forms a toroidal structure that can be loaded around 

double-stranded DNA, stabilizes Pol δ on DNA and allows the polymerase to replicate hundreds 

of nucleotides in a single DNA-binding event. Although PCNA is now recognized to have many 

functions in DNA replication and repair (detailed further below), it was first purified from calf 

thymus and yeast as a factor able to stimulate processive DNA synthesis by Pol δ (Bauer and 

Burgers, 1988; Tan et al., 1986).  

The POL3 and POL31 genes encoding the first two subunits of Pol δ are essential in 

budding yeast (Gerik et al., 1998; Hartwell, 1976; Sugimoto et al., 1995). The third subunit 

Pol32, however, is not essential for growth (Gerik et al., 1998). These observations can be 

explained in the context of Pol δ’s interactions with PCNA. Over the years, motifs responsible 

for interactions between Pol δ and PCNA have been found in all three subunits of Pol δ (Acharya 

et al., 2011; Johansson et al., 2004; Netz et al., 2012); the most well-characterized is a conserved, 

PCNA-interacting protein (PIP) motif at the extreme C-terminus of Pol32. A Pol3-Pol31 

complex can also be purified from budding yeast, known as Pol δ* (Burgers and Gerik, 1998). 

This complex retains the ability to synthesize DNA processively in a PCNA-dependent manner, 

as opposed to Pol3 alone, which inefficiently replicates even in the presence of PCNA (Acharya 

et al., 2011). Retention of PCNA-dependent processivity likely explains why POL32 is 

dispensable for cell viability but POL31 is not. However, pol32Δ  cells are sensitive to DNA 

damaging agents (Johansson et al., 2004), consistent with the observation that Pol δ* does not 
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replicate as efficiently in vitro as the full, three-subunit complex.  

Subunit composition of Pol δ  in other eukaryotes 

Polymerases delta from other eukaryotes contain a fourth subunit, known as Cdm1 in 

fission yeast and PolD4 in humans (Johansson and Dixon, 2013). This subunit displays limited 

sequence conservation across evolution (Johansson and Macneill, 2010), and most effort has 

been dedicated to understanding this subunit’s function in the context of the human Pol δ. No 

structural information is available for PolD4, but it is thought to interact directly with both the 

catalytic and B-subunit of the Pol δ complex (Li et al., 2006). In keeping with its complete 

absence in some organisms, this subunit has been found to be dispensable for polymerase 

activity (Lin et al., 2013). In fact, it is possible that the polymerase complex actually functioning 

in human DNA replication is the three-subunit Pol δ. Levels of the fourth subunit have been 

shown to drop during S phase (Chea et al., 2012; Lee et al., 2012), and PolD4 has also been 

shown to be degraded in response to several types of DNA damage (Zhang et al., 2007). The 

absence of the fourth subunit has been linked to some changes in activity, most notably in the 

processes that govern Okazaki fragment maturation. Three-subunit human Pol δ exhibits less 

strand displacement synthesis activity (Lin et al., 2013), which may be preferable in the context 

of normal DNA replication to prevent the formation of potentially-damaging long flaps. As the 

authors of this study note, the three-subunit human Pol δ seems ideally suited to performing 

DNA replication during S phase (this form also exhibits more efficient proofreading activity), 

and seems to be the predominant complex present during S phase. It remains to be determined, 

then, what the cellular function of the four-subunit Pol δ complex is in human cells.  
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Okazaki fragment maturation – short flap pathway 

In addition to DNA synthesis on the lagging strand, each of the RNA primers that initiate 

the Okazaki fragments must be removed, and the resulting nick ligated to yield continuous 

double-stranded DNA. This multi-step process is known as Okazaki fragment maturation (Fig. 

6). Given the current size estimates for eukaryotic Okazaki fragments, approximately 100,000 

fragments must be matured during each cell cycle in budding yeast, and millions in the much 

larger human genome (Balakrishnan and Bambara, 2013a). Despite this challenge, it is essential 

for each Okazaki fragment to be correctly processed, as either DNA nicks or flap intermediates 

resulting from incomplete processing can lead to expansion mutations, duplications, or double-

stranded DNA breaks (Gordenin et al., 1997). The core enzymatic machinery sufficient to 

observe Okazaki fragment maturation in vitro consists of three enzymes, Pol δ, flap 

endonuclease 1 (FEN1), and DNA ligase I (Stith et al., 2008). All three enzymes interact with 

PCNA, which localizes and stabilizes each enzyme on lagging strand replication intermediates.  

The maturation process begins when the 5’-end of the preceding Okazaki fragment 

interrupts Pol δ as it is extending a lagging strand primer. When it encounters the 5’-end of a 

DNA that blocks polymerase progress, Pol δ has the intrinsic ability to displace the proximal 5’-

nucleotides and incorporate across from the newly exposed template bases, an activity called 

strand displacement synthesis (Garg et al., 2004). With the wild-type polymerase, the limited 

amount of strand displacement synthesis that occurs when the polymerase first encounters a 5’-

block is balanced by the activity of the polymerase’s 3’-5’ exonuclease activity. After 

incorporating a few nucleotides, the wild-type Pol δ moves the primer end to its exonuclease and 

cuts out the newly incorporated bases back to the nick position. When allowed to continue 

indefinitely, these activities, incorporation and exonucleolytic cleavage, will cycle, which is 
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known as idling (Garg et al., 2004; Stith et al., 2008). Idling by Pol δ limits strand displacement, 

allowing the nick to be maintained and preventing the formation of long flaps that cannot be 

processed by the next enzyme in the pathway, FEN1. When the exonuclease activity of Pol δ is 

inactivated by mutation in biochemical experiments, the polymerase no longer idles and can only 

move forward in incorporation mode. Such a mutation results in more extensive strand 

displacement synthesis than the wild-type polymerase and generates longer 5’-flaps, but provides 

a clearer way of observing strand displacement by Pol δ, which we have exploited in our 

biochemical studies (Stith et al., 2008).  

Strand displacement by Pol δ generates a distribution of short 5’-flaps, which become the 

substrate for the next core maturation enzyme, FEN1. Flap endonuclease 1 is a structure-specific 

endonuclease that can thread the 5’-end of flaps into its helical arch to cut flaps of varying 

lengths (Balakrishnan and Bambara, 2013b). FEN1 cuts the short 5’-flaps produced by Pol δ, 

removing a few bases of RNA primer, moving the nick position. The current view of Okazaki 

fragment maturation is that complete removal of the RNA that initiates Okazaki fragments is 

achieved through the repeated action of Pol δ strand displacement and FEN1 cleavage, in a cycle 

known as nick translation (Stith et al., 2008). 

FEN1 was first implicated in Okazaki fragment maturation through genetic studies in 

Saccharomyces cerevisiae that noted the formation of duplications flanked by repeat sequences 

in rad27Δ strains (Jin et al., 2001; Tishkoff et al., 1997). These authors hypothesized that the 

duplications were the result of ligation of an unprocessed 5’-flap to the 3’-end of the downstream 

Okazaki fragment, linking FEN1 to the proper maturation of Okazaki fragments. Soon after, in 

vitro experiments showed that FEN1 was able to process Pol δ-created flaps to yield a ligatable 
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nick (Ayyagari et al., 2003; Maga et al., 2001), further linking FEN1 to Okazaki fragment 

maturation.  

Much effort has been dedicated to understanding what the optimal DNA substrate for 

FEN1 cleavage is.  The current view in the field is that FEN1 prefers substrates with a double-

flap structure, containing both a 3’- and 5’-flap. Specifically, FEN1 best cuts substrates that 

contain a single nucleotide 3’-flap. Regardless of the length of the 5’-flap, FEN1 will cut one 

base into the upstream duplex. With the 3’-flap then able to anneal, cleavage yields a ligatable 

nick. Such a model is consistent with biochemical and structural data (Balakrishnan and 

Bambara, 2013b; Kao et al., 2002; Tsutakawa et al., 2011). As only 5’-flaps are produced during 

Okazaki fragment maturation from Pol δ strand displacement, nascent flaps would need to 

rearrange to form the optimal FEN1 substrate, with a single 3’-extrahelical nucleotide. It is 

unclear as to whether this would occur from random re-equilibration of the flap or in an active 

process by one of the Okazaki fragment maturation enzymes.  

The final step of Okazaki fragment maturation is ligation, which is performed by DNA 

ligase I. This enzyme cannot seal RNA-DNA nicks, and only ligates after complete removal of 

initiator RNA. In eukaryotic replication systems, this enzyme is less dependent on PCNA, even 

though it contains a PCNA-binding domain (Vijayakumar et al., 2007). One function of this 

domain is to recruit ligase to replication foci (Montecucco et al., 1998). However, other studies 

have shown that ligase acts distributively, with the position of ligation following RNA removal 

largely dependent on ligase concentration (Ayyagari et al., 2003). As such, the currently 

prevailing model states that PCNA-interaction is important for generally localizing DNA ligase 

to replication forks, with the actual ligation step being much less dependent on PCNA.  
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Long-flap processing of Okazaki fragments 

The previously described Okazaki fragment maturation pathway is the major pathway 

functioning to remove initiator RNA on the lagging strand.  However, there are instances where 

this pathway is not sufficient. Critically, if FEN1 becomes disengaged from PCNA or is not 

present at a particular Okazaki fragment, extended strand displacement synthesis by Pol δ can 

result in a flap that is able to bind to RPA. RPA can stably bind flaps that are greater than ~20 nt 

(Rossi et al., 2008).  FEN1 is unable to cleave flaps containing RPA, and other enzymatic 

activities are required for processing (Bae et al., 2001). The 5’-3’ helicase Pif1 has also been 

implicated in long-flap formation (Stith et al., 2008); it functions in mitochondrial DNA 

maintenance and telomere homeostasis (Boulé and Zakian, 2006). The potential danger of Pif1-

generated flaps is the same; once they are large enough to bind RPA, FEN1 is unable to cut. 

Since the traditional processing pathway dependent on FEN1 can only process flaps of a few 

nucleotides in length, this pathway is alternatively known as the “short-flap processing pathway” 

(Balakrishnan and Bambara, 2013a).  

In budding yeast, the long-flap processing pathway largely relies on the activity of Dna2, 

a multi-functional enzyme with nuclease, helicase, and ATPase activities (Budd et al., 1995; 

Kang et al., 2010). Dna2 can remove RPA from long flaps and, in a similar mechanism to FEN1, 

binds the flap base and threads the 5’-end of the flap to cleave at the correct position (Stewart et 

al., 2010). It was previously thought that Dna2 was unable to cleave flaps at their base like 

FEN1, and so it was hypothesized that even when Dna2 was engaged to process a long flap, 

FEN1 action would be required to fully process the flap to a ligatable nick. However, a recent 

report has provided evidence that Dna2 can in fact cleave RPA-coated flaps at their base, 

yielding a structure that can be ligated (Levikova and Cejka, 2015). Such a mechanism would 
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completely bypass the requirement of FEN1 in the processing of long flaps to double-stranded 

DNA.  

In vitro studies of eukaryotic lagging strand replication 

Over many years of study, the work of the Burgers lab has defined the minimal 

enzymatic machinery required to observe efficient in vitro replication. For processive replication, 

Pol δ requires that the sliding clamp PCNA is loaded onto primer termini. Loading of PCNA 

requires cracking open the ring-shaped protein between two monomer interfaces and placing it 

around double-stranded DNA, which is accomplished by a protein complex called Replication 

Factor C (RFC). Finally, on DNA templates that are single-stranded, the single-stranded DNA 

binding protein Replication Protein A (RPA) stimulates the processivity of PCNA-Pol δ by 

removing secondary structures that can form in the template strand. These proteins form the 

critical machinery required by Pol δ to replicate DNA efficiently. The structural and biochemical 

properties of PCNA, RFC, and RPA are discussed below.  

Proliferating Cell Nuclear Antigen 

Proliferating Cell Nuclear Antigen, or PCNA, is an essential eukaryotic replication factor 

(Maga and Hubscher, 2003; Majka and Burgers, 2004; Moldovan et al., 2007). As discussed 

previously, this protein was first identified in eukaryotes as a factor that could increase the 

processivity of replicative polymerases, specifically Pol δ. PCNA is a member of a structurally 

and functionally conserved family of proteins known as the β clamps, members of which are 

found in all domains of life. Each of the β clamp proteins forms a ring-shaped complex that 

encircles and slides along DNA, despite large differences in amino acid sequence. The subunit 

composition of the β clamps varies across life forms, with eubacterial clamps existing as 
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homodimers, archaeal clamps as a heterotrimer, and as a homotrimer in the T4 bacteriophage and 

eukaryotes. Despite these differences, each of the β clamps possess very similar structures 

(Gulbis et al., 1996; Kong et al., 1992; Krishna et al., 1994).  

Each of the monomers of PCNA, overall a homotrimeric complex (Fig. 7), contains two 

similar domains, each comprising a curved β sheet (Majka and Burgers, 2004). This creates a 

ring-shaped β sheet scaffold around the PCNA ring, and gives the entire complex a pseudo six-

fold symmetry. On the inner portion of these β sheets are twelve alpha helices, creating a rough 

cylinder inside the complex. These helices outline an inner cavity that is 30 angstroms in 

diameter, an appropriate size to encircle double-stranded DNA (with a 20-angstrom diameter).  

The inner alpha helices also contain a high number of positively charged residues, and likely 

form favorable electrostatic interactions with the negatively charged phosphodiester backbone of 

DNA. The flat PCNA ring has distinct front and back faces, allowing greater functionality of the 

ring. The front face, also known as the C-terminal face, is the face where most protein-protein 

interactions take place (Jónsson et al., 1998).  

The ability of PCNA and the other β clamps to encircle double-stranded DNA and slide 

along it makes it an ideal platform localizing DNA replication and metabolism proteins to where 

they are required. As discussed, PCNA is known as the polymerase processivity clamp in the 

context of DNA replication. However, PCNA also interacts with dozens of other DNA 

replication and metabolism proteins, and acts as a master regulator of DNA synthesis and repair 

(Majka and Burgers, 2004; Moldovan et al., 2007). The majority of these interactions are 

dependent on a single region of PCNA, the Interdomain Connection Loop (ICL). The ICL is a 16 

amino acid long loop residing on the front face of PCNA that connects the β sheet domains 

present in each monomer. Although the sequence of this loop as a whole diverges across species, 
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an invariant leucine and isoleucine residue form an exposed hydrophobic cleft. This cleft is the 

primary binding pocket for the many protein-protein interactions PCNA makes. Specifically, 

proteins containing a PCNA Interacting Protein (PIP) box bind to PCNA in the ICL. The 

consensus PIP box sequence is Qxx(L/M/I)xx(F/Y)(F/Y), with the hydrophobic residues of the 

PIP binding to the hydrophobic pocket created by the ICL.  

As the PIP motifs of various DNA metabolism proteins bind to the same region of 

PCNA, it is likely that each PCNA monomer is only able to bind to a single protein at one time, 

suggesting that competition for PCNA access may occur in the cell. Different PIP motifs have 

been shown to bind to PCNA with differing affinities; in one study, affinity of PIP peptides for 

PCNA spanned an order of magnitude (from ~0.1-3 µM). In the same study, the authors showed 

that, in the budding yeast system, altering the balance of PIP box affinities for PCNA impacts 

DNA metabolism processes (Fridman et al., 2010). For example, increasing the Pol δ subunit 

Pol32’s affinity for PCNA above normal levels results in an increase in spontaneous mutation 

rate and sensitivities to DNA damaging agents. Increased affinity between FEN1 and PCNA 

resulted in synthetic lethality, suggesting significant problems in completing DNA replication. 

These results suggest that the balance of affinities between different PCNA-interacting proteins 

is evolutionarily maintained, and that competition for PCNA must be carefully equilibrated.  

The presence of three identical monomers in the PCNA ring has led to the hypothesis that 

more than one PCNA-interacting protein could bind a single heterotrimer ring simultaneously. 

This model is frequently referred to as the toolbelt model (Dovrat et al., 2014), and provides a 

potentially elegant explanation as to how PCNA may regulate multi-step processes involving 

more than one PCNA-binding enzyme. Most work to date evaluating this hypothesis has been in 

systems other than budding yeast, in which the homotrimeric nature of PCNA has made 
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biochemical studies difficult. In the archaeon Sulfolobus solfataricus, PCNA exists as a 

heterotrimer (subunits denoted PCNA1, PCNA2, and PCNA3), with each of the three major 

Okazaki fragment processing enzymes PolB1 (the replicative polymerase), Fen1, and Lig1 

binding preferentially to different PCNA subunits, PCNA2, PCNA1, and PCNA3, respectively 

(Beattie and Bell, 2012). Biochemical data from this system suggests that PCNA-dependent 

Okazaki fragment maturation occurs most efficiently when each enzyme is able to bind to 

Sulfolobus PCNA simultaneously. Additionally, multiple groups have shown in the E. coli 

replication system that the replicative polymerase Pol III and the Y-family translesion DNA 

polymerase Pol IV are able to simultaneously bind the bacterial β clamp, leading to more 

efficient lesion bypass (Indiani et al., 2005; Kath et al., 2014). However, eukaryotic DNA 

replication and genome maintenance is more complicated than either of these model systems, 

with many more sliding clamp binding proteins identified for PCNA. As such, more work is 

required to better understand how PCNA participates in so many DNA metabolism processes.  

Replication Factor C (RFC) 

RFC is a heteropentameric protein complex that loads PCNA onto template-primer 

junctions (Hedglin et al., 2013a; Majka and Burgers, 2004). All domains of life rely on 

replication sliding clamps to complete DNA replication. As such, clamp loader complexes 

remarkably similar to RFC exist in prokaryotes, bacteriophage, and archaea. In budding yeast 

and higher eukaryotes, RFC consists of five subunits from five separate polypeptides, termed 

Rfc1, Rfc2, Rfc3, Rfc4, and Rfc5. All are essential for cell survival in budding yeast. These 

subunits share significant sequence homology with each other and with clamp loader subunits 

from simpler organisms. All clamp loaders described are heteropentameric, but not all are made 

from five distinct polypeptides. Some RFC-like complexes from simpler organisms contain 
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fewer than five distinct subunits, with multiple copies of certain proteins making up the pentamer.  

Loading of PCNA onto primer-template DNA by RFC is an ATP-dependent process (for 

structural model of clamp loading, see Fig. 8). RFC and analogous clamp loaders belong to the 

diverse AAA+ ATPase family, which comprise many oligomeric complexes that couple ATP 

hydrolysis to modulation of protein-protein interactions through the production of mechanical 

force (Neuwald et al., 1999). In order to effectively place PCNA on primer-template DNAs, RFC 

must stably bind PCNA, locate the correct DNA substrate, open the PCNA ring and load it onto 

DNA, finally dissociating from PCNA and DNA to allow access to the replication clamp by 

proteins such as the replicative polymerases. Work by many groups has outlined how the clamp 

loaders accomplish this task, in a mechanism that appears to be largely conserved over the 

diverse class of clamp loaders.  

In the absence of ATP, RFC binds with low affinity to both primer-template junctions 

and PCNA. Upon binding ATP, the clamp loader undergoes a conformational change that orders 

the complex and permits the optimal interaction between RFC and PCNA, cracking open the 

PCNA ring in the process. Once formed, the ATP-dependent PCNA-RFC complex specifically 

recognizes and binds a primer-template junction, adopting a “notched screw cap” structure that is 

pseudo-helical, matching the helical character of duplex DNA (Bowman et al., 2004; Kelch et 

al., 2011). The specific orientation of the “screw cap” structure (interacting with DNA in the 

minor groove) binds the last turn of the DNA double helix in a manner so that further extension of 

the double-stranded DNA is blocked at the 3’-end of the primer strand by a barrier within the RFC 

complex known as the C-terminal collar. In contrast, the template strand can clearly exit 

through a channel in the complex. Such a binding mechanism allows specific recognition of 

primer-template DNA.  
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When adopting the “screw cap” conformation on DNA, the ATPase sites formed between 

subunit interfaces within RFC are aligned for highest efficiency ATP hydrolysis. Upon ATP 

hydrolysis, RFC reverts back to its low-affinity DNA-binding conformation and dissociates 

from PCNA and DNA, leaving the PCNA ring encircling the primer-template DNA. The bound 

ADP can then be exchanged for ATP, allowing RFC to bind and subsequently load additional 

PCNA rings onto primer-template DNAs. There is some evidence, however, that complete 

dissociation of RFC following ATP hydrolysis is slow compared to other steps in the cycle 

(Hedglin et al., 2013b). This allows RFC to re-bind PCNA and unload it from primer-template 

DNA. Hedglin et al. observed an equilibrium, intermediate level of PCNA occupancy on 

primer-template DNAs when RFC was allowed to load and unload the clamp in the 

presence of excess ATP. The unloading activity of RFC could be inhibited, however, by 

trapping PCNA on DNA with Pol δ, providing insight into how PCNA unloading may be 

prevented when the lagging strand replicase is being assembled.  

In eukaryotes, several RFC-like complexes (RLCs) have been identified. In budding 

yeast, each of these complexes contain the Rfc2-5 subunits contained in RFC, but contain a 

different subunit in place of Rfc1, either Rad24, Ctf18, or Elg1. The Rad24-RLC complex loads 

the PCNA-like 9-1-1 clamp, which participates in checkpoint activation. Ctf18-RLC is important 

for the establishment of chromatid cohesion, knowledge gained from genetic studies. It has also 

been shown to possess PCNA unloading activity in vitro (Bylund and Burgers, 2005; Majka and 

Burgers, 2004). However, it is still unclear whether this biochemical activity is related to the in 

vivo phenotypes observed. The most relevant alternative clamp loader to the understanding of 

lagging strand replication is the Elg1-RLC. Although previously thought to lack PCNA 

unloading activity (Bylund and Burgers, 2005), a recent series of studies has provided evidence 
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that Elg1-RLC unloads PCNA from the lagging strand following completion of Okazaki 

fragment maturation (Kubota et al., 2015; 2013a; 2013b), possibly allowing recycling of PCNA 

for Okazaki fragment synthesis. Cells lacking Elg1 exhibit a higher level of genomic instability, 

both in budding yeast and higher eukaryotes. While the various phenotypes observed could 

reasonably be explained by insufficient recycling of PCNA, it remains to be seen whether 

inefficient PCNA unloading directly results in the defects observed in elg1Δ cells.  

Replication Protein A (RPA) 

RPA was first identified as a protein factor required for replication in the in vitro SV40 

replication system (Weinberg et al., 1990; Wold and Kelly, 1988). Since that time, it has come to 

be recognized as the primary single-stranded DNA binding protein in eukaryotic cells, and is 

involved in all aspects of DNA metabolism, including replication, recombination, and repair. 

Additionally, it is involved in the cellular response to DNA damage and plays a role in the 

activation of checkpoints. The common feature between all of these pathways is the presence of 

single-stranded DNA intermediates, which RPA binds very tightly, with sub-nanomolar affinity 

(Kim et al., 1994; Kumaran et al., 2006). A structural model of an RPA homologous to that 

found in budding yeast is shown in Fig. 9. 

RPA is composed of three subunits, RPA1, RPA2, and RPA3, with sizes of 70-, 32-, and 

14-kDa, respectively (structure and functions of RPA discussed in (Chen and Wold, 2014;

Prakash and Borgstahl, 2012)). All three subunits contain domains that interact with single-

stranded DNA. The primary structural motif involved in DNA binding is the 

oligonucleotide/oligosaccharide-binding fold (OB-fold). The heterotrimeric RPA complex 

contains six OB-folds throughout the complex, four within RPA1, and one each in RPA2 and 
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RPA3. This structural unit is used by other ssDNA binding proteins, such as those from T4 

bacteriophage and E. coli, even though those proteins adopt an overall architecture that is distinct 

from that of the eukaryotic RPAs.  

RPA can bind single-stranded DNA stably in different modes, differentiated by the 

number of nucleotides of DNA bound in each. Each OB-fold within RPA has the potential to 

bind 4-6 nucleotides of ssDNA, so engagement with a different number of OB-folds would alter 

the RPA binding site size. Two stable DNA-binding modes have been identified, one engaging 

18-20 nucleotides and another engaging 28-30 nucleotides, representing DNA-binding with three

and four OB-folds, respectively (Kumaran et al., 2006). These different binding modes likely 

contribute to the ability of RPA to bind DNA in a dynamic, rather than static, manner. RPA has 

been shown to diffuse rapidly along single-stranded DNA (Nguyen et al., 2014), and also to 

readily and rapidly exchange with free RPA or other DNA binding proteins in solution (Gibb et 

al., 2014). These results suggest that the individual OB-folds within RPA dynamically bind and 

dissociate from DNA. Since RPA-contains multiple OB-folds, the whole complex can retain 

high-affinity binding to DNA even while diffusing or resolving secondary DNA structures.  

As noted above, RPA is involved in a diverse array of DNA metabolism processes, but I 

will focus on its role in DNA replication. During S phase, RPA accumulates at replication foci, 

and coats the single-stranded DNA produced by the replicative helicase. The primary functions 

of RPA at the replication fork are: first, to protect the exposed ssDNA from nucleases, and 

second, to resolve secondary structures that may form on unwound DNA. Secondary structures 

in the template strand are an obstacle to the replicative DNA polymerases, and can become a 

source of deletions. If the secondary structure is not resolved, the end of the replicating strand 

can realign, yielding a deletion as the polymerase continues replicating. 
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Figure 1: Steps of origin firing and replication initiation in budding yeast. Adapted from 
(Fragkos et al., 2015).  
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Figure 2: Organization of the eukaryotic replication fork. Adapted from (Burgers, 2009; 
Nick McElhinny et al., 2008). 
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Figure 3: Subunit organization of the eukaryotic B-family DNA Polymerases. The B-family 
polymerases found in budding yeast are multi-subunit enzymes. Each contains a structurally 
conserved catalytic subunit (Pol1, Pol2, Pol3 and Rev3), consisting of a polymerase domain and 
a C-terminal domain that mediates interactions with additional subunits. The zinc ribbon and 
iron-sulfur cluster motifs within the CTDs are represented by grey and yellow circles, 
respectively. The iron-sulfur cluster motifs within the CTDs mediate interactions between the 
catalytic and second subunits. The sliding clamp PCNA stimulates three of these enzymes, and 
interacts with Pol ε, δ and ζ in different manners.  
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Figure 4: Structure of B-family polymerases. (a) Model of catalytic subunit of B-family 
polymerases. The catalytic core of all B-family polymerases is made up of five subdomains, the 
N-terminal domain (NTD, purple), exonuclease domain (Exo, green) and the palm, finger, and
thumb domains that collectively are the polymerase domain (Pol, blue). Template-primer DNA is
shown in the approximate position according to structural data. The predicted path of the
template DNA (orange), between the NTD and exonuclease domains is shown. Polymerase
activity relies on two catalytic aspartates and a glutamate; exonuclease activity relies on three
catalytic aspartates. (b) Structure of catalytic core of Pol3 (Swan et al., 2009), catalytic subunit
of S. cerevisiae Pol δ. (c) Structure of the bacteriophage RB69 gp43 polymerase, a close
structural homologue of Pol3 (Wang et al., 2011).
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Figure 5: Structures of C-terminal domain and accessory subunits of eukaryotic B-family 
polymerases. (a) Structure of the Pol1-CTD (blue) in complex with Pol12 (pink), both members 
of the Pol α complex (Klinge et al., 2009). The two four-cysteine clusters chelating metal ions 
are highlighted (Cluster A and B). Structure was solved with zinc in both positions, but was 
labeled as an Fe-S cluster according to (Netz et al., 2012). This is also discussed in Chapter II. 
General domains within Pol12 containing homology to either an OB-fold or a phosphodiesterase 
motif are labeled. (b) Structure of human p50 (pink) in complex with a fragment of p66 (green) 
(Baranovskiy et al., 2008a). The fragment of p66 crystallized adopts a winged–helix-turn-helix 
(wHTH) structure.  
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Figure 6: Model of Okazaki Fragment maturation. Adapted from (Stith et al., 2008). 
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Figure 7: Structure of S. cerevisiae PCNA. The PCNA ring consists of three identical subunits, 
shown in blue, green, and yellow (Krishna et al., 1994). Residues important for protein-protein 
interactions and post-translational modifications are indicated. Leucine-126 and 
Isoleucine-128 (in red) in the interdomain connection loop form a hydrophobic pocket in which 
PIP box-containing proteins bind.  Proline-252 and Lysine-253 are important for FEN1 
interaction, specifically when PCNA is loaded onto DNA. Lysine-164 is the most important site 
of post-translational modification to PCNA; K164 has been shown to be a site for both 
ubiquitination and sumoylation of PCNA.  
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Figure 8: Structure of a sliding clamp–clamp loader–DNA complex in the “notched-screw 
cap” conformation. The structure shown was generated using the T4 bacteriophage sliding 
clamp and clamp loader complexes (Kelch et al., 2011). The clamp loader complex from T4 is 
made up of only two separate polypeptides. The A subunit is gp62, and subunits B-E are gp44. 
This complex is related to the eukaryotic RFC, containing five separate polypeptides. In RFC, 
the A subunit is Rfc1, B subunit is Rfc2, C subunit is Rfc3, D subunit is Rfc4, and E subunit is 
Rfc5. The T4 sliding clamp, like eukaryotic PCNA, is a homotrimer, comprising three copies of 
gp45. Co-crystallization of proteins with primer-template junction DNA and an ATP analogue 
allowed capture of the “notched-screw cap” conformation (top), in which the sliding clamp is 
opened at a subunit-subunit interface, being held by the clamp loader in a conformation that 
matches the DNA helix.  In the lower structure, the complex has been rotated 90° to look down 
the DNA helix. The individual clamp subunits (I, II, and III) are colored individually to highlight 
the opening between subunits induced by the clamp loader. 
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Figure 9: Structure of the RPA–single-stranded DNA complex. (a) Schematic representation 
of RPA in its 30 nucleotide binding mode. DNA-Binding Domains (DBDs) A-F are labeled, and 
are spread between the three RPA subunits, as indicated. These domains adopt a conserved OB-
fold structure. In RPA2, WH denotes winged-helix domain. Linkers between structured domains 
are denoted with lines. OB-fold F in RPA1 and the winged helix in RPA2 are shaded to denote 
that they were not resolved in the structure in b. Diagram adapted from (Chen and Wold, 2014). 
(b) Structure of Ustilago maydis RPA in complex with single-stranded DNA (Fan and Pavletich,
2012). Specific DNA-Binding Domains within the larger structure are indicated. RPA1 is shown
in green, RPA2 in blue, and RPA3 in red. Representation of structure adapted from (Chen and
Wold, 2014).
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CHAPTER II 

Analysis of metal-binding domains in the catalytic subunit of DNA polymerase δ  
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PREFACE TO THE CHAPTER 

This chapter contains biochemical and functional analysis of the metal-binding domain in the Pol 

δ catalytic subunit, Pol3. The catalytic subunits of each of the eukaryotic B-family DNA polymerases

contain a small, conserved C-terminal domain (CTD). In each polymerase, this domain contains two,

conserved, cysteine-rich metal-binding motifs. Prior to the work described here, each motif was

thought to bind zinc, and the functional significance of these motifs was unclear.

Section IIA provides evidence that in each of the B-family polymerases, one of the cysteine-rich 

motifs binds an Fe-S cluster while the other binds zinc. In the case of DNA polymerase δ, the Fe-S 

cluster was shown to be required for interactions between the catalytic subunit Pol3 and the Pol δ 

accessory subunits. The Zn-binding motif was found to be important for mediating interactions 

between the Pol δ complex and the replication sliding clamp PCNA. This work was a collaboration 

between our group and two groups at Philipps-Universität in Marburg, Germany. My role in this work 

was performing in vitro replication assays, with particular emphasis on characterizing the functional 

significance of the Zn-binding motif in Pol3.  

Section IIB is an extension of the work in IIA. Budding yeast cells cannot tolerate mutations in 

the Zn-binding motif in Pol3, presumably due to a PCNA-dependent replication defect. To better 

understand this phenotype, we sought to identify PCNA mutants that suppress this lethality. I identified 

two mutants; the characterization of these mutants and their relationship to the activity of Pol δ is 

discussed. While this work remains an incomplete story, in the future these mutants may provide a tool 

to study the link between PCNA and the response to replication stress. The initial genetic screen was 

performed in collaboration with Carrie Stith. I performed all subsequent genetic and biochemical 

experiments.  
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CHAPTER IIA 

Eukaryotic DNA polymerases require an iron-sulfur cluster for the formation of 
active complexes. 
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Replication of double-stranded nuclear DNA in eukaryotes 
is performed through the coordinated work of three DNA 
polymerase complexes, Pol , Pol  and Pol  (ref. 1). Pol  

together with the primase complex initiates the synthesis of short 
RNA primers, which are subsequently extended by Pol  and 
Pol  for processive synthesis of the lagging and leading strands, 
respectively2,3. In Saccharomyces cerevisiae, Pol  has four subunits 
(Pol1, Pol12, Pri1, Pri2), Pol  has three (Pol3, Pol31, Pol32) and 
Pol  has four (Pol2, Dpb2, Dpb3 and Dpb4). The catalytic sub-
units Pol1, Pol2 and Pol3 are phylogenetically related and belong 
to the class B DNA polymerases4. They are tightly associated with 
the so-called B subunits Pol12, Dpb2 and Pol31, respectively. The 
B subunits are all essential and share both phosphodiesterase-like 
and oligosaccharide-binding domains5,6. Eukaryotes contain a 
fourth class B DNA polymerase, Pol , which is the major enzyme 
responsible for mutagenesis in response to DNA damage7,8. Pol , 
composed of the catalytic subunit Rev3 and the accessory subunit 
Rev7, is not essential for growth in yeast, but disruption of REV3L 
in mice causes embryonic lethality9.

Eight conserved cysteine residues are present in the CTD of 
all four eukaryotic class B DNA polymerases (Supplementary 
Results, Supplementary Fig. 1). This domain is absent in the other 
classes of DNA polymerases such as bacterial or mitochondrial 
DNA polymerases. The first set of four cysteine residues (CysA) 
resembles a zinc ribbon motif (C-X2-C-X7–31-C-X2-C)10, whereas 
the C-terminal set (CysB) has an atypical pattern. This CTD is not 
present in B-family DNA polymerases of bacteriophages, herpes 
viruses, proteobacteria and archaea. However, phylogenetic analysis 
has indicated that a motif similar to CysB is present in the CTD of 
euryarchaeal D-family polymerases11. The crystal structure of the 
yeast class B Pol3 has been determined, yet it lacks the entire CTD 
as full-length Pol3 isolated from yeast is prone to aggregation12. Two 
three-dimensional structures of the CTD of DNA polymerase   
have been reported. A Zn2+-reconstituted synthetic oligopeptide 
corresponding to the CysB region of human Pol1 was structurally 
characterized by NMR spectroscopy13. Recently, the crystal struc-
ture of the yeast Pol1-CTD in complex with Pol12 was reported14. 

This complex was purified from Escherichia coli after heterologous 
expression, and it contains a Zn2+ ion in both the CysA and CysB 
motifs. This study provided structural information for earlier bio-
chemical studies, which had described interactions between the 
CTDs and their corresponding B-subunits15–17.

Intriguingly, the pol3-13 allele of yeast, in which the second 
cysteine of CysB (C1074) in Pol3 is mutated to serine, is syntheti-
cally lethal with mutations in the essential genes NBP35, DRE2 and 
TAH18 (ref. 18). These genes encode components of the cytosolic  
Fe-S protein assembly (CIA) machinery, which is required for 
maturation of most cytosolic and nuclear Fe-S proteins19–22. Nbp35 
together with Cfd1 serves as a scaffold complex that assembles a 
transiently bound Fe-S cluster in an early step of the biosynthe-
sis process23,24. Dre2, an Fe-S protein, and the diflavin reductase 
Tah18 form an electron transfer chain using NADPH for Tah18-
dependent reduction of one of the two Fe-S clusters of Dre2  
(ref. 22). CIA components acting later in biogenesis encompass the 
Fe-only  hydrogenase-like Nar1 and the -propeller protein Cia125,26. 
Remarkably, the CIA machinery requires a sulfur-containing com-
pound exported by mitochondria after synthesis by the cysteine 
desulfurase complex Nfs1–Isd11 and other components of the 
mitochondrial Fe-S cluster (ISC) assembly machinery19,27.

Although it is widely believed that both CysA and CysB of Pol3 
bind Zn2+ ions, the synthetic lethality resulting from the combina-
tion of the pol3-13 allele and mutations in CIA components pointed 
to the presence of a hitherto unrecognized Fe-S cluster in Pol3. 
We therefore addressed the question of whether the CTD of poly-
merases coordinate an Fe-S cluster and what the physiological role 
of such a cofactor might be. We provide in vivo and in vitro evidence 
that a [4Fe-4S] cluster rather than Zn2+ is bound to the CysB motif 
in all yeast B-family DNA polymerases. Assembly of this essential 
Fe-S cluster was strictly dependent on the function of mitochon-
drial Nfs1 and cytosolic Nbp35, explaining the synthetic lethality 
of the pol3-13 allele and Fe-S biosynthetic genes18. The findings also 
indicate a so-far-unknown dependence of nuclear DNA synthesis 
on mitochondrial function. Finally, our study reveals the physio-
logical importance of the two different metal cofactors, the [4Fe-4S] 
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Eukaryotic DNA polymerases require an iron-
sulfur cluster for the formation of active complexes
Daili J A Netz1, Carrie M Stith2, Martin Stümpfig1, Gabriele Köpf1, Daniel Vogel1, Heide M Genau1, 
Joseph L Stodola2, Roland Lill1*, Peter M J Burgers2* & Antonio J Pierik1*

The eukaryotic replicative DNA polymerases (Pol a, d and «) and the major DNA mutagenesis enzyme Pol z contain two 
 conserved cysteine-rich metal-binding motifs (CysA and CysB) in the C-terminal domain (CTD) of their catalytic subunits. Here 
we demonstrate by in vivo and in vitro approaches the presence of an essential [4Fe-4S] cluster in the CysB motif of all four 
yeast B-family DNA polymerases. Loss of the [4Fe-4S] cofactor by cysteine ligand mutagenesis in Pol3 destabilized the CTD 
and abrogated interaction with the Pol31 and Pol32 subunits. Reciprocally, overexpression of accessory subunits increased 
the amount of the CTD-bound Fe-S cluster. This implies an important physiological role of the Fe-S cluster in polymerase  
complex stabilization. Further, we demonstrate that the Zn-binding CysA motif is required for PCNA-mediated Pol d 
processivity. Together, our findings show that the function of eukaryotic replicative DNA polymerases crucially depends on  
different metallocenters for accessory subunit recruitment and replisome stability. 
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cluster in CysB and Zn2+ in CysA, in the stabilization of DNA poly-
merase interactions with different accessory proteins essential for 
processive DNA synthesis at the replication fork.

RESULTS
Eukaryotic DNA polymerases bind an Fe-S cluster in vivo
To investigate the presumed presence of Fe-S clusters in eukaryotic 
DNA polymerases, we used a sensitive in vivo radiolabeling assay, 
which measures the incorporation of 55Fe into newly synthesized 
proteins in baker’s yeast. The coding information for a C-terminal 
Myc tag was fused by chromosomal integration to Pol1, Pol2, Pol3  
and Rev3, the catalytic subunits of the Pol , Pol , Pol  and Pol   
complexes, respectively. No negative effects on cell growth were  
caused by introducing these tags. A significant (P < 0.05) amount 
of 55Fe was associated with Pol1, Pol2 and Pol3 immunoprecipitated 
with Myc-specific beads (1.01  0.19 pmol, 1.34  0.17 pmol and 
2.6  0.2 pmol per gram of cells above respective control levels;  
Fig. 1a and Supplementary Fig. 2). The radiolabeling was not due to 
adventitious binding of iron to cysteine-rich proteins, as negligible 
amounts of 55Fe bound to transcription factor IIIA (TFIIIA), which 
contains nine conserved zinc fingers (Fig. 1a). The presence of Fe-S 
clusters rather than other forms of iron was tested by measuring the 
dependence of 55Fe binding on the mitochondrial and cytosolic Fe-S 
protein assembly machineries. Depletion of the cysteine desulfurase 
Nfs1(refs. 19,27) of the galactose-regulatable strain Gal-NFS1 by 
growth on glucose almost completely abolished 55Fe binding to 
the polymerases. Proper assembly of the 55Fe-S cluster requires 
 mitochondria-localized Nfs1 because a cytosolic version of Nfs1 fails 
to support radiolabeling of Pol3 (Supplementary Fig. 3). Similarly,  
depletion of the CIA machinery components Nbp35 and Nar1 in  
regulatable yeast strains (Gal-NBP35 (ref. 20) and Gal-NAR1 (ref. 25))  
abrogates Fe-S cluster formation on the polymerases (Fig. 1a 
and Supplementary Figs. 2,4). As Pol1 is associated with primase, 
which contains a [4Fe-4S] cluster in its Pri2 subunit28, we examined 
the Pri2 contribution to the binding of 55Fe to Pol1. Although the 
amount of 55Fe copurified with hemagglutinin (HA)-tagged Pri2 
(1.12  0.28 pmol 55Fe per gram of cells) was similar to that mea-
sured in Pol1-Myc (1.01  0.19 pmol 55Fe per gram of cells), only 
20% of HA-Pri2 immunoprecipitated together with Pol1-Myc and 
vice versa (Supplementary Fig. 5). Thus, a major contribution from 
Pri2 to Pol1-associated 55Fe radioactivity could be excluded. A similar  
reservation does not hold for Pol  or Pol . None of the small sub-
units of Pol  have conserved cysteine residues that can serve as 
potential ligands for an Fe-S cluster. Structural studies of the small 
subunits of Pol  do not indicate the presence of potential metal 

binding sites6. Taken together, our data clearly suggest the presence 
of a hitherto unrecognized Fe-S cluster in all three replicative DNA 
polymerases in vivo.

The CTD of the catalytic subunit binds the Fe-S cluster
We next tested whether the Fe-S cluster is associated with the CTD, 
as suggested by the synthetic lethality of the pol3-13 allele18 and the 
strict conservation of the cysteine residues. As Pol3 is an essential 
gene and episomal copies of full-length polymerases have delete-
rious effects on cell growth29, we expressed only the CTD of Pol3 
(residues 982–1097) with an N-terminal HA epitope tag from a 
plasmid. HA–Pol3-CTD bound significant (P < 0.05) amounts of 
55Fe (4.1  0.9 pmol g−1; Fig. 1b and Supplementary Fig. 6), which 
dropped to background values in both Nfs1- and Nbp35-depleted 
cells. This behavior closely resembles that of full-length Pol3 
(Fig. 1a). As no significant (P > 0.05) 55Fe binding to full-length 
Rev3 could be detected, apparently because of Rev3’s low abundance 
(Supplementary Fig. 7), we examined 55Fe binding to HA-tagged 
Rev3-CTD (residues 1374–1504). In this case, a significant (P < 0.05) 
amount of 55Fe (0.9  0.3 pmol g−1) was detected, which dropped 
to background values upon Nfs1 and Nbp35 depletion (Fig. 1b). 
These results provide evidence that in vivo, all yeast class B DNA 
polymerases bind Fe-S clusters in their CTD. Considering the high 
amino acid sequence conservation of the CTDs of all eukaryotic 
B-class polymerases11 (Supplementary Fig. 1), we anticipate that
the presence of an Fe-S cluster in polymerase CTDs extends to all
eukaryotes, including humans.

Accessory subunits stabilize the Fe-S cluster in CysB
To identify which of the eight conserved cysteine residues of the 
polymerase CTDs are responsible for Fe-S cluster coordination, we 
used Pol3 as a prototype polymerase and introduced cysteine-to-
alanine substitutions. In principle, the CysA and CysB motifs may 
independently bind an Fe-S cluster, as the corresponding segments 
are structurally well separated (47-Å Zn-Zn distance) by a three-
 helix bundle in the zinc-bound form of Pol1-CTD14. All cysteine 
residues of CysB are required for Fe-S cluster binding in vivo because 
their substitution by alanine completely abolishes 55Fe incorpora-
tion into Pol3-CTD (Fig. 2a, right). In contrast, the amount of 55Fe 
binding was significantly (P < 0.05) above background values for 
all cysteine-to-alanine exchanges in CysA, suggesting that some 
Fe-S cluster may remain bound to CysB (Fig. 2a, left). The weak-
ened Fe-S cluster binding efficiency of CysA mutant proteins could 
be caused by a lack of polymerase complex stabilization by Pol31, 
even though this subunit interacts primarily with the CysB region17.  
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respectively. Error bars, s.d. (n  3).
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Indeed, overexpression of Pol31 resulted in a four- to eight-fold 
higher 55Fe binding to both wild-type and CysA mutant Pol3-CTDs 
(Fig. 2a and Supplementary Fig. 8) but not to CysB mutant proteins. 
Nevertheless, the greater abundance of Pol31 could not completely 
compensate for the Fe-S cluster binding deficit caused by cysteine 
exchanges in CysA. We attribute the lower 55Fe content of the CysA 
mutant proteins to an indirect effect of the disruption of CysA motif 
structure due to the lack of zinc binding. This may affect the effi-
ciency of Fe-S cluster formation in CysB. The decreased amount 
of protein of the CysB-mutated CTD found in immunostains of 
cell extracts, even upon Pol31 overexpression (Supplementary 
Fig. 8a,c), can be explained by the absence of the Fe-S cluster in 
CysB. This absence renders the protein sensitive to degradation, as 
frequently seen for Fe-S proteins. Together, these findings imply that 
only CysB is responsible for Fe-S cluster binding, whereas CysA may 
bind zinc14. We infer that Pol3–Pol31 complex formation is intrinsi-
cally linked to the presence of an intact Fe-S cluster, explaining its 
physiological importance for Pol  function.

Next, we tested whether the functional connection between the 
presence of an Fe-S cluster on the DNA polymerase and its inter-
action with the respective accessory subunits also holds for the other  
class B family members. Overexpression of Pol12, Dpb2 and Rev7 
with the CTDs of Pol1, Pol2 and Rev3, respectively, significantly 

(P < 0.05) increased the amounts of 55Fe coisolated in the absence of 
the overproduced accessory subunits (Fig. 2b). Thus, the increase 
in the efficiency of Fe-S cluster binding to the polymerase CTDs by 
the respective accessory subunits appears to extend to all members 
of the class B family, suggesting a stabilization of Fe-S cluster bind-
ing by these subunits and vice versa.

The [4Fe-4S] cluster is required for complex formation
To characterize the type and stoichiometry of Fe-S cluster binding 
to DNA polymerases, we performed biochemical and spectroscopic 
studies. Expression of the yeast Pol1-, Pol2-, Pol3- and Rev3-CTD 
in E. coli resulted in the formation of dark inclusion bodies, which 
gave brownish solutions upon treatment with chaotropic agents 
(Fig. 3a). Soluble brown Pol2-, Pol3- and Rev3-CTDs could be 
obtained in the absence of chaotropic agents after modifications of 
the protocol (Supplementary Fig. 9). Pol1-CTD and Pol2-CTD were 
aggregation prone. A low yield of Pol1-CTD holoform was obtained 
(~0.1 Fe and S per monomer; Supplementary Fig. 10). This appar-
ent lability of Fe-S cluster binding to purified Pol1-CTD may have 
precluded its earlier discovery in structural studies14. The other 
CTDs contained 2.0–2.6 mol non-heme iron and acid-labile sulfide 
per CTD, and their UV-visible (UV-vis) spectra showed a broad 
absorption maximum centered at 400 nm, indicative of [4Fe-4S]  
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Figure 2 | The Fe-S cluster is coordinated by the CysB motif and is stabilized by accessory-subunit binding . (a) 55Fe incorporation into plasmid-encoded 
HA–Pol3-CTD and cysteine-to-alanine substitutions thereof (cartoon), with (Pol31 ) or without Pol31 overexpression in wild-type yeast cells grown 
in galactose-containing medium. Western blots are for cell extracts with Pol31 overexpression. (b) 55Fe incorporation into indicated plasmid-encoded 
polymerase CTDs, with ( ) or without overexpression of the accessory subunits (cartoon) in wild-type yeast cells grown in galactose-containing medium. 
Western blots are shown for indicated cell extracts. Full-length blots are presented in Supplementary Figure 8. Error bars, s.d. (n  3).
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Figure 3 | Recombinant purified CTDs of Pol1, Pol2, Pol3 and Rev3 harbor a [4Fe-4S] cluster. (a) Solubilized inclusion bodies of indicated CTDs obtained 
after expression in E. coli. (b) UV-vis and (c) X-band EPR spectra of purified soluble Pol2-, Pol3- and Rev3-CTDs in absence of chaotropic agents. The inset 
in b shows non-heme iron and acid-labile sulfide contents. Error bars, s.d. (n  3). Samples in c were reduced with 2 mM sodium dithionite (2 min).  
EPR conditions: 9.458 GHz, 10 K and 2 mW microwave power.
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clusters (Fig. 3b). These soluble CTDs did not show electron para-
magnetic resonance (EPR) signals, even after oxidation with fer-
ricyanide, excluding the presence of [3Fe-4S] clusters30. However,  
upon reduction with dithionite, EPR signals with g = 2.04 and g = 1.93  
characteristic of [4Fe-4S]1+ clusters were detected (Fig. 3c). Together, 
these results provide evidence for a single [4Fe-4S]2+ cluster bound 
to the purified CTDs.

As no Fe-S cluster has been detected in any isolated DNA poly-
merase complex, we investigated the native Pol  complex for such 
a metal center after its expression was induced and it was purified 
from S. cerevisiae (Supplementary Fig. 11a,b). Isolated Pol  was 
olive yellow and contained Pol3, Pol31 and Pol32 in stoichiometric 
ratios (Fig. 4a and Supplementary Fig. 11c). UV-vis spectroscopy 
of Pol  showed broad absorption in the 400-nm region, and chemi-
cal analysis detected approximately 4 mol of non-heme iron and 
acid-labile sulfide ions per mol of Pol  (Fig. 4b, inset). Thus, the 
Fe-S content, the UV-vis spectrum and the extinction coefficient of 
13 mM−1cm−1 at 400 nm indicate the presence of a single [4Fe-4S]2+ 
or a single [3Fe-4S]1+ cluster in purified Pol  complex (Fig. 4b). 
EPR spectroscopy showed a weak signal centered at g = 2.02, char-
acteristic of [3Fe-4S]1+ clusters. Spin quantification of the EPR 
 signal, however, accounted for only 5  1% of the total Fe-S cluster  
content (Fig. 4c). This signal increased two-fold upon oxidation 
with ferricyanide, corresponding to just 10  2% of the Fe-S cluster 
content. After dithionite treatment of the wild-type Pol  complex, 
the [3Fe-4S]1+ cluster EPR signal at g = 2.02 disappeared because 
of reduction to the EPR-silent [3Fe-4S]0 state. However, native 
Pol  treated with dithionite did not show a [4Fe-4S]1+ EPR signal 
(Fig. 4c, top trace). These findings are in contrast to the results for 
the soluble CTDs, in which the [4Fe-4S]2+ cluster may be reduced 

to the [4Fe-4S]1+ form. The absence of an EPR signal in dithionite-
treated polymerase  could be explained by the lower redox poten-
tial of the [4Fe-4S]2+ cluster in the intact complex in comparison 
to that of Pol3-CTD. Dithionite can only reduce the cluster if the 
midpoint potential is above −500 mV, which is apparently the case 
for the CTDs. Alternatively, the [4Fe-4S]1+ cluster may have a high 
spin state with an EPR spectrum too broad to be detectable. A third 
explanation would be conversion of the [4Fe-4S]1+ cluster to the 
EPR silent [3Fe-4S]0 form. Breakdown of the cluster upon dithion-
ite treatment is unlikely as processivity remained unaltered. Many 
other [4Fe-4S]2+ cluster-containing proteins have EPR and redox 
properties similar to those of native Pol . For example, aconitase 
has a labile [4Fe-4S]2+ cluster that is converted to the [3Fe-4S]1+ 
form during isolation31, and the [4Fe-4S]2+ cluster is difficult to 
reduce with dithionite. Regardless of the behavior upon dithionite 
treatment, our analysis provides evidence that Pol  isolated from 
yeast contains a [4Fe-4S]2+ cluster, which upon purification partially 
(5–10%) breaks down to a [3Fe-4S]1+ or [3Fe-4S]0 cluster.

To verify the specificity and physiological relevance of Fe-S 
cluster binding to polymerases, we studied the effect of mutations 
in CysA or CysB on both Fe-S cluster binding and functionality 
of isolated Pol . The lethal double mutation C1059S C1074S in 
CysB of Pol3 disrupted its binding to both Pol31 and Pol32 upon 
isolation of Pol3 from cell extracts and in yeast two-hybrid experi-
ments (Fig. 4a and Supplementary Fig. 12). The mutation further 
abrogated Fe-S cluster binding, as seen from chemical analysis and 
the loss of UV-vis and EPR signals (Fig. 4b,c). In marked contrast, 
lethal double mutation of CysA (C1012S C1027S) did not alter the 
subunit composition of the purified Pol  complex and did not 
affect the Pol3 interactions in the two-hybrid analysis. Likewise, 
the Fe-S content, the UV-vis and EPR spectra were unchanged in 
comparison to the wild-type situation. These data further support 
the view that CysB binds a [4Fe-4S] cluster, whereas no evidence 
was obtained for Fe-S cluster binding to CysA. Hence, on the basis 
of the consensus zinc ribbon motif of CysA (C-X2-C-X7–31-C- 
X2-C)10 and the crystallographic data, CysA may bind zinc14. 
Neither set of mutations in the CTD of Pol3 affected its basal DNA 
polymerase activity (Supplementary Fig. 13), in agreement with 
Pol3 truncation mapping studies and structural comparisons with 
other B-family DNA polymerases that localize the catalytic domain 
N-terminal of the CTD12.

CysA is an important determinant for PCNA binding
We then asked what the physiological function of the zinc- binding 
CysA motif may be. Processive DNA replication can be tested in vitro 
and depends on multiple protein and protein-DNA inter actions, 
including those involving the processivity factor PCNA32,33. The lat-
ter protein is a circular homotrimeric clamp that coordinates DNA 
replication, recombination and repair processes and endows both 
stability and processivity to the replicating machinery. To address 
the role of the CysA motif in processive, lagging-strand DNA repli-
cation, we used isolated Pol  preparations (Pol3, Pol31 and Pol32; 
Supplementary Fig. 11) for in vitro DNA synthesis in the presence of 
PCNA (Supplementary Fig. 14). Mutation of two cysteine residues 
of CysA (C1012S and C1027S) severely decreased PCNA-dependent 
replication processivity, documenting the importance of this metal  
center for polymerase function (Fig. 5a). An interaction between Pol   
and PCNA has previously been mapped to a C-terminal segment  
of the accessory subunit Pol32 and termed PIP (PCNA interaction 
protein) motif 33. However, the Pol32- PIP mutant form of Pol  was 
almost fully proficient for processive DNA replication, underscor-
ing its minor functional importance. The rela tive effects observed 
for the Pol3-CysA and Pol32- PIP mutants shows the much higher 
importance of the CysA site compared to PIP for stability of the 
PCNA-polymerase complex on DNA. Hence, the CysA struc-
tural motif may represent the key binding site for PCNA on Pol ,  
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whereas the PIP motif may have an ancillary function. Consistent 
with this view, PCNA-dependent replication acti vity of Pol  was 
almost completely abolished when both CysA and PIP binding sites 
were mutated (Fig. 5a). Used as controls for these experiments, the 
catalytic subunit Pol3 alone, the CysB mutant  protein or a sample 
lacking PCNA showed no discernible processive DNA replication. 
To further substantiate the relative importance of the two PCNA 
binding sites of Pol , we varied the PCNA concentration in the  
in vitro replication assay containing either wild-type or CysA 
mutant Pol3 together with wild-type or PIP-Pol32. Increasing 
PCNA concentrations relieved the replication defect of the CysA 
mutant, suggesting that under these conditions, inter actions 
between PCNA and PIP partially rescue the replication defect 
(Fig. 5b). Indeed, when PIP was also absent, hardly any processive 
replication was observed. Taken together, these findings suggest 
a crucial role of CysA in PCNA–Pol  complex formation, stabil-
ity or both during on-DNA processive DNA replication (Fig. 5c).  
In contrast, the PIP binding site may be more relevant for off-DNA 
complex formation, such as recruitment of the enzyme to replica-
tion foci in the nucleus, as has been observed with other PIP box- 
containing proteins33,34.

DISCUSSION
Our study identifies a previously unrecognized essential Fe-S  
cluster in the CTD of all yeast class B DNA polymerases, in addition 
to a Zn2+ ion bound on the other side of CTD14. Hence, this class of 
enzymes contains two different metal centers, which were shown to 
have distinct physiological roles. The presence of the Fe-S cluster 
was demonstrated by several in vivo and in vitro methods such as 
55Fe radiolabeling and purification of the DNA polymerase complex 
after induced expression of the enzyme in yeast, the native organ-
ism. Mutational and spectroscopic studies allowed us to define it as 
a [4Fe-4S] cluster that is coordinated by CysB, the second cysteine-
rich motif in the CTD. The presence of an Fe-S cluster rather than 
Zn2+, as originally suggested by a crystal structure of the CTD of 
Pol1, changes our understanding of DNA polymerase function and 

raises several questions regarding the precise physiological role of 
this Fe-S cluster. Our data clearly demonstrate that Pol3 becomes 
unstable in the absence of the Fe-S cluster (for example, upon Nfs1 
depletion, as shown in western blots in Supplementary Fig. 2) and 
that the replication function is severely compromised owing to loss 
of accessory subunits essential for function at the replication fork 
(Fig. 4). This functional impairment caused by decreased complex 
stability may extend to the other DNA polymerases because the 
interaction between the various CTDs and their respective acces-
sory proteins is a key determinant for the stability of the bound Fe-S 
cluster. It is likely that euryarchaeal D-family polymerases also bind 
an Fe-S cluster in the CysB motif. Interestingly, these polymerases 
contain a B subunit that has both phosphodiesterase-like and 
 oligo saccharide-binding domains6 and are thus predicted to share the 
principle of Fe-S cluster binding for accessory subunit recruitment 
with the eukaryotic polymerases. In the case of the translesion poly-
merase Pol , the accessory protein Rev7 has a fold that is completely 
different from those of the B subunits of the other polymerases, and 
therefore a firm conclusion by analogy with Pol  cannot be made 
and requires direct experimentation. However, the data do suggest 
that the Rev3-CTD may also be involved in Rev3-Rev7 interactions 
in addition to the interaction of the N-terminal region of the poly-
merase domain of Rev3 with Rev7 (ref. 35). Together, our findings 
assign essential roles to the Fe-S cluster: stabilization of the CTD to 
enable complex formation, maintenance of the catalytic polymerase 
subunit with its respective accessory proteins, or both. As an Fe-S 
cluster is intrinsically sensitive to oxidative stress, oxidative damage 
of the cluster may lead to gradual dissociation of the accessory sub-
units and decreased processivity at the replication fork. An attenu-
ated rate of DNA replication during oxidative stress conditions may 
serve as a regulatory mechanism for polymerase activity.

In retrospect, the lability and complexity of Fe-S clusters may 
explain the previous difficulties in obtaining purified polymerase 
complex that is suitable for functional studies and crystallography. 
Purification of the catalytic subunit on its own invariably resulted 
in low yields and aggregation (detailed in Methods), possibly  
explaining why Pol3 could only be crystallized after truncation 
of the C terminus12. The Pol1-CTD in complex with Pol12 was  
crystallized with a Zn2+ ion in CysB after heterologous expression 
and purification from E. coli14. Our own purification experiments 
after expression in E. coli showed extreme lability of the Fe-S cluster  
of Pol1-CTD, necessitating anaerobic purification conditions to 
isolate the Fe-S cluster together with the protein. In general, mis-
incorporation of non-native metal centers into metalloproteins is 
not unusual and has been encountered previously, especially upon 
overproduction or hetero logous expression. For instance, replace-
ment of Fe or an Fe-S cluster by Zn in E. coli has been reported 
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for Clostridium pasteurianum rubredoxin36 or for the Fe-S cluster– 
containing scaffold protein IscU from Haemophilus influenza37, 
respectively. Likewise, the CIA protein Nar1, containing two Fe-S 
clusters, does not contain its native metal centers after it is expressed 
in E. coli38. Zinc can be erroneously incorporated into the copper-
binding protein azurin39. Ribonucleotide reductases of various  
bacteria, upon overexpression in E. coli, contain a dinuclear iron 
center, yet in their native state they have a dimanganese center40,41. 
Hence, these data imply that a number of proteins isolated as zinc-
binding proteins may exist as Fe-S proteins inside the cell, empha-
sizing the importance of assessing the metal occupancy of a protein 
in its native organism.

Our data provide evidence for a previously unknown crucial 
function for the CysA zinc-binding segment in mediating DNA-
dependent interactions between PCNA and the catalytic subunit of 
Pol  (Fig. 5c). This protein interaction seems to operate alongside 
an earlier defined binding determinant, the C-terminal PIP motif of 
the accessory subunit Pol32. Because mutation of CysA was more 
detrimental to in vitro processive DNA replication than deletion of 
the PIP segment, CysA may be the major determinant for PCNA 
interaction with Pol  on DNA. Notably, the function of the CysA 
motif may be more divergent than that of CysB, which seems to 
be conserved among all replicative DNA polymerases as a struc-
tural motif for the interaction with their respective essential acces-
sory subunits. In Pol , Pol  and Pol , the CysA motif may serve a  
similar function, that is, mediating DNA-dependent interactions 
with PCNA, as all of these polymerases require PCNA for processive 
synthesis42,43. However, functional interactions between PCNA and 
Pol  have not been demonstrated32,44, and therefore the functional 
role of the CysA motif in this enzyme awaits further investigation.

Our findings indicate that insertion of the Fe-S cluster into 
nuclear DNA polymerases depends on the function of not only 
the cytosolic but also the mitochondrial Fe-S protein biogenesis 
machineries (Fig. 6). The cysteine desulfurase Nfs1, if located 
only in the cytosol and nucleus, could not assist in the assembly 
of the Fe-S cluster into Pol3 (Supplementary Fig. 3). Thus, Nfs1, 
and presumably other members of the mitochondrial ISC assembly  
machinery19, need to operate inside mitochondria to support Fe-S 
cluster insertion into polymerases. This finding shows, surprisingly, 
that mitochondria are essential for nuclear DNA replication, presum-
ably because they act as sulfur donors for the DNA polymerase Fe-S 
cluster discovered here. This crucial task of mitochondria explains 
their indispensability for cell viability in virtually all eukaryotes and 
may be more basic than even respiration, which is dispensable in 
some organisms19. Interestingly, other steps of eukaryotic DNA and 
RNA metabolism involve Fe-S proteins including factors required 
for ribosome function in protein translation (Rli1), nucleotide 
excision repair and transcription (Rad3, named XPD in humans), 
DNA double strand break repair (FancJ) and chromosome segre-
gation (Chl1)19. On one hand, the involvement of these proteins 
may explain the role of mitochondrial function in several DNA  
metabolism–related, neurodegenerative and cancer-linked pheno-
types, including nuclear genome instability45. At least a subset of 
these disorders could originate from impaired Fe-S cluster assembly 
on these proteins and on the B-family DNA polymerases. On the 
other hand, the indispensable role of mitochondria in nuclear DNA 
and RNA metabolism suggests that eukaryotes, at some point in 
evolution, became dependent on these endosymbiontic organelles 
to express their genome.

METHODS
Yeast strains and plasmids. Saccharomyces cerevisiae W303-1A (MATa, ura3-1, 
ade2-1, trp1-1, his3-11,15 and leu2-3,112) was used as wild type and as a back-
ground strain for cells with genes under the control of galactose-regulatable 
promoters and/or encoding N- or C-terminally epitope-tagged proteins. 
Details of strains and plasmid constructs are in Supplementary Methods and 
Supplementary Tables 1 and 2.

Expression in E. coli and purification of CTDs. The pASK-IBA43plus plasmids 
(IBA) encoding the C-terminally Strep-tagged CTDs of Pol1, Pol2, Pol3 and Rev3 
were transformed into BL21 E. coli cells. Induction with anhydrotetracycline  
hydrochloride (AHT, 4.3 M) took place at D600 nm of 0.5–0.7, at 30 °C for 16 h. 
Under these conditions, Pol1, Pol2 and Rev3 were totally insoluble. Inclusion  
bodies were solubilized in purification buffer (100 mM Tris-Cl, pH 8.0, 150 mM 
NaCl) containing 8 M urea. For Pol2, 6 M guanidinium hydrochloride was used 
instead of urea. To yield soluble CTDs, an overnight culture of E. coli, HMS174 
(DE3) pLysS transformed with pASK-IBA43plus encoding the C-terminally  
Strep-tagged CTDs of Pol1, Pol2, Pol3 or Rev3 was diluted 100-fold into Terrific 
broth (24 g of yeast extract, 12 g of bactotryptone, 4 ml of glycerol, 12.5 g K2HPO4 
and 2.31 g of KH2PO4 per liter) containing 3% (v/v) ethanol and was allowed to 
grow to a D600 nm of 0.5 at 37 °C. The cultures were cooled down to 20 °C (~30 min), 
and benzyl alcohol (0.1 % v/v), betaine hydrochloride (1 mM), FeCl3 (50 M) and 
l-cysteine (100 M) were added, followed by AHT. After ~16 h of expression at 
20 °C, the cells were harvested and resuspended in anaerobic purification buffer. 
All subsequent steps were conducted in an anaerobic chamber (Coy), maintaining 
samples at 4 °C. The cell suspension was treated with 0.5 mg lysozyme per gram 
of cells for 30 min and was disrupted by sonication (three 30-s bursts, with 1-min 
cooling periods). After centrifugation at 100,000g for 45 min, the supernatant was 
mixed with one-tenth of its volume of high-capacity Strep-Tactin agarose (IBA) 
and homogenized for 1 h. The slurry was poured into a column and washed with 
10 bed volumes of cold purification buffer, followed by elution with the same 
buffer containing 2 mM desthiobiotin. The proteins were analyzed by UV-vis 
spectroscopy and were frozen for EPR spectroscopy immediately after purification. 
For chemical analysis and SDS-PAGE, samples were shock-frozen and stored 
at −80 °C.

Purification of yeast Pol  from yeast cells. Pol  was purified from a yeast  
overproduction system46. POL3 containing a cleavable N-terminal GST-purification 
tag, POL31 and POL32 were overexpressed from the galactose-inducible GAL1-10 
promoter in protease-deficient strain BJ2168 (MATa, ura3-52, trp1-289, leu2-3,112, 
prb1-1122, prc1-407, pep4-3). After affinity purification on glutathione beads and 
removal of the GST tag by rhinoviral 3C protease, the preparation was further  
purified on a MonoS column. The SDS-PAGE shown in Figure 4a and 
Supplementary Figure 11c is of the MonoS eluates. Single and double cysteine- 
to-serine mutants were made using the QuikChange (Stratagene) protocol. 
Mutants were subjected to the same purification protocol. Because GST-tagged 
Pol3 was used for affinity purification, the presence of Pol31 and Pol32 in the  
Pol3-CysA mutant preparation and their absence from the Pol3-CysB mutant  
preparation indicates retention and defect in Pol3-Pol31 interactions in the 
mutants, respectively. After concentration to >2 mg ml−1 using Centricon filters, 
preparations of the wild-type and the CysA mutant, but not of the CysB mutant, 
showed an olive-yellow color. The Pol3 catalytic subunit on its own was prepared 
as described above, but after overexpression using only the pBL335 plasmid in 
BJ2168. The yield was invariably low, and the protein was aggregation prone. 
Contaminating three-subunit enzyme was removed by two consecutive MonoS  
column steps (the single Pol3 subunit elutes before Pol ). Pol  preparations  
with Pol32- PIP containing either the wild-type or CysA form of Pol3 were  
overproduced in strain PY117 (MATa, ura3-52, trp1-289, leu2-3,112, his3-11,15, 
prb1-1122, pep4-3, pol32- ::HIS3), a pol32  derivative of BJ2168 (ref. 33).  
Complex purification was performed in the same way as for wild-type.

Single-strand DNA replication assays. PCNA, RFC and RPA were purified as 
described47–49. Assays (60 l) contained 20 mM Tris-HCl pH 7.8, 1 mM DTT,  
100 g ml−1 bovine serum albumin, 8 mM magnesium acetate, 0.5 mM ATP,  
100 M each of dCTP, dGTP and dTTP, 10 M of [ -32P]dATP, 100 mM NaCl, 
2 nM of singly primed (36 base pairs, complementary to nucleotides 6330–6295) 
single-stranded M13mp18 DNA, 500 nM of RPA and 5 nM of PCNA (or PCNA 
concentration indicated in Fig. 5). PCNA was loaded onto the primed DNA by 
incubation with 5 nM RFC at 30 °C for 1 min, and replication was started by  
adding (mutant) Pol  or Pol3. Aliquots (18 l) were taken at various time points, 
and replication was stopped by the addition of 2 l 100 mM EDTA and 3% SDS. 
After incubating at 50 °C for 10 min, 45 l of precipitation solution (2.5 M  
ammonium acetate, 20 g ml−1 sonicated salmon sperm DNA, 1 mM EDTA and 
0.05 mg ml−1 linear acrylamide (Ambion Technologies)) was added, followed by 
ethanol precipitation. The dissolved pellet was analyzed by electrophoresis on a 1% 
alkaline agarose gel. Gels were dried and documented by PhosphorImager analysis 
(GE Healthcare).

EPR and UV-vis spectroscopy. EPR spectra were recorded with a Bruker EMX-6/1 
X-band spectrometer containing an ER-041 XG microwave bridge, ER-041-1161 
frequency counter, EMX-1101 power supply, ER-070 magnet, EMX-032T Hall 
field probe, ER-4102 Universal TE102 rectangular cavity and Oxford Instruments 
helium flow cryostat ESR-900. Data acquisition and manipulation were performed 
with the Bruker WINEPR software. For spin quantification, 1 mM CuSO4 in 2 M  
NaClO4 and 10 mM HCl was used. UV-vis spectra were recorded on a Jasco V-550 
spectrophotometer. For EPR and UV-vis spectroscopy, the proteins were in anaerobic  
purification buffer and treated with sodium dithionite (2 mM) or potassium  
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ferricyanide (2 mM) when applicable. Samples were transferred inside the  
anaerobic chamber to stoppered anaerobic quartz cuvettes (Hellma) or Ilmasil-PN 
high-purity quartz EPR tubes. EPR samples were capped with rubber seals and 
shock-frozen outside the anaerobic chamber in liquid nitrogen.

Additional methods. 55Fe incorporation, cloning, yeast two-hybrid analysis, 
cysteine mutagenesis, and chemical analysis of iron and acid-labile sulfide are 
described in the Supplementary Methods. 
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Supplementary Figure 1. Eukaryotic B-family DNA polymerases contain eight conserved cysteine 
residues in their C-terminal domain (CTD). a, Schematic representation of the Saccharomyces 
cerevisiae B-family DNA polymerases with amino acid positions demarking the CTDs (in brown). b, 
Amino acid sequence alignment of the CTDs shows two motifs of four cysteine residues, CysA and 
CysB which are involved in metal binding. Abbreviations: Saccer, S. cerevisiae; Schpom, 
Schizosaccharomyces pombe; Homsap, Homo sapiens; Dromel, Drosophila melanogaster; Caeele, 
Caenorhabditis elegans. Cysteine residues which are considered to coordinate metal ions have been 
highlighted in red, other cysteine residues in grey. 
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Supplementary Figure 2. Immunoblots for the indicated (tagged) proteins in the cell extracts subjected 

to 55Fe incorporation in Figure 1a. Proteins were visualized by immunostaining using specific antibodies 

and chemiluminescence detection by a CCD camera. Hatched boxes denote areas of particular interest 

(target of immunoprecipitation or protein depleted). The positions of molecular mass markers are 

indicated. 
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Supplementary Figure 3. A cytosolic version of cysteine desulfurase Nfs1 does not support Fe-S 

cluster assembly on Pol3-Myc. Gal-NFS1 cells with the NFS1 gene under the control of the GAL1-10 

(Gal) promoter were transformed with a plasmid (+) encoding a cytosolic form1 of Nfs1 (lacking amino 

acid residues 1-94, ΔMTS-Nfs1) or with an empty plasmid (-). a, 55Fe radiolabelling and 

immunoprecipitation was performed as in Fig. 1 using wild-type cells (Ctr) or the indicated Gal-NFS1 

cells carrying genomically Myc-tagged Pol3. The data for wild-type cells and the galactose bar 

correspond to Fig. 1a in the main text. b, Cell extracts from a were analyzed by immunoblotting to show 

the presence of Pol3-Myc, the depletion of mitochondrial Nfs1, and the synthesis of the slightly shorter 

ΔMTS-Nfs1 protein. Error bars, s.d. (n ≥ 3). 
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Supplementary Figure 4. Depletion of the cytosolic CIA protein Nar1 leads to loss of radioactive 
iron associated with Pol3-Myc. a, 55Fe radiolabelling and immunoprecipitation was performed as in 
Fig. 1 using wild-type cell extracts (Ctr), or extracts from wild-type (WT) and Gal-NAR1 cells carrying 
genomically Myc-tagged Pol3. Gal-NAR1 cells express the NAR1 gene under the control of the GAL1-
10 (Gal) promoter. The data for Ctr and WT correspond to Fig. 1a in the main text. b, Immunoblots of 
cell extracts from a. The indicated (tagged) proteins were visualized by immunostaining using specific 
antibodies and chemiluminescence detection by a CCD camera. The positions of molecular mass 
markers are indicated. Error bars, s.d. (n ≥ 3). 
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[4Fe-4S] cluster-containing primase subunit Pri2. a, 55Fe radiolabelling and immunoprecipitation was 
performed as in Fig. 1 using wild-type cells (Ctr) or a yeast strain with genomically integrated Pol1-
Myc/HA-Pri2. Cells were grown in iron-free SC medium supplemented with galactose. b, Co-
immunoprecipitation of HA-Pri2 and Pol1-Myc with anti-HA or anti-Myc beads. The strains described 
in a were grown on regular SC medium supplemented with galactose and lysates were prepared with 
glass beads (Input). After centrifugation, the obtained supernatants were separated into two aliquots and 
incubated with anti-HA or anti-Myc agarose beads. The beads were washed (IP-HA and IP-Myc) and 
analyzed by SDS-PAGE and immunoblotting using the indicated monoclonal antibodies. Bands labeled 
heavy and light chain are cross-reactive IgG subunits released from beads. The intensity of the HA-Pri2 
band in the Myc beads was 20% of the same band in the HA beads (boxed bands in left blot) as 
quantified from the chemiluminescence recording of the CCD camera. Error bars, s.d. (n ≥ 3). 
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Supplementary Figure 8. Immunostaining for the Pol3-CTD 55Fe incorporation experiment at 
endogenous Pol31 level and comparison of CTD and accessory subunit levels after over-
expression. a, HA-Pol3-CTDs in cell extracts were visualized by immunostaining using specific 
antibodies and chemiluminescence detection by a CCD camera. Nomenclature corresponds to Fig. 2, 
samples are from the light olive-green bars in Fig. 2. b, Idem, but with comparison of HA-Pol3-CTD 
and Pol31 upon Pol31 over-expression (Pol31↑), c, d Full-size immunoblots corresponding to the 
cropped data (hatched boxes) shown in Figure 2a and 2b, respectively. The positions of molecular mass 
markers are indicated. 
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Supplementary Figure 10. UV-Vis spectrum of soluble purified Pol1-CTD. Pol1-CTD was purified 
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Supplementary Figure 11. Pol δ and Pol3 protein preparations used in this study. a, Overview of 
(mutant) Pol δ complexes used in Figs. 4 and 5. b, Scheme for overexpression (arrows indicate 
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purified proteins visualized by colloidal Coomassie staining. Fig. 4a in the main article contains cropped 
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Supplementary Figure 13. Basal DNA polymerase activity of Pol δ is unaffected by CTD 

mutations. The assay measures incorporation of dNTPs into activated salmon sperm DNA as 

described2. Note that the activity of the single Pol3 enzyme (lacking Pol31 and Pol32) is somewhat 

lower. We ascribe this to its tendency to aggregation. Error bars, s.d. (n ≥ 3). 
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Supplementary Figure 14. Outline of the assay for processive DNA replication. The black circle 

represents single-stranded M13mp18 DNA primed with a 36 bp oligonucleotide (short red line) which is 

complementary to nucleotides 6330–6295. Polymerase replicates the single strand by extension of the 

primer with 32P-dNTPs to form double-stranded DNA with a single nick. Formation of the radioactive 

strand (red) is subsequently detected by alkaline agarose gel electrophoresis and phosphorimaging (see 

Fig. 5 a and b). 
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Supplementary Table 1. Yeast strains used in this study. 

Strain name Background 
strain 

Template for PCR 
(marker) 

Tag and/or promoter 
introduced into genome 

Source 

Gal-NFS1 W303 pFA (His) GAL1-10 promoter 3

Gal-NBP35 W303 pFA (His) GAL1-10 promoter 4

Gal-NAR1 W303 pFA (His) GAL1-10 promoter 5

Pol1-Myc W303 pYM19 (His) C-terminal 9xMyc this study 

Pol2-Myc W303 pYM19 (His) C-terminal 9xMyc this study 

Pol3-Myc W303 pYM21 (Nat) C-terminal 9xMyc this study 

Rev3-Myc W303 pYM19 (His) C-terminal 9xMyc this study 

TFIIIA-Myc Gal-NFS1 pYM21 (Nat) C-terminal 9xMyc this study 

Gal-NFS1 Pol1-Myc Pol1-Myc pYM-N23 (Nat) GAL1-10 promoter this study 

Gal-NBP35 Pol1-Myc Pol1-Myc pYM-N23 (Nat) GAL1-10 promoter this study 

Gal-NFS1 Pol2-Myc Pol2-Myc pYM-N23 (Nat) GAL1-10 promoter this study 

Gal-NBP35 Pol2-Myc Pol2-Myc pYM-N23 (Nat) GAL1-10 promoter this study 

Gal-NFS1 Pol3-Myc Gal-NFS1 pYM21 (Nat) GAL1-10 promoter this study 

Gal-NBP35 Pol3-Myc Gal-NBP35 pYM21 (Nat) GAL1-10 promoter this study 

Gal-NAR1 Pol3-Myc Gal-NAR1 pYM21 (Nat) GAL1-10 promoter this study 

GalL-HA-Pri2 W303 pYM-N28 (Nat) GALL promoter & 

N-terminal 3xHA

this study 

HA-Pri2 GalL-HA-Pri2 See text Loss of GALL promoter this study 

HA-Pri2 Pol1-Myc HA-Pri2 pYM21 (Nat) C-terminal 9xMyc this study 

Abbreviations: pFA, pFA6a-HIS3MX6-Gal1-10; His, Kluyveromyces lactis His3; for pYM plasmids 

see6; Nat, nourseothricin acetyl transferase. TFIIIA is Transcription Factor IIIA (systematic name Pzf1). 
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Supplementary Table 2. Plasmids used in this study. 

Plasmid (promoter) Encoding protein Tag and position Use 

416 (MET25) 

Pol3-CTD 3HA N 55Fe incorporation 

Rev3-CTD 3HA N 55Fe incorporation 

Pol1-CTD 3HA N 55Fe incorporation 

Pol2-CTD 3HA N 55Fe incorporation 

Pol3-CTD C1009A 3HA N 55Fe incorporation 

Pol3-CTD C1012A 3HA N 55Fe incorporation 

Pol3-CTD C1024A 3HA N 55Fe incorporation 
Pol3-CTD C1027A 3HA N 55Fe incorporation 
Pol3-CTD 
C1012A/C1027A 3HA N 55Fe incorporation 
Pol3-CTD C1056A 3HA N 55Fe incorporation 
Pol3-CTD C1059A 3HA N 55Fe incorporation 
Pol3-CTD C1069A 3HA N 55Fe incorporation 
Pol3-CTD C1074A 3HA N 55Fe incorporation 
Pol3-CTD 
C1059A/C1074A 3HA N 55Fe incorporation 
ΔMTS-Nfs1 none 55Fe incorporation 

424 (TDH) 

Pol12 3Myc C Co-expression with Pol1-CTD 

Dpb2 3Myc C Co-expression with Pol2-CTD 

Pol31 none Co-expression with Pol3-CTD 

Rev7 3Myc C Co-expression with Rev3-CTD 

pASK-IBA43plus 

(TET) 

Pol1-CTD Strep C Protein expression in E.coli 
Pol2-CTD Strep C Protein expression in E.coli 
Pol3-CTD Strep C Protein expression in E.coli 
Rev3-CTD Strep C Protein expression in E.coli 

pBL335 (Gal1-10) GST-Pol3 GST N Protein expression in yeast 

pBL341 (Gal1-10) Pol31 and Pol32 none Protein expression in yeast 

pBL322 (ADH) Pol3 (mutants) LexADBD N Two-hybrid analysis 

pBL364 (ADH) Pol31 GAL4AD N Two-hybrid analysis 

Abbreviations: N, N-terminal; C, C-terminal; LexADBD, bacterial LexA DNA-binding domain; GAL4AD, yeast 

GAL4 activating domain. ΔMTS-Nfs1 is Nfs1 lacking amino acids 1-941. 
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Supplementary Methods 
 

Yeast strains and genetic manipulation. Cassettes for the introduction of promoter sequences were 

amplified from pFA6a-HIS3MX6-Gal1-107, pYM-N23 or pYM-N27 templates6. pYM19 or pYM21 

were used as template for C-terminal fusion of polymerase proteins with a nona-Myc tag sequence6. For 

these strains constructs the endogenous promoters remained unchanged. Exchange of the endogenous 

promoter for the GalL promoter with concomitant introduction of an N-terminal triple HA epitope tag 

for the construction of the GalL-HA-Pri2 strain was achieved with the pYM-N28 template6. Primers 

contained 20 nucleotides of the template plasmid and 50 nucleotides corresponding to the relevant 

genomic region used for homologous recombination. GalL-HA-Pri2 was converted to a strain with N-

terminally tagged Pri2 under control of its natural promoter by homologous recombination and selection 

on glucose supplemented medium8. The fragment for recombination was obtained by PCR amplification 

of wild-type DNA with a promoter primer and the reverse complement of the 20 nucleotides directly 5’ 

of the start ATG and 50 nucleotides encoding the HA tag. A complete list of strains and plasmids is 

presented in Supplementary Tables 1 and 2, respectively. Cells were grown in rich (YP) or minimal (SC) 

media at 30°C, containing the required carbon sources at a concentration of 2 % (w/v) and appropriate 

auxotrophic markers9. 

 

Cloning and cysteine mutagenesis of polymerase CTDs. A PCR fragment from pYM-N286 encoding 

an N-terminal triple HA tag was amplified with primers which added XbaI and SpeI restriction sites. 

The cut fragment was cloned into an XbaI-digested p416 plasmid with Met25 promoter. Sequencing 

identified a clone with the correct orientation (p416-Met25-3HA). The coding regions of the CTDs of 

Pol3 (amino acids 982-1097), Rev3 (amino acids 1374-1504) Pol1, (amino acids 1262-1468) and Pol2 

(amino acids 2084-2222) were PCR amplified from yeast chromosomal DNA with primers adding SpeI 
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(all) and EcoRI (Pol3 and Rev3) or HindIII (Pol1 and Pol2) restriction sites. After digestion, these 

fragments were cloned into the corresponding sites of p416-Met25-3HA. Pol3-CTD cysteine 

mutagenesis (see Supplementary Table 2 for plasmids) was carried out in p416-Met25-3HA-Pol3-CTD 

as template with primer design as described by Zheng et al.10. The Watcut tool 

(http://watcut.uwaterloo.ca/) from Michael Palmer (University of Waterloo, Canada) was used to 

introduce restriction sites with silent mutations. The coding regions of Pol31, Pol12, Dpb2 and Rev7 

were PCR amplified from yeast chromosomal DNA with primers adding SpeI (all) and EcoRI (Pol31) or 

SalI (all other) restriction sites. After digestion, these fragments were cloned into the corresponding sites 

of p424-TDH (Pol31) or p424-TDH-3Myc (all other). The latter vector was prepared by cloning a 

fragment which was obtained by PCR amplification with primers adding SalI and XhoI restriction sites 

to the C-terminal 3Myc encoding region of pYM196 into p424-TDH. 

Regions coding for the natural C terminus of the B-family polymerases were cloned into the NheI and 

NcoI restriction sites of pASK-IBA43-plus after amplification from yeast chromosomal DNA. This 

vector supplies a C-terminal Strep-tag. The constructs encompassed the following amino acids: Pol1, 

1262-1468; Pol2, 2084-2222; Pol3, 982-1097 and Rev3, 1374-1504. All constructs and mutations were 

confirmed by DNA sequencing. 

55Fe incorporation into yeast proteins. The yeast strains listed in Supplementary Table 1 were grown 

in regular SC medium for 24 h, followed by growth in iron-free SC medium for 16 h. Depletion in 

glucose-containing medium led to less than 11 % decrease in cellular growth (wet cell mass) compared 

to wild-type cells. After washing with de-ionized water, cells (∼0.5 g) were incubated for 2 h with 

55FeCl3 in iron-free SC medium. From this point onwards all steps were carried out below 4°C. Cells 

were collected by centrifugation and resuspended in an equal volume of TNETG buffer [10 mM Tris-
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HCl pH 7.4, 150 mM NaCl, 2.5 mM EDTA, 0.5 % (v/v) Triton X-100, 10% (v/v) glycerol] with 2 mM 

PMSF and complete protease inhibitor tablets (Roche). Disruption of the cells was achieved by 

vortexing with glass beads in three one-min bursts, alternated with cooling on ice for 1 min. Cell debris 

were removed by centrifugation (1,500×g, 5 min), followed by clarification of the supernatant by 

centrifugation at 13,000×g for 12 min. Aliquots of 200 µl were incubated in 1.5 ml vials for 1 h with 20 

µl suspension of agarose beads with coupled anti-Myc or anti-HA antibodies (Santa Cruz). After three 

washes with 0.5 ml TNTEG buffer, the beads were dispersed in 1 ml scintillation fluid and the amount 

of protein-associated 55Fe was measured by scintillation counting (LS 6500, Beckman Coulter Inc.). 

Presence of tagged proteins and/or depletion of proteins in the cell extracts were confirmed by SDS-

PAGE and immunostaining analysis of aliquots taken before immunoprecipitation. Monoclonal 

antibodies against Myc or HA epitopes were from Santa Cruz. Polyclonal antibodies against yeast Nfs1, 

Nbp35, Nar1, Porin, Pol31 and Pol32 proteins were raised in rabbits in our laboratories. 

Yeast two-hybrid analysis. The interaction of the Pol3-CysB mutants with Pol31 was analyzed by 

yeast two-hybrid assays carried out in strain L40 (MATa, his3-∆200, trp1-901, leu2-3,112, ade2, 

LYS2::(lexAop)4-HIS3, URA3::(lexAop)8-lacZ) as described before2. Pol3-Pol31 interactions were 

measured using plasmid pBL322 (LexADBD-POL3 in 2µ vector pBTM116 with TRP1 marker) or its 

corresponding CysA (C1012S, C1027S) or CysB (C1059S, C1074S) mutants, and plasmid pBL364 

(GAL4AD-POL31 in 2µ vector pACT2 with LEU2 marker). Quantitative β-galactosidase assays were 

carried out in triplicate and were corrected for the background obtained in absence of the pBL364 

plasmid. 
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Chemical analysis. Non-heme iron bound to protein was determined by colorimetry with the iron 

chelator Ferene11. Iron in (mutant) yeast Pol δ preparations was determined with the chelator 2-(5-nitro-

2-pyridylazo)-5-(N-propyl-N-sulfopropylamine)phenol (nitro-PAPS)12. Quantitative release of iron ions

from polymerase (25 µl) was effected by addition of 125 µl of 7 M guanidine hydrochloride, 0.4 M 

sodium acetate, 100 mM sodium thioglycolate at pH 4.3. After denaturation 75 µl water and 25 µl 1 mM 

nitro-PAPS were added. Spectra of the samples (200 µl) were recorded in flat bottom Greiner 96 well 

microtiter plates. The low pH value, wavelength (690 nm minus background at 900 nm) and presence of 

thioglycolate eliminated interference of other metal ions. 

Acid-labile sulfide content was measured11 by formation of methylene blue (absorbing at 670 nm) from 

the reaction of N,N’-dimethyl-p-phenylenediamine with H2S and excess FeCl3. Standardization was 

carried out with freshly purchased Li2S. This method is highly specific for acid-labile sulfide and does 

not give a response with commonly encountered sulfur compounds including protein-bound cysteine or 

methionine13. The same method was downscaled 4-fold for determination of S2- in microtiter plates (200 

µl sample volume) and to confirm by visible spectroscopy that methylene blue was produced. 

Protein concentrations for assays, Fe/S analysis and calculation of extinction coefficients were 

determined by the Bradford method, using bovine serum albumin as standard. The protein quantities 

were insufficient for extensive quantification with quantitative amino acid analysis or the biuret method. 

Metal and sulfide contents could therefore be influenced by small differences [∼20 %]14 in the relative 

extent of color development of Pol δ and CTDs in comparison to the bovine serum albumin standard. 

Statistical analysis. All quoted values have standard deviations (error bars in figures) calculated for at 

least three independent experiments. Significant means that values differ from the control or blank 

according to non-paired Student’s t-test (P < 0.05). 
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ABSTRACT 

In budding yeast, DNA polymerase delta (Pol δ) is responsible for elongation and maturation of 

Okazaki fragments on the lagging strand of the replication fork. The C-terminal domain of Pol3, the 

catalytic subunit of Pol δ, contains two metal ion centers necessary for interaction with the Pol δ 

accessory subunits and the processivity clamp PCNA. One of these, the CysA Zn-ribbon motif, is 

required for PCNA-dependent processivity. A pol3-cysA mutation is lethal in budding yeast. We have 

identified two PCNA mutants that suppress –cysA lethality. Following is a characterization of the 

genetic and biochemical activities of these two suppressor mutants. 
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INTRODUCTION 

In eukaryotes, each of the replicative DNA polymerases are members of the B-family 

polymerases, classified as such according to the structure of their catalytic domain1. These 

polymerases are necessary for replicating the genome during each cell cycle, faithfully transmitting 

genomic information from the parent to daughter cells. The three B-family DNA polymerases that 

participate in eukaryotic DNA replication are Pol α, Pol δ, and Pol ε2. Current genetic and biochemical 

evidence supports the following model: the Pol α-primase complex initiates replication on both the 

leading and lagging strand, in the latter case initiating each of the many Okazaki fragments that are 

extended on the lagging strand. The majority of the DNA synthesis is performed by Pol ε and Pol δ, 

replicating on the leading and lagging strands, respectively3,4.  

B-family DNA polymerases are found in bacteria, archaea, and in both bacterial and eukaryotic

DNA-based viruses, in addition to eukaryotes1,5,6. All B-family enzymes contain three large domains, 

the classical polymerase domain, the 3’-5’ exonuclease domain (which is present but not active in all 

members), and an N-terminal domain (NTD) of currently unknown function. What separates the 

eukaryotic B-family polymerases from others is their formation of multi-subunit polymerase 

complexes, consisting of a single polymerase subunit and additional accessory subunits. The 

eukaryotic B-family polymerases contain an additional, small C-terminal domain (CTD) within the 

polymerase subunit that mediates interactions with these accessory subunits.  

The CTDs of the eukaryotic enzymes are highly conserved in sequence, suggesting a common 

structure. The crystal structure of the CTD from Pol α shows an elongated, bilobal form, in which the 

two lobes are connected by a three-helix bundle7. Each lobe contains four conserved cysteines. In all 

four polymerases, the N-terminal 4-cysteine lobe binds zinc, while the C-terminal 4-cysteine lobe has 

been proposed to ligand an iron-sulfur cluster in the [4Fe-4S]2+ coordination state. The CTDs are 

responsible for binding the accessory subunits of the multi-subunit DNA polymerase.  

 How the metal-ion binding motifs in the CTDs affect polymerase function is best understood in 

the case of the S. cerevisiae DNA polymerase δ. In this polymerase, the N-terminal 4-cysteine lobe 

(binding zinc) has been termed the CysA motif, and the C-terminal 4-cysteine lobe (binding an iron-

sulfur cluster) has been termed the CysB motif. This polymerase complex consists of the catalytic 

subunit Pol3 and the accessory subunits Pol31 and Pol32. Interactions between Pol3 and the second 

subunit Pol31 occur through the Pol3 CTD and require an intact iron-sulfur cluster in the CysB 

position. Pol31 then binds the third subunit, Pol32, to form the complete heterotrimeric polymerase 

complex8.  
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The second, zinc-containing, CysA influences the processivity of the Pol δ holoenzyme. Pol δ 

alone is a low-processivity enzyme, replicating only a few nucleotides before dissociating from DNA. 

This is overcome through interactions between Pol δ and the replication clamp proliferating cell 

nuclear antigen (PCNA). This donut-shaped, homotrimeric protein is loaded onto DNA primer-termini 

by the ATP-dependent Replication Factor C (RFC) complex9,10. When loaded, PCNA localizes Pol δ to 

DNA and increases the processivity of the enzyme so that it can replicate hundreds of nucleotides in a 

single DNA-binding event. Pol δ contains PCNA-binding motifs in each of its three subunits8,11,12. 

Within Pol3, functional interaction with PCNA is dependent on an intact zinc-binding motif within the 

Pol3-CTD, in the CysA position. Inability to coordinate metal binding in this position is synthetically 

lethal in yeast, and this polymerase exhibits defects in PCNA-mediated replication in vitro8. Taken 

together, we hypothesize that the CysA mutant defect in processive DNA replication leads to 

incomplete replication on the lagging strand to a degree that cannot be tolerated by the cell.  

This work provided a link between the integrity of the CysA zinc-ribbon motif and the ability of 

Pol δ to processively replicate. We wanted to use this observation to better understand the 

complex interactions that exist between Pol δ and PCNA. With this aim, we sought to identify 

PCNA mutants that suppress the synthetic lethality of pol3-CysA. We hypothesized that such 

mutants may directly modulate the biochemical activity of Pol δ-CysA. In a genetic screen, we 

identified two PCNA mutants capable of suppressing CysA mutation lethality. However, these 

mutants do not appear to act via the mechanism originally hypothesized. While the detailed 

mechanism concerning how these mutants work to suppress CysA lethality still remains unknown, 

these mutants could provide a tool to investigate how PCNA coordinates the general response to 

inefficient replication and replication stress.  

RESULTS 

Identification and characterization of PCNA suppressors of Pol δ-Cys A lethality 

The Zn-ribbon functional group located in the CysA motif of the Pol3 C-terminal domain (CTD) 

is required for functional interactions between the Pol δ holoenzyme and the PCNA sliding clamp. 

When Pol3 contains mutations in just two of the four cysteines that make up the CysA motif, C1012S 

and C1027S, an in vitro PCNA-dependent processivity defect is observed8. Additionally, these 

mutations are synthetically lethal in Saccharomyces cerevisiae, presumably due to difficulties in 

completing DNA replication mediated by PCNA. The polymerase complex containing these two 

mutations will be referred to as Pol δ-CysA. We predict that these two mutations abrogate zinc 

binding, although this has not been shown directly.  
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As the Pol δ-CysA complex exhibits defects in PCNA-mediated replication likely due to 

disrupted interactions between polymerase and PCNA, we hypothesized that these interactions could 

possibly be restored with specific mutations within PCNA. We therefore tested whether mutations in 

POL30, encoding PCNA, might result in amelioration of the binding defect, suppressing pol3-CysA 

lethality. A yeast strain heterozygous for POL3/pol3-CysA was transformed with a heavily 

mutagenized POL30 library. Transformants were plated onto media containing 5-FOA, which evicted 

the wild-type POL3 plasmid, enforcing viability of the pol3-CysA mutant for cell growth. All colonies 

containing potential suppressors were also screened for sensitivity to the replication stress-inducing 

reagent hydroxyurea; we hypothesized that even with a PCNA suppressor, CysA-containing cells 

would still be sensitive to replication stress. From this screen we identified two PCNA suppressor 

mutants that showed equally robust growth, termed pol30-sup1 and pol30-sup2.  

The -sup1 and -sup2 genes contain three and five mutations, respectively (Fig. 1a). They do not 

share any mutations, and do not cluster in a specific region of the PCNA structure. We first sought to 

determine which of the mutations in each suppressor were necessary, and which combinations were 

sufficient for the phenotype. The same 5-FOA plasmid eviction technique was used to assay different 

combinations of suppressor mutations; cells were plated in serial dilutions to visualize growth 

differences. To determine which residue changes were required for the suppression phenotype, each 

mutation position was changed from the isolated suppressor sequence to that of wild-type PCNA, 

which we term reversion mutations (Fig. 1b). In a reciprocal experiment, we added the suppressor 

mutations individually to wild-type PCNA to identify combinations that were sufficient for 

suppression (Fig. 1c).  

We started with an investigation of pol30-sup1, which contains three deviations from the wild-

type sequence, F28L, M119I, and D240A. We observe that only the M119I mutation is absolutely 

required for suppression. Reversion of D240A and F28L exhibit partially suppression phenotypes (Fig. 

1b). Interestingly, adding only the M119I mutation to PCNA yields only slight suppression. Consistent 

with the reversion mutation data, the M119I/D240A double mutant suppresses almost to -sup1 levels, 

while the F28L/M119I still shows weak growth (Fig. 1c). From these data, we infer that the hierarchy 

of mutations in pol30-sup1 is M119I>D240A>F28L.  

The situation with pol30-sup2 is somewhat more complex, stemming from the presence of two 

additional suppressor mutations. The five -sup2 mutations are V40I, F57I, E165G, K196E, and F207I. 

As with -sup1, the reversion mutations show that one residue change in -sup2 is absolutely required, in 

this case V40I. All other single reversions yield intermediate suppression, with the F207I reversion 
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showing less cell growth than the three remaining mutations (Fig. 1b). However, neither of these 

mutations individually or even the V40I/F207I double mutant shows suppression near that of -sup2 

containing all five mutations. It appears that at least one more mutation is needed to gain appreciable, 

if not full, suppression of CysA lethality; introduction of F57I, E165G, or K196E to the V40I/F207I 

pair yields equivalent, intermediate levels of cell growth (Fig. 1c). Due to the sheer number of 

combinations that could be constructed between the five mutations, we did not extend our analysis 

beyond the combination of mutations shown, but it appears to a first approximation that the F57I, 

E165G, and K196E mutations carry equivalent importance to the suppression phenotype. Thus, the 

hierarchy of mutations in pol30-sup2 is V40I>F207I>F57I=E165G=K196E.  

In vitro characterization of PCNA suppressors  

We hypothesized that in vivo suppressors of Pol δ-CysA would restore interactions between the 

polymerase and PCNA, thereby increasing the efficiency of PCNA-mediated replication. To evaluate 

this hypothesis, we introduced the suppressor mutations into purified PCNA to perform in vitro 

replication experiments. First, we tested the ability of both wild-type Pol δ and Pol δ-CysA to replicate 

around a singly-primed, single-stranded DNA circle (Fig. 2a). Prior to reaction initiation with 

polymerase, the DNA was coated with the single-stranded DNA binding protein RPA, and PCNA, 

PCNA-sup1, or PCNA-sup2 was loaded onto the DNA with RFC and ATP. With wild-type Pol 

δ replicating with wild-type PCNA, we observe complete replication around the circular DNA even at

short time points (lanes 1-3). Replication by wild-type Pol δ is not impaired with –sup1, but was

slightly impaired with –sup2 (data not shown). Pol δ-CysA exhibits a PCNA-dependent replication

defect, and at low PCNA levels no full-length product is formed in the 8 min assay (lanes 4-6). This

defect is partially rescued by increasing the PCNA concentration (50 nM, lanes 7-9). Contrary to our

initial hypothesis, neither PCNA–sup1 nor –sup2 stimulated Pol δ-CysA to a level greater than that of

wild-type PCNA. In fact, even less DNA synthesis was observed when the suppressor mutants were

used. This was more pronounced in –sup2 than with –sup1. These in vitro results suggest that the

PCNA suppressors identified in vivo do not act by directly stimulating Pol δ-CysA activity.

With some evidence that the PCNA suppressors do not directly stimulate Pol δ-CysA activity, 

we used a different assay to further test this conclusion. Nick translation is the process by which Pol δ 

and FEN1 cooperate to remove the initiator RNA that is found at the 5’-end of each Okazaki fragment. 

When it reaches a preceding Okazaki fragment, Pol δ displaces the 5’-end of that strand and continues 

replicating, producing a short flap. This flap is cut by FEN1, removing 1-2 nucleotides and moving the 
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nick position. The reiterative action of Pol δ performing strand displacement and FEN1 cutting 

removes all of the initiator RNA so that the resulting DNA nick can be sealed by DNA ligase I. The 

ability of Pol δ to complete this process is dependent on PCNA, as it stabilizes the polymerase while it 

performs strand displacement synthesis.  

This process can be reconstituted in vitro using short oligonucleotide DNA substrates (Fig. 2b). 

In this assay, a 5’-labeled primer is annealed to a template strand to create a template-primer junction 

to be extended by Pol δ. A second, downstream blocking oligonucleotide is also annealed to the 

template to simulate the 5’-end of a preceding Okazaki fragment. Biotin-streptavidin linkages are 

added to both the 5’- and 3’-ends of the template strand in order to facilitate PCNA loading. Prior to 

reaction initiation with Pol δ, PCNA is loaded onto the template with RFC and ATP, and RPA is added 

to coat the single-stranded DNA gap between the primer terminus and the blocking oligonucleotide. 

Following reaction initiation with polymerase, dNTPs, and FEN1, extension of the primer through the 

gap and up to the block occurs rapidly, with further extension of the primer through the blocking 

oligonucleotide evidence of coordinated Pol δ–FEN1 action.  

Control reactions showed that with each Pol δ/PCNA pair, extension of the primer through the 

gap and initial flap formation occurred with similar efficiency (-FEN lanes). Even though the Pol δ-

CysA enzyme exhibits a processivity defect, this is not a factor on such a short gap (20 nucleotides). 

When FEN1 was added to reactions containing both wild-type Pol δ and PCNA, full-length product 

corresponding to full nick translation to the end of the template was observed after 15 seconds. 

Consistent with the PCNA-dependent processivity defect, the Pol δ-CysA enzyme did not perform nick 

translation as efficiently as the wild-type polymerase; an appreciable amount of full-length product 

was observed only after 120 seconds. Consistent with the data in Fig. 2a, we observe that nick 

translation synthesis is still impaired when Pol δ-CysA is paired with pcna–sup1 and –sup2. This 

provides further evidence that the PCNA suppressors identified in vivo do not suppress by stimulating 

Pol δ-CysA activity directly. Different than the replication assay above, measuring replication over 

kilobases of DNA, we do not observe a defect with –sup1 or –sup2 when paired with wild-type Pol δ. 

This is likely because the length of DNA that needs to be replicated to observe full product formation 

in the short oligo assay is much shorter than in Fig. 2a.  

Finally, as a control, we tested whether the defects observed with Pol δ-CysA were indeed a 

result of compromised interactions with PCNA, rather than any intrinsic defect of the mutant 

polymerase. We had previously shown this to be the case for nucleotide incorporation in the absence of 

PCNA8, but wanted to show this in the context of strand displacement synthesis and nick translation. 
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Strand displacement and nick translation assays were performed on the short oligonucleotide DNA 

substrate as described above (Fig. 2b), but now in the absence of PCNA (Fig. 2c). As Pol δ dissociates 

frequently from DNA intermediates under these conditions, these processes occur on a much slower 

timescale. However, for both strand displacement synthesis and nick translation, we observe no 

difference in the activities of wild-type Pol δ and Pol δ-CysA, showing that indeed the source of the in 

vitro Pol δ-CysA defects is diminished interactions with PCNA and not an intrinsic polymerase defect.  

PCNA suppressors can act as sole source of PCNA in vivo  

Due to the unexpected results from the in vitro studies, we returned to genetic studies to learn 

more about how these mutants work in vivo (Fig. 3). Due to the difficulty in constructing yeast strains 

that contain chromosomal deletions for two essential genes, like POL3 and POL30 here, strains in the 

previously described genetic studies were heterozygous for POL30, with the wild-type gene on the 

chromosome and the various mutant constructs on a plasmid. Because of this, the previous experiments 

did not indicate whether cells could tolerate the suppressor mutants as the sole source of PCNA. A 

heterozygous POL30/pol30-suppressor strain was plated onto 5-FOA containing media to evict the 

plasmid containing POL30. It is important to note that this experiment does not involve any 

polymerase mutations; the strain contained only wild-type POL3. Both suppressors (and various 

subsets of the suppressor mutations) were able to serve as the sole source of PCNA, and grew at wild-

type levels on rich media. 

Next, the cells expressing only the suppressor PCNAs were irradiated with DNA-damaging UV 

light or treated with the replication inhibitor hydroxyurea (HU). As a control, pcna-79 was included; 

this gene contains two mutations (L126A, I128A) within the inter-domain connection loop (IDCL) of 

PCNA, which significantly diminishes binding of proteins containing a consensus PCNA-binding 

motif. These mutations are known to confer UV and HU sensitivity. The pol30–sup1 and –sup2 alleles 

showed only slight sensitivity over wild-type POL30 to HU. This sensitivity was less than observed 

with pol30-79, from which we conclude that the presence of the suppressor mutations to not 

substantially alter the cellular response to replication stress.  

The response to UV-irradiation differs from that to HU. Both suppressors are highly sensitive to 

UV as compared to wild-type POL30, and are also more sensitive than the pol30-79 mutant. 

Interestingly, we observe different amounts of growth in cells expressing different subsets of the 

PCNA suppressor mutations. The –sup1 and –sup2 mutants containing the full complement of 

mutations, three and five, respectively, are the most sensitive to irradiation. The sensitivity of the other 
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mutants appears to be inversely related to how well a given mutant suppresses –CysA lethality (Fig. 1). 

For example, with –sup1, the –F28L,M119I mutant that barely suppresses –CysA is not sensitive to UV 

as compared to wild-type. The –M119I,D240A mutant that shows an intermediate suppression 

phenotype shows an intermediate sensitivity to UV. Comparing the data in Fig. 1 and Fig. 3 for –sup2, 

we observe the same phenomenon; mutants that suppress –CysA lethality more extensively are more 

sensitive to UV when serving as sole source of PCNA. The implications of this result will be discussed 

below.  

Discussion and Future Directions 
Using a genetic screen, we identified two independent PCNA mutants that suppressed the 

inviability of cells solely expressing pol3-CysA. Both suppressor mutants contained multiple mutations 

spread across the PCNA structure. Analysis of the individual mutations revealed that each suppressor 

required multiple mutations for the phenotype, and that intermediate phenotypes are observed if only a 

subset of the identified mutations were present.  

We sought to identify genetic suppressors of pol3-CysA because we hypothesized that such 

mutants would provide a greater understanding of how PCNA interacts with the CysA motif region in 

Pol3, under wild-type circumstances. However, such a hypothesis was based on the assumption that 

any isolated PCNA suppressor mutants would directly stimulate the activity of Pol δ-CysA to a greater 

degree than wild-type PCNA. However, this is not what we observe in several in vitro replication 

assays (Fig. 2), and the mechanism of suppression used by pol30–sup1 and –sup2 remains unresolved.  

Given that the suppressors do not directly stimulate Pol δ-CysA activity, we now hypothesize 

that they suppress pol3-CysA lethality by modulating some unidentified pathway that enables a greater 

tolerance of replication stress. We believe that –sup1 and –sup2 are gain-of-function mutants, with 

suppressor mutations possibly conferring greater affinity for a specific binding partner. We come to 

this view because we originally identified the suppressors in a strain that is heterozygous for wild-type 

POL30 and suppressor pol30. If the mutations were loss-of-function mutants, the wild-type PCNA still 

present would likely substitute for any potential lost activity. 

But what specific PCNA client-protein interaction could lead to the suppression phenotype? 

Several possibilities will be discussed here. Post-translational modifications have been shown to 

be important in the response to replication stress. PCNA can be modified with both ubiquitin and 

the related protein SUMO, and both modifications modulate the cellular response to replication 

stress. I will first consider ubiquitination. The major PCNA residue modified with ubiquitin 

is K164. 
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Monoubiquitination of this residue leads to polymerase switching from a replicative polymerase to a 

translesion polymerase when the replisome encounters a DNA lesion. This mechanism of bypass is 

error-prone because the translesion polymerases have a low fidelity. Polyubiquitination of the same 

lysine is linked to error-free bypass mechanisms. Specifically how this occurs remains unresolved; it is 

hypothesized that polyubiquitination disrupts the replisome in some manner, allowing for either 

template switching or replication restart following re-priming on the blocked strand13,14.

These pathways are good candidates for future study because of the modification site, K164. In 

–sup2 most notably, residues involved in suppression (like E165G and K196E) are located adjacent to 

the ubiquitination site. Since Pol δ-CysA exhibits a processivity defect, it could lead to fork stalling 

and incomplete replication in vivo, requiring fork restoration mechanisms. Thus, it may be more likely 

that the PCNA suppressors modulate the polyubiquitination pathway, up-regulating the template-

switching or replication restart mechanism. This could be addressed by directly examining the type of 

PCNA modifications present in cells expressing the PCNA suppressors, and their levels. Additionally, 

if modulation of PCNA modification were indeed linked to the suppression phenotype, we would 

hypothesize that particular enzymes required for PCNA modification would also be required for 

suppression. The group of enzymes involved in PCNA ubiquitination is collectively known as the 

RAD6 pathway. Deleting genes from this pathway may prevent suppression if these modifications are 

indeed required. Additionally, this hypothesis may be consistent with the increased UV sensitivity 

observed with the PCNA suppressors (Fig. 3). If the suppressor mutations lead to an accumulation of a 

particular PCNA modification (like polyubiquitination), this may come with the consequence that 

other pathways are down-regulated, like the PCNA monoubiquitination that would aid in bypass of 

UV-induced lesions.

PCNA can also be modified with SUMO, on both K164 and K127. Sumolylation of PCNA 

recruits the anti-recombination helicase Srs2. Reviving stalled replication forks by recombination can 

be disadvantageous for cells because it leads to deleterious gross chromosomal rearrangements in some 

circumstances. By resolving recombination structures before the process is complete, Srs2 prevents 

these potentially dangerous rearrangements from occurring. Once again, it is likely that Pol δ-CysA 

causes replication stalling, and these collapsed forks could lead to ill-advised recombination. If such 

events cause the lethality of –CysA cells, up-regulation of PCNA sumoylation and subsequent Srs2 

recruitment could yield the suppression phenotype.  

Because of the sheer number of PCNA interacting proteins, it is possible that the pathways 

discussed above are not involved in the –cysA suppression mechanism. A more wide-ranging approach 
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to the problem would be to generally examine what is occurring in the cells growing in the presence of 

Pol δ-CysA and the PCNA suppressors. Possible avenues for examination include: levels of activation 

of the replication stress checkpoint, examining the rate of spontaneous mutagenesis (would indicate 

whether translesion polymerases are implicated), or measuring the rate of recombination and/or 

genomic rearrangements. Such assays may provide a better indication of which genome maintenance 

pathway is involved in suppression, thus allowing a more informed view of which specific PCNA-

binding protein(s) lead to this phenotype.   
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Figure 1. Identification and characterization of PCNA suppressors. (a) Positions of suppressor 
mutations on PCNA structure (PDB ID:1PLR)9. Residues colored magenta belong to pcna-sup1, and 
those in green belong to pcna-sup2. For reference, two residues within the Inter-domain connection 
loop are colored yellow (L126A, I128A); this is where PIP-box containing proteins bind PCNA. (b,c) 
Serial ten-fold dilutions of a pol3Δ strain containing three plasmids: 1, pBL304 (URA3, POL3); 2, 
pBL309-CysA (TRP1, pol3-cysA); 3, pBL249 (LEU2, POL30, pol30-sup1, pol30-sup2 or subsets of 
mutations). Growth on FOA indicates that pol3-cysA supports growth, but only when appropriate 
POL30 suppressors are present. In b, reversion mutations are shown, starting with the full complement 
of mutations and reverting them to wild-type individually. In c, forward mutations in POL30 are 
shown.  
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Fig. 2. Biochemical characterization of PCNA suppressors. (a) Alkaline agarose gel electrophoresis 
of replication products generated with purified proteins as indicated. Single primed mp18 DNA was 
coated with RPA; 5 or 50 nM PCNA, pcna-sup1, or pcna-sup2 was loaded with RFC and ATP. 
Reactions were initiated by addition of 12 nM Pol δ or Pol δ-CysA together with dNTPs. Size markers 
are indicated on left. (b) Urea-PAGE analysis of nick translation assays performed on an 
oligonucleotide substrate. A 5’-labeled primer and blocking oligonucleotide simulating an Okazaki 
fragment were annealed to a template oligo, leaving a 20 nucleotide gap. The template was coated with 
RPA and PCNA was loaded with RFC and ATP. Reactions were initiated with Pol δ or Pol δ-CysA 
with or without FEN1. The unextended primer, nick position (showing extension through the gap), and 
fully extended product to the end of the template are denoted on left. (c) Urea-PAGE analysis of strand 
displacement and nick translation products. Reactions were performed as in b but in the absence of 
PCNA, RFC, and ATP.  
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Fig. 3. PCNA suppressor mutants can serve as sole source of PCNA. Serial ten-fold dilutions of a 
pol30Δ strain containing pBL249 (LEU2, POL30, pol30-sup1, or pol30-sup2, or a subset of 
mutations). Cells were plated after treatment with 5-FOA to evict a plasmid encoding wild-type 
POL30. They were either plated on rich media (YPDA) with or without UV irradiation, or onto YPDA 
containing 50 mM HU.  
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EXPERIMENTAL PROCEDURES 
Proteins: RPA15, PCNA and suppressor mutants16, RFC17, and FEN118 were purified from E. coli 
overexpression systems, while Pol δ and Pol δ-CysA were purified from yeast overexpression systems19.  

Single-stranded DNA replication assays: Assays contained 20 mM Tris-HCl pH 7.8, 1 mM DTT, 100 mg/ml 
bovine serum albumin, 8 mM magnesium acetate, 0.5 mM ATP, 100 mM each of dCTP, dATP, and dTTP, 10 
mM of [α-32P]dGTP, 100 mM NaCl, 1.5 nM singly-primed SKII DNA, 150 nM RPA, and 5 or 50 nM of PCNA 
or suppressor PCNA. PCNA was loaded onto the primed DNA by incubation with 5 nM RFC at 30 °C for 1.5 
min prior to reaction initiation. Reactions were initiated by addition of 12 nM Pol δ or Pol δ-CysA. Aliquots 
were taken at various time points and stopped with 50 mM EDTA and 0.2% SDS, final concentration. Reactions 
were resolved on a 0.8% alkaline agarose gel. Gels were dried and documented by PhosphorImager analysis 
(GE Healthcare).  

Oligonucleotide DNA templates: All oligos were ordered from Integrated DNA Technologies, either HPLC or 
PAGE purified. Template for biochemical experiments was made by annealing primer and block to template in 
0.9:1:3, primer:template:block ratio. Annealing was performed in 100 mM NaCl by heating oligonucleotides to 
80 °C and cooling slowly to room temperature. Primer was labeled at the 5’-end with 32P-γ-ATP by 
Polynucleotide Kinase (New England Biolabs) for visualization. After hybridization, streptavidin was added in 
2-fold molar excess to template- primer substrates. DNA concentrations in replication assays were calculated
according to the labeled oligonucleotide concentration. Template strands contained 5’- and 3’-biotins so that
there were biotin- streptavidin linkages at both ends of the template.

2BioV25-Template 5’-Biotin-TTC CTT CAA CCA GCT TAC CTT CTT CCT TTT TTT 
TTT TTT TTT TTT TGG TTA CCT TCA ATG TCA TGC TCG CGC 
TGA-Biotin-3’ 

PriC25-Primer 5’-TCA GCG CGA GCA TGA CAT TGA AGG TAA CC-3’ 

BloC25-Block 5’-Phos-rGrGrA rArGrA rArGG TAA GCT GGT TGA AGG A-3’ 

Strand displacement and nick translation assays: Replication experiments were performed in a buffer 
containing 20 mM Tris-HCl pH 7.8, 1 mM Dithiothreitol, 200 µg/ml bovine serum albumin, 8 mM Mg(OAc)2, 
and 100 mM NaCl. Reaction conditions were: 5 nM DNA template, 12.5 nM PCNA or suppressor mutant, 10 
nM RPA, 5 nM RFC, 500 µM ATP, 25 nM Pol δ or Pol δ-CysA, 40 nM FEN1, and 100 µM each dNTP. 
Templates were loaded with PCNA by RFC and ATP for 60 second prior to reaction initiation with polymerase, 
dNTPs, and FEN1 (where applicable). Reactions were quenched with an equal volume of 50 mM EDTA and 
0.2% SDS, final concentration. DNA products were resolved with 12% denaturing acrylamide gels. Gels were 
dried after running and subjected to PhosphorImager analysis.  

Suppressor Screen: To create the library of random PCNA mutants, the coding region of pBL249 (LEU2 
POL30) was amplified under mutagenic conditions, as previously described20. The resulting mixture of mutants 
was ligated back into pBL249. The resulting library was transformed into py227 [a, arg4-17, his3D-1, leu2-
3,112, trp1, ura3-52, pol3D::KANMX4, +pBL304 (POL3 URA3)], also containing pBL335-CysA (TRP1 pol3-
cysA). Approximately 5x108 cells were transformed with 15-20 mg of plasmid DNA; cells were divided over 
approximately ten plates (sc-Leu +5-FOA) to evict the pBL304 plasmid and enforce viability with pol3-cysA 
and pol30 suppressors. Cells were replica-plated again onto sc-Leu +5-FOA to screen for false positives. 
Positive colonies were plated onto YPDA+150mM hydroxyurea (HU) and compared to wild-type cells. Only 
colonies sensitive to HU were used for further analysis. Following validation, pBL249 from suppressor colonies 
was extracted and sequenced to determine suppressor mutations.  
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CHAPTER III 

A four-subunit DNA polymerase ζ  complex containing Pol δ  accessory subunits is 
essential for PCNA-mediated mutagenesis 
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PREFACE TO THE CHAPTER 

 This chapter describes the characterization and functional role of metal binding motifs within 

the catalytic subunit of the translesion polymerase Pol ζ. Prior to the work described in this chapter, 

Pol ζ was thought to be a heterodimeric enzyme consisting of a catalytic subunit Rev3 and an 

accessory subunit Rev7. Rev3 is a B-family polymerase, and contains a metal binding domain like the 

replicative polymerases Pol δ, ε, and α. In these polymerases, the metal binding domain was shown to 

be involved in subunit-subunit interactions. In Pol ζ, however, the known accessory subunit Rev7 does 

not interact with the metal binding domain, and it was unclear whether Pol ζ contained additional 

subunits in vivo.  

 First, we showed that Pol ζ does indeed contain additional constitutive subunits, and exists as a 

4-subunit complex. The two previously unrecognized subunits are Pol31 and Pol32, also the accessory 

subunits of Pol δ. As with Pol δ, Pol ζ contains an Fe-S cluster, required for interactions between Rev3 

and Pol31/Pol32. The recognition that the Pol δ accessory subunits were a part of Pol ζ suggested that 

this enzyme may be stimulated by PCNA in a manner analogous to Pol δ. Indeed, PCNA greatly 

stimulated the translesion synthesis activity of Pol ζ. Interestingly, this analysis showed that the Zn-

binding motif, required for PCNA stimulation in Pol δ, is largely dispensable for PCNA-stimulation of 

Pol ζ activity, highlighting a difference between the two polymerases.  

 This chapter was largely the work of a postdoc in the lab, Alena Makarova. My role in this work 

was to perform in vitro DNA replication assays examining the differences between different forms of 

the Pol ζ enzyme, and investigating PCNA-dependent synthesis by Pol ζ.  
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ABSTRACT

DNA polymerase f (Pol f) plays a key role in DNA
translesion synthesis (TLS) and mutagenesis in eu-
karyotes. Previously, a two-subunit Rev3–Rev7
complex had been identified as the minimal
assembly required for catalytic activity in vitro.
Herein, we show that Saccharomyces cerevisiae
Pol f binds to the Pol31 and Pol32 subunits of Pol
d, forming a four-subunit Pol f4 complex (Rev3–
Rev7–Pol31–Pol32). A [4Fe-4S] cluster in Rev3 is
essential for the formation of Pol f4 and damage-
induced mutagenesis. Pol32 is indispensible for
complex formation, providing an explanation for
the long-standing observation that pol32D strains
are defective for mutagenesis. The Pol31 and
Pol32 subunits are also required for proliferating
cell nuclear antigen (PCNA)-dependent TLS by Pol
f as Pol f2 lacks functional interactions with PCNA.
Mutation of the C-terminal PCNA-interaction motif
in Pol32 attenuates PCNA-dependent TLS in vitro
and mutagenesis in vivo. Furthermore, a mutant
form of PCNA, encoded by the mutagenesis-
defective pol30-113 mutant, fails to stimulate Pol f4

activity, providing an explanation for the observed
mutagenesis phenotype. A stable Pol f4 complex
can be identified in all phases of the cell cycle sug-
gesting that this complex is not regulated at the
level of protein interactions between Rev3-Rev7
and Pol31-Pol32.

INTRODUCTION

DNA polymerase z (Pol z) is a B-family DNA polymerase
participating in DNA translesion synthesis (TLS) and
plays a predominant role in both spontaneous and
damage-induced mutagenesis in all eukaryotes (1–3). Pol
z bypasses a variety of DNA lesions and readily extends

mismatched primer-template termini (4,5). Pol z was ini-
tially identified as a heterodimeric complex of the catalytic
Rev3 subunit with the accessory Rev7 subunit that is also
required for DNA polymerase activity (6). Mutations in
REV3 or REV7 result in a severe decrease of induced mu-
tagenesis. The rev3D and rev7D strains are also spontan-
eous antimutators, suggesting that Pol z acts to bypass
naturally occurring damage or other structural blocks
(7–9). Deficiency in the Rev3 catalytic subunit leads to
embryonic lethality in mice (10). In humans, alterations
in Pol z expression are associated with cancer, chromo-
some instability and cisplatin resistance (11).

All four eukaryotic B-family DNA polymerases, Pol
a, d, e, and z, contain two conserved cysteine-rich
metal-binding motifs, CysA and CysB, in the C-terminal
domain (CTD) of their catalytic subunits [reviewed in
(12,13)]. The four cysteine residues of CysA form a clas-
sical zinc ribbon motif. In the case of Pol d, where the role
of both CysA and CysB in metal binding has been studied
most extensively, the four-cysteine motif of CysB coord-
inates a [4Fe-4S]2+ cluster (14). However, the other cata-
lytic subunits have also been shown to bind [4Fe-4S]
clusters. Indeed, expression of the CTD of Rev3 in
Escherichia coli also indicated the presence of a [4Fe-4S]
cluster in this domain (14). In Pol d, the [Fe-S] cluster is
required for stable binding of Pol3 to its second subunit
Pol31 (14,15), which in turn binds to Pol32 (16–18). The
CysB motif of the catalytic subunit of Pol a also coordin-
ates interactions with its second subunit (19,20).
Therefore, an arrangement analogous to that determined
for Pol d may also hold for Pol a and for Pol e!

In contrast to the three replicative DNA polymerases,
interactions between the Rev7 subunit of Pol z with the
catalytic subunit Rev3 have been mapped to the
N-terminal region of human Rev3 rather than its CTD
(6,21). The possibility then exists that the [4Fe-4S]-
containing CTD of Rev3 might provide interactions with
other factors that function in mutagenesis. Indeed, two
recent articles report on the interaction between Rev3
and Pol31. One interaction study was carried out in
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E. coli with the critical CTD of Rev3 (22), whereas the
second study reported the purification of a four-subunit
Pol z complex from yeast (23). Herein, we also report on
the isolation and functional characterization of a four-
subunit Pol z enzyme (Pol z4) and extend these previous
studies by showing that the novel interactions with Pol31
and Pol32 are essential for proliferating cell nuclear
antigen (PCNA)-mediated TLS. Mutation of the
PCNA-binding domain (PIP) of Pol32 attenuates TLS,
in accordance with a decrease in mutagenesis in the
pol32-DPIP mutant (24). Furthermore, deletion of the
non-essential POL32 gene results in a failure to form a
complex of Pol31 with Rev3–Rev7, suggesting a logical
explanation for the mutagenesis defect of pol32D
mutants (16). Altogether our data suggest that the forma-
tion of Pol z4 complex is critical for the TLS function of
Pol z in vitro and in vivo.

MATERIALS AND METHODS

Strains and plasmids

All yeast strains are listed in Supplementary Data.
Plasmids are listed in Supplementary Table S1.

Enzymes

Saccharomyces cerevisiae Pol d was expressed in yeast and
purified as described previously (25). The replication
protein A (RPA), replication factor C (RFC), PCNA
and pcna-113 of Saccharomyces cerevisiae were expressed
and purified from E. coli (26,27). Pol z4 (Rev3–Rev7–
Pol31–Pol32), Pol z2 (Rev3–Rev7) and their mutant
forms were produced in protease-defective strain FM113
or in pol32D derivative strain PY117, or in rev1D strain
PY201, and purified as described previously with several
modifications (28). The detailed protocol is described in
Supplementary Data.

Yeast two-hybrid analysis

Indicator strain PJ69-4A was co-transformed with
plasmids containing REV3-GAL4 DNA BD fusion genes
(pBL816, pBL816A and pBL816B), and plasmids
encoding for REV7 (pBL817), POL31 (pBL364) and
POL32 (pBL391) fused to GAL4 activation domain
(AD) or with empty vector pACT2. Transformants were
grown on -His plates for 5 days to score protein–protein
interactions as growth.

GST-pull down

Yeast cells transformed by plasmids encoding for
GST-REV3, REV7, POL31 and POL32, all under
control of the GAL1-10 promoter, were grown in 125ml
of selective medium containing 2% raffinose to
O.D660=0.5. Protein expression was induced by 2% gal-
actose, and cells were grown for another 8 hours. Cells
were collected, resuspended in lysis buffer (50mM Hepes
(pH 7.4), 200mM NaCl, 5% glycerol, 1mM DTT, 0.1%
Tween 20, 0.01% NP40, 10 mM pepstatin A, 10 mM
leupeptin, 2.5mM benzamidine, 0.5mM PMSF) and
lysed by vortexing with glass beads on ice. Cell lysates

were clarified by centrifugation, and 0.8ml of yeast
extract containing 1mg of protein was incubated with
40 ml of glutathione sepharose beads (GE Healthcare) for
1 h. Beads were washed six times with wash buffer (50mM
Hepes (pH 7.4), 800mM NaCl, 5% glycerol, 1mM DTT,
0.1% Tween 20, 0.01% NP40, 1 mM pepstatin A, 0.5mM
PMSF) and boiled for 2min in 80 ml of 2" sodium dodecyl
sulfate (SDS) sample buffer.

Cell cycle analysis and exposure to DNA-damaging agents

Cells containing GST-REV3 on plasmid pBL813 were
grown in 125ml of selective medium with 2% raffinose
to O.D660=0.5 without galactose induction. They were
arrested in G1 phase by a-factor (20 mg/ml for 2 h), in
G2/M phase with nocodazole (15mg/ml for 2 h) and in S
phase by hydroxyurea (200mM for 90min). Then cells
were treated with 4NQO (1mg/ml) or methylmethane sul-
fonate (0.05%) for 30min at 30#C. The cells from 200 ml of
culture were fixed, stained with propidium iodide and
DNA content was measured by flow cytometry. The
remaining cultures were harvested, and extract prepar-
ation and GST-pull down were performed as described
earlier.

Western blot and antibodies

Western blot analysis was performed to detect the
presence of GST-Rev3, Rev7, Pol3, Pol31, Pol32 and
Rev1 proteins in purified Pol z preparations and after
pull-down experiments. To detect the Rev1, Rev3 and
Rev7 proteins, rabbit polyclonal antisera were raised
against purified yeast Rev1 and Pol z2. GST-Rev3 was
detected with anti-GST antibody (ab9085, Abcam).
Rabbit anti-Pol3, -Pol31 and -Pol32 antibodies were
immunopurified. Detection was carried using alkaline
phosphatase–conjugated secondary antibody (Sigma)
and a BCIP/TNBT chromogenic substrate (Sigma).

DNA polymerase and translesion synthesis assays

Three different assays were used. (i) Measurement of basal
DNA polymerase activity: This measures polymerase
activity on activated calf thymus DNA, for 45min at
30#C, as described (29). (ii) DNA replication assay on
circular ssDNA: The assay on primed ssDNA (pSKII)
was performed as described previously (24). The reactions
containing 5 nM of 3 kb circular ssDNA, 500 nM RPA,
3 nM RFC and 10 nM of Pol z were incubated at 30#C
for 50min with increasing PCNA as shown in legends to
figures. (iii) In vitro DNA translesion bypass assay:
Sequences of the 107-nt template (with or without a
model abasic site) and the primer are given in
Supplementary Data. The standard 20 ml reaction con-
tained 40mM Tris–HCl, pH 7.8, 0.2mg/ml bovine
serum albumin, 8mM Mg acetate, 120mM NaCl,
100 mM each dNTPs, 0.5mM ATP, 10 nM DNA, 15 nM
RPA, 30 nM PCNA, 3 nM RFC and 10 nM Pol z. The
DNA was preincubated with RPA, RFC and PCNA for
30 sec at 30#C, and the reaction was started by addition of
Pol z and incubated at 30#C. Reactions were stopped with
15mM ethylenediaminetetraacetic acid and 0.5% SDS
and analyzed on a 12% polyacrylamide 7M urea gel.
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Quantification was done by either phosphorimaging of the
dried gel (32P) or fluorescence imaging on a Typhoon
system.

Damage-induced mutagenesis assays

The rev3D strain BY4741 (rev3::KanMX4) contained
empty vector or plasmid pBL811 (GST-REV3) or
mutants of REV3 as shown in Table 1. Strains were
grown for 2 days to saturation in selective minimal
media. The cells were washed with sterile water and
2" 107 cells plated on selective plates, with or without
80 mg/ml canavanine and either irradiated or not
irradiated with 30 J/m2 of UV light. The plating
efficiencies and the percent of UV survival were
measured on plates without canavanine. Spontaneous
frequencies to canavanine resistance were measured on
unirradiated canavanine plates, and UV-induced
frequencies to canavanine resistance were measured on
irradiated canavanine plates. Colonies appearing after
3 days of growth at 30#C were counted. Frequencies of
mutation to canavanine resistance were corrected for the
UV survival percentage. The experiments were carried out
on three independent cultures, and in duplicate, and the
results are presented in Table 1.

RESULTS

The [4Fe-4S] cluster is required for the interaction of
Rev3 with the Pol31 subunit of Pol d

The CTD of Pol3 shows strong sequence homology with
that of Rev3, particularly in a region C-terminal of the
CysB motif (Figure 1A), suggesting the possibility of an
interaction between Rev3 and the Pol31–Pol32 subunits of
Pol d. To test this, we performed a yeast two-hybrid
analysis using full-length Rev3 as bait (Figure 1B).
We co-expressed REV3, fused to the GAL4 DNA BD,
together with either REV7, as positive control, or with
POL31 or POL32 fused to the GAL4 AD, or empty
vector. Significant interaction signals were obtained
between Rev3 and Rev7 and between Rev3 and Pol31.
No interaction between Rev3 and Pol32 was detected by
this assay. Importantly, double mutations from cysteine to
serine in the CysB motif (rev3-CC1449,1473SS), which
ligands the [4Fe-4S] cluster, abrogated the Rev3-Pol31
interactions without affecting the Rev3–Rev7 signal.
In contrast, double mutations from cysteine to serine in
the CysA motif (rev3-CC1401,1417SS), did not signifi-
cantly decrease the Rev3–Pol31 signal (Figure 1B).
These data suggest that Pol31 binds to Rev3 through the
CysB region, and an intact iron–sulfur cluster is required

for interaction. This is the same binding specificity as
observed between Pol3 and Pol31 (14).

We next analyzed these interactions by pull-down
experiments using GST-Rev3 trapping. We
overexpressed GST-REV3 and REV7 and assayed for
Rev3–Rev7–associated factors by glutathione chromatog-
raphy (Figure 1C). Significant levels of Pol31 and Pol32
were detected, when compared with controls (Figure 1D,
lane 3 vs. 1 and 2). When POL31 and POL32 were also
overexpressed, a strong interaction signal was detected
(lane 4). However, when the same experiment was
carried out in a pol32D strain, Pol31 was undetectable
after affinity co-purification (lane 7 vs. lane 3). This
defect was rescued by providing back overexpressed
POL32 (lane 8). These data strongly suggest the existence
of a four-subunit Rev3–Rev7–Pol31–Pol32 complex called
Pol z4. Importantly, unlike Pol d, in which a Pol3–Pol31
complex is a stable assembly (30), Pol32 is required to
stabilize the interactions between Rev3 and Pol31. These
important differences in polymerase complex stabilities
between Pol d and Pol z explain why pol32D mutants are
viable, but defective for mutagenesis (16).

In agreement with the yeast two-hybrid experiments, we
found that Pol31 and Pol32 fail to bind the CysB mutant
of GST-Rev3, independent of overexpression (Figure 1E,
lanes 5 and 8). In contrast, the CysA mutant of GST-Rev3
pulled down Pol31–Pol32 with the same efficiency as
wild-type (compare lane 3 with 4 and 6 with 7).

Rev3-cysB mutant is defective for mutagenesis

Our model suggests that the four-subunit form of Pol z is
involved in mutagenesis and predicts that mutations dis-
rupting this complex result in a defect in mutagenesis.
We measured UV damage-induced mutagenesis in the
CysA and CysB mutants of REV3, using a forward
mutation assay to canavanine resistance (Table 1).
Mutations in the CysB motif that are predicted to
disrupt iron–sulfur cluster binding disrupt Rev3–Pol31
interactions (Figure 1B and E), which are almost com-
pletely defective for damage-induced mutagenesis,
although the observed residual signal is higher than that
of a rev3D mutant. However, double cys->ser, or double
cys->ala mutations in the CysA motif that should disrupt
metal binding to the zinc-ribbon motif show no damage-
induced mutagenesis phenotype. Our genetic analysis of
the CysA and CysB mutants is in complete agreement
with a similar analysis reported recently by Baranovskiy
et al. (22).

Purification and characterization of two forms of Pol f:
Pol f2 and Pol f4

To obtain a Pol z4 complex containing an intact [4Fe-4S]
cluster, we overexpressed all four genes from
galactose-inducible promoters (Figure 1C) and modified
the purification protocol of Pol z that was described pre-
viously (28). Overexpression was carried out in a rev1D
strain to eliminate trace contamination of the purified
preparation with Rev1 (see below). The modified proced-
ure made use of two affinity purification tags, an
N-terminal GST tag on Rev3 and an N-terminal His7

Table 1. Damage-induced mutagenesis efficiency of REV3 mutants

REV3 Spontaneous (10$6) Survival (%) Induced (10$6)

WT 3.1±0.2 56±10 183±30
D 2.5±0.5 23±3 1.5±1
cysA 4.7±2 58±4 168±10
cysB 2.0±0.3 12±4 6±2

See ‘Materials and Methods’ section for details.
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tag on Pol32. First, the extract, after an ammonium
sulfate precipitation step, was subjected to glutathione-
affinity chromatography. The resistance of the Pol z4
complex to ammonium sulfate precipitation indicates
that the interaction between Rev3–Rev7 and Pol31–
Pol32 is very strong and specific. This procedure yielded
a preparation that was slightly substoichiometric for
Pol31–Pol32 (%80–90% in three purifications). Next,
after cleavage of the GST-tag by rhinoviral 3C protease,
the complex was further purified by Ni-chelate affinity
chromatography with %100 % stoichiometry
(Figure 2A). The Pol32-His7 tag did not influence the
activity of the Pol z4 complex (data not shown).

In agreement with the yeast two-hybrid analysis and
pull-down experiments, Pol31 and Pol32 were present in
affinity-purified preparations of Pol z with mutations in
the CysA cluster (Rev3-CC1401,1407SS or
Rev3-CC1401,1407AA) but not in the purified prepar-
ation of Pol z sample with mutations in the CysB cluster
(Rev3-CC1449S,1473SS) (Supplementary Figure S1A).
The Pol z2 complex was purified from a pol32D strain,
and in agreement with the pull-down data in Figure 1D,
this two-subunit complex lacks any detectable level of

Pol31 by Coomassie staining after sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and by western analysis (Figure 2A).
Overexpression of REV3 and REV7 in wild-type yeast

without concomitant overexpression of POL31 and
POL32 yielded affinity-purified preparations that were
severely substoichiometrical for Pol31 and Pol32, with
abundances ranging from 3 to 15% (Figure 2A). We
had previously noted that different Pol z preparations
were quite variable in activity, but because of the
extreme difficulty in purifying the enzyme and the very
low yields, it had not been feasible to investigate those
issues further at that time (28). We now think that the
variations in activity were due to the variable presence
of low levels of Pol31–Pol32 that escaped detection.
With improved expression and purification methodologies
and increased yields, we re-investigated the protein com-
position of our purified preparations. First, because Rev1
is known to interact with Pol z through Rev7 (31), we
probed Pol z preparations for the presence of Rev1 by
western analysis. Both Pol z2 and Pol z4 complexes, as
well as all preparations of Pol z mutants, contain similar
levels of Rev1 (%1–2% compared with Rev3,

Figure 1. Interaction of Pol z catalytic subunit Rev3 with Pol31 and Pol32. (A) Domain organization of S. cerevisiae Rev3 and alignment of the
CTDs of B-family DNA polymerases. The second and fourth residues of each cysteine-rich cluster were mutated in REV3 to create the CysA
(CC1401,1417SS or CC1401,1417AA) and CysB (CC1449,1473SS) mutants. (B) Yeast two-hybrid analysis. REV3, rev3-cysA or rev3-cysB was fused
to the GAL4 DNA-binding domain. REV7, POL31 or POL32 was fused to the GAL4 AD; empty vector pACT2 was the negative control. Analysis
was in two-hybrid indicator strain PJ69-4A. Cells were grown on His-selective medium. (C) Scheme for overexpression of GST-REV3, REV7, POL31
and POL32, and affinity pull down of complexes. (D) Pull down of Pol31 and Pol32 with GST-Rev3. GST-Rev3-Rev7 complex was overexpressed
alone or together with Pol31–Pol32 subunits in either wild-type or Dpol32 yeast. Cell extracts were incubated with glutathione sepharose beads and
washed extensively. GST-Rev3 and Pol31 and Pol32 were detected by western analysis. -, gene deleted; +, native level; ++, overexpression.
(E) Analysis of the interaction between Pol31–Pol32 and GST–Rev3 mutants by GST-pull down. Details are as in (D).
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Supplementary Figure S1B). Therefore, we have purified
Pol z2 and Pol z4 from a rev1D mutant strain without loss
of complex stability, indicating that Rev1 is not required
for the formation of the Pol z4 complex (data not shown).
Second, because Pol31 interacts with the catalytic subunit
of Pol d, we investigated the possibility of the presence of
Pol3 by western analysis. However, none of the Pol z prep-
arations contained Pol3 at detectable levels (detection
limit is %0.1%), suggesting that Pol31 binds either Pol3
or Rev3, but not both catalytic subunits (Supplementary
Figure S1C). Therefore, we conclude that our current
forms of Pol z4 and Pol z2 contain the expected subunits
without contamination by other proteins that may
function in TLS and mutagenesis.
Expression in E. coli of the entire CTD of Rev3, con-

taining both CysA and CysB motifs, yielded a yellow-
brown preparation that after reduction by dithionite was
converted into an electron spin resonance (EPR) active
form with the spin signal of that of a [4Fe-4S]1+ cluster
(14). This suggests that, like Pol3, Rev3 has a [4Fe-4S]2+

cluster. Indeed, similar to Pol d, purified Pol z4 has a
UV-spectral signature that is indicative of the presence
of an iron–sulfur cluster (Figure 2B). Unfortunately, we

were unable to obtain sufficiently high quantities of the
CysB mutant form to query whether the iron–sulfur
cluster was eliminated in the mutant, but on the basis of
the strong sequence homology between Pol3 and Rev3
CTD, we accept this as a likely explanation.

Pol31 and Pol32 are essential for functional interactions
between PCNA and Pol f

The presence of Rev7 is required for DNA polymerase
activity of Rev3 (6). We measured basal DNA polymerase
activity of Pol z preparations on activated DNA in the
absence of PCNA. The presence of the Pol31 and Pol32
subunits in Pol z4 enhanced the activity 5- to 10-fold
compared with the Pol z2 preparations, which were
either obtained by purification from a pol32D strain or
by mutation of the CysB motif in REV3 (Supplementary
Figure S2A).

To determine the role of PCNA in TLS by Pol z, we
used an oligonucleotide-based replication system with
defined template damage. The substrate is incubated
with RPA to coat the ssDNA regions, and PCNA is
loaded by RFC and ATP. To prevent sliding of PCNA
off the DNA, biotin-streptavidin bumpers are added to
the 50- and 30-termini of the template (Figure 3A). We
first assayed the replication by Pol z2 on an undamaged
template-primer. Pol z2 activity on this template was much
less efficient compared with the Pol z4 complex
(Figure 3B). In addition, the presence of PCNA had no
detectable effect on DNA replication by Pol z2. Because of
the robust activity of Pol z4 on this DNA substrate,
PCNA stimulation could not be detected under these con-
ditions. However, PCNA stimulation of Pol z4 on undam-
aged DNA was readily detected using primed
single-stranded plasmid DNA substrates (Supplementary
Figure S2C).

To study the role of PCNA in DNA damage TLS, we
used the oligonucleotide assay system with a model abasic
site at the +2 position after the primer terminus.
We observed that Pol z2 readily extended the primer by
one nucleotide but did not insert a nucleotide opposite the
abasic site, and PCNA did not enhance this activity
(Figure 3C). In contrast, the Pol z4 complex bypassed
the abasic site damage even in the absence of PCNA.
Remarkably, a dramatic stimulation of damage bypass
synthesis was detected in the presence of PCNA. These
data indicate that formation of the Pol z4 complex is es-
sential for both efficient damage bypass in the absence of
PCNA and stimulation of Pol z-mediated TLS in the
presence of PCNA. Therefore, we conclude that func-
tional interactions between Pol z and PCNA require its
Pol31 and Pol32 subunits. However, ubiquitination of
PCNA did not significantly enhance TLS by Pol z4
(Supplementary Figure S2B). This is consistent with a
model in which ubiquitination of PCNA exerts its
TLS-promoting activity through Rev1 (32).

The observation that interactions with Pol31–Pol32
enhanced the PCNA-dependent activity of Pol z raised
the possibility that the PCNA-binding motif is localized
in the Pol31 or Pol32 subunit. Previously, we have
identified a C-terminal PCNA-binding motif in Pol32

Figure 2. Purification of Pol z2 and Pol z4. (A) Subunit composition of
substoichiometric Pol z4, Pol z2 and stoichiometric Pol z4 complex. Pol
z preparations were analyzed by Coomassie blue staining following
SDS-PAGE and by western analysis, probed with a mixture of Pol31
and Pol32 antibodies, as indicated. POL31 and POL32 were expressed
at endogenous levels (+), overexpressed (++) or absent from cells (-).
(B) UV-VIS spectra of Pol z4, Pol d and bovine serum albumin. Spectra
were collected at %0.3 to 1mg/ml protein and recalculated to molar
absorptions. Absorption maximum due to the presence of [4Fe-4S]
cluster in proteins is indicated.
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(24). Deletion of this motif only marginally affected
processive DNA replication by Pol d; however, the
pol32-DPIP mutant showed a substantial reduction in
the efficiency of damage-induced mutagenesis, particularly

at higher loads of DNA damage. We purified a mutant
Pol z4 containing a truncated form of Pol32 that lacks its
PCNA-binding motif (Pol z4-!PIP). Although the basal
activities of Pol z4 and Pol z4-!PIP were comparable,
PCNA stimulation of the mutant complex was substan-
tially reduced (Figure 3D and Supplementary Figure S2A
and S2C). We conclude that the PCNA BD of Pol32 con-
tributes to the functional interaction between Pol z4 and
PCNA.
DNA replication by Pol d requires an intact CysA

motif, as CysA mutants are severely compromised for
PCNA-dependent replication (14). In contrast, the CysA
mutant form of Pol z4 demonstrated close to wild-type
basal DNA polymerase activity (Supplementary Figure
S2A). Although its TLS activity was slightly reduced
(%60% of wild-type), PCNA stimulated this TLS
activity to the same degree as it did wild-type Pol z4
(Figure 3D). This lack of a strong in vitro phenotype is
consistent with the lack of a damage-induced mutagenesis
phenotype of the same CysA mutations in yeast (Table 1).
The pol30-113 mutant of PCNA shows severe defects in

damage-induced mutagenesis, without affecting the effi-
ciency of a proper DNA damage response through
PCNA ubiquitination at Lys164 (27,33). Pol30-113 has
mutations at Glu113 and Leu151 near the monomer–
monomer interface of PCNA. Previously, we showed
that this mutant form of PCNA was defective for
PCNA-mediated TLS in vitro (27). With our increased
knowledge of the assembly state of Pol z, we assume
that the previous preparations of Pol z contained low
levels of Pol31–Pol32 that drove the observed PCNA
stimulation. Indeed, the stoichiometrical Pol z4 complex
was unable to perform processive replication with
pcna-113 (Supplementary Figure S2C).

The Pol f4 complex is stable throughout the cell cycle

To test whether the formation of the Pol z4 complex is
subject to either cell cycle or DNA damage control, we
prepared synchronized cell populations and determined
co-purification of Pol31 and Pol32 with GST-Rev3 on
gluthathione sepharose beads. For this experiment, we
used the GST-REV3 expression plasmid, however,
omitted galactose induction to maintain Rev3 at low
levels. Under the same growth conditions, this construct
fully complemented the mutagenesis defect of a rev3D
mutant (data not shown). POL31 and POL32 were not
overexpressed in these experiments. Cells were arrested in
G1 phase with a-factor, in S phase with hydroxyurea and
in G2/M phase with nocodazole. About 80–95% of cells
were arrested in the appropriate phase of the cell cycle in
our experiments (Figure 4A). Synchronized cells were also
treated with MMS or 4NQO to induce the DNA damage
response. After affinity purification on glutathione beads,
the presence of Rev7, Pol32 and Rev1 was monitored by
western analysis (Figure 4B). The data indicate that Pol z
can exist as a four-subunit complex in all phases of the cell
cycle. Furthermore, treatment with DNA-damaging
agents did not alter the formation or stability of the
complex. Interestingly, Rev1 association with Pol z is
highest in G2 phase. This study addressed the question

Figure 3. PCNA-mediated translesion activity of Pol z2 and Pol z4.
(A) A schematic diagram of the oligonucleotide substrate. The
template is a 102-mer with streptavidin-biotin blocks at the 50 and 30

ends. The template at the+2 position is either a C (in (B)) or an abasic
site, indicated as a ‘0’ (in (C) and (D)). The 72-mer products represent
full extension of the 30-mer primer to the end of the template. PCNA
(30 nM) was added where indicated in (B–D). See Materials and
Methods for details. (B) Time course of reactions of Pol z2 and Pol
z4 on undamaged template DNA. (C) Time course of translesion syn-
thesis by Pol z2 and Pol z4 on an abasic site (0) template.
(D) Stimulation by PCNA of the DNA polymerase activity of Pol z4,
Pol z4-!PIP and Pol z4-CysA on template DNA with an abasic site.
Asterisk indicates an impurity in the radiolabeled primer.
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whether the four-subunit complex, or its stability, is
regulated at the level of posttranstional modification,
and we found it is not, but we cannot exclude the possi-
bility of cell cycle–specific transcriptional regulation of
Rev3.

DISCUSSION

Pol z is a low-fidelity, B-family DNA polymerase and the
sixth eukaryotic DNA polymerase to be described (6). The
original article described a form of Pol z that was
overexpressed in yeast, and all subsequent studies,
including those from our laboratory, used forms that
were also purified from yeast overexpression systems (5,
28,30). Therefore, it is likely that these forms contained
low, variable levels of Pol31 and Pol32 in the preparations.
Our previous observations that TLS by Pol z is stimulated
by PCNA likely originated from the use of preparations
that contained such low levels of Pol31–Pol32, which we
now know varied from 3 to 15% over the years. Coupled
with the fact that Pol z2 has much lower basal polymerase
activity than Pol z4 (Supplementary Figure S2A and
Figure S3), the latter species would have contributed
more to the observed activity than considerations of abun-
dance suggest. This also explains the variability in activity
of different Pol z preparations that we remarked on
several years ago (28).
Previously, we have shown that the catalytic subunits of

the yeast B-family DNA polymerases contain an
[4Fe-4S]2+ cluster, coordinated by the CysB motif in
their CTDs, and we and others have suggested that all
B-family polymerases are similarly organized (14,20).
However, a comparison between the architecture of Pol
d and Pol z reveals some interesting differences that may

underlie their different functions in the cell. Both Pol3 and
Rev3 bind Pol31 through their CysB motif as mutations in
this motif abrogate binding, while mutations in the CysA
motif do not. However, Pol3 forms a stable complex with
Pol31 alone (34), but Rev3 does not (Figure1D). As a
result, pol32D mutants are viable, but they are defective
for damage-induced mutagenesis (16,35). Furthermore,
transformation studies with plasmids containing specific
DNA damage show that pol32D is defective for the
bypass of abasic site damage similar to rev3D, but profi-
cient for the bypass of thymine dimers, which is Pol Z
dependent (36). This is consistent with Pol32 functioning
as an integral part of the Pol z complex.

CysA mutations in POL3 are lethal, most likely because
the mutant form of Pol d is severely defective for
PCNA-mediated processive replication (14). However,
the analogous mutations in the CysA motif of REV3
show no defect in mutagenesis [Table 1, (22)] nor is the
mutant polymerase defective for PCNA-mediated
processive replication (Figure 3D). Functional inter-
actions of Pol d with PCNA is imparted by multiple po-
tential PCNA-binding motifs in the various subunits of
Pol d (14,24,37–40). In Pol z4, PCNA interacts through
the consensus PIP box in the extreme C-terminus of
Pol32 as deletion of this motif reduces TLS in vitro
(Figure 3D). This POL32 mutant also has a reduced effi-
ciency in damage-induced mutagenesis (24). The residual
PCNA stimulation observed in vitro and mutagenesis
in vivo suggests that Pol z4 contains additional PCNA
interaction motif(s). The striking difference in CysA
phenotype between Pol d and Pol z4 suggests a different
positioning of the PCNA clamp in relation to this motif in
these enzymes. Consistent with this, mutations in PCNA
differentially affect its interactions with Pol d versus Pol z.
A pcna-113 mutant functions as a processivity clamp for
Pol d, although its activity is somewhat reduced (27);
however it is defective with Pol z4 (Supplementary
Figure S2C). This provides a rational explanation for
the mutagenesis defect in this mutant.

The formation and stability of the Pol z4 complex was
unaffected by the cell cycle or by exposure to DNA-
damaged agents (Figure 4). This result suggests that Pol
z-mediated mutagenesis can occur throughout the cell
cycle. However, other factors, for example, Rev1 and
PCNA, show cell cycle and/or DNA damage control,
and overall pathway control is likely mediated through
those factors. Ubiquitination of PCNA is a key switch
in this pathway, and both damage-induced mutagenesis
as well as spontaneous mutagenesis in response to
replisome dysfunction is dependent on ubiquitination of
PCNA (27,41,42). The Rev1 protein, considered to be the
scaffold onto which the mutasome assembles through
binding of ubiquitinated PCNA on one hand and Pol z
on the other hand, is most highly expressed in G2 phase
(43). Indeed, it has been shown that PCNA ubiquitination
and mutagenesis can be restricted to the G2 phase of the
cell cycle (44,45). We found that Rev1 association with
Pol z4 is also highest during G2 phase (Figure 4).
Therefore we suggest that the regulation of Pol z4-depend-
ent mutagenesis is likely mediated by the formation of
multisubunit complexes of higher order, for example

Figure 4. Stability of Pol z4 during the cell cycle. (A)
Fluorescence-activated cell sorting analysis of the DNA content of
cells. Cells expressing low levels of GST-REV3 and REV7, and
POL31 and POL32 at native levels, were arrested in G1, S, or G2
phase, followed by treatment with MMS or 4NQO. (B) Extracts were
prepared from arrested cells, and Pol32, Rev7 and Rev1 were detected
by western analysis after GST-Rev3 pull down with glutathione
sepharose beads. Control: Western analysis of extracts made from
cells lacking GST-Rev3 and subjected to glutathione affinity
purification.
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with Rev1 and ubiquitinated PCNA, but not through the
assembly of the Pol z4 complex. Finally, the cell cycle
kinase CDC7/DBF4 promotes the efficiency of UV muta-
genesis (46).

As stated before, two other groups have recently
reported that Rev3 interacts with Pol31 and Pol32. The
article by Baranovskiy et al. reported the co-purification
from E. coli of the CTD of human Rev3 together with
human Pol31 and Pol32 (22). Although this approach
did not permit functional polymerase studies, it allowed
these authors to probe the relevance of the CysA and
CysB motifs for complex formation. In agreement with
our results in Figure 1E, CysB mutations, but not CysA
mutations, abrogated complex formation. Similarly, their
genetic studies of the CysA and B motifs in yeast yielded
analogous results to ours (Table 1). The second article by
Johnson et al. reported the isolation of a Pol z4 complex
from a yeast overexpression system and is in accord with
ours when all four genes are overexpressed (23). However,
our conclusion that Pol32 is required for stable complex
formation between Rev3 and Pol31 is at variance with
their study. These authors reported the purification of a
three-subunit Rev3-Rev7-Pol31 complex from a strain
that overexpressed just the REV3, REV7, and POL31
genes, and based on this purification concluded that
Pol32 was not required for complex formation.
However, this three-subunit preparation was purified
from a wild-type yeast strain rather than a pol32D strain
and was highly non-stoichiometric containing predomin-
antly the Pol31 polypeptide, to which the purification tag
was fused. Given the low levels of Rev3 in this prepar-
ation, and the close migration of Pol31 and Pol32 by
SDS-PAGE, low levels of Pol32 may have escaped detec-
tion. Unfortunately, a more sensitive western analysis with
Pol32 antibodies was not used as a detection method in
this study. We think that these are important consider-
ations, because our study indicates that Pol32 is absolutely
required for complex formation and thereby provides a
logical explanation for the long-standing observation
that pol32D strains are defective for damage-induced
mutagenesis.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Text, Supplementary Table 1, Supplemen-
tary Figures 1 and 2 and Supplementary Reference [47].
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Materials and Methods 
Strains.  
The protease deficient yeast strain FM113 (a haploid version of BJ2168; MATa: leu2–3,112, 
pep4–3, prb1–1122, prc1–407, trp1–289, ura3–52), Pol32 deficient strain PY117 (MATa: his3-
11, 15, leu2–3,112, nuc1∆::LEU2, pep4–3, pol32∆::HIS3, prb1–1122, trp1–∆, ura3–52) and 
Rev1 deficient strain PY201 (MATα: arg4-17, his3∆-1, leu2-3, 112, trp1, ura3-52, rev1::HISG) 
were used for overexpression of Pol ζ4 and Pol ζ2 complexes. Strain PJ69-4A (MATa: gal4-∆, 
gal80-∆, his3-∆200, leu2-3, 112, LYS2::GAL1-HIS3, GAL2-ADE2, met2::GAL7-lacZ, trp1-901, 
ura3-52) was used for two-hybrid analysis.  

Plasmids 
The plasmids used in this study are listed in Supplementary Table 1. The pBL813 plasmid 
encodes REV3 and REV7 genes optimized to yeast codon usage. REV3opt and REV7opt genes 
were chemically synthesized by GenScript (NJ). Mutations in REV3 gene were obtained by site-
directed mutagenesis using the Quick Change mutagenesis kit (Stratagene). Plasmids and 
sequences are available upon request. 
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Supplementary Table 1. Plasmids 
name plasmid description reference 

pBL346 pRS425-GAL-POL31-POL32 expression of Pol31 and Pol32 under 
GAL1-10 

this work 

pBL347 pRS425-GAL-HIS-POL31-
POL32 

expression of 7xHIS-Pol31 and Pol32 
under GAL1-10 

this work 

pBL348 pRS425-GAL-HIS-POL31-
POL32∆PIP 

expression of 7xHIS-Pol31 and Pol32 
under GAL1-10 

this work 

pBL811 pRS426-GAL-GST-REV3 expression of wild type GST-Rev3 under 
GAL1-10 

(28) 

pBL811-A1 pRS426-GAL-GST-REV3C1401S,

C1417S
expression of cysA-GST-Rev3 under 

GAL1-10 
this work 

pBL811-A2 pRS426-GAL-GST-
REV3C1401A, C1417A 

expression of cysA`-GST-Rev3 under 
GAL1-10 

this work 

pBL811-B pRS426-GAL-GST-REV3C1449S,

C1473S
expression of cysB-GST-Rev3 under 

GAL1-10 
this work 

pBL812 pRS424-GAL-REV7 expression of Rev7 under GAL1-10 this work 
pBL813 pRS426-GAL-GST-REV3opt-

REV7opt 
expression of wild type GST-Rev3 and 

Rev7 under GAL1-10 using codon-
optimized genes 

this work 

pBL816 pGBT8-BD-REV3 yeast two hybrid plasmid encoding for 
wild type Rev3 in a frame with GAL4 

DNA binding domain 

this work 

pBL816-A pGBT8-BD-REV3 C1401S, C1417S yeast two hybrid plasmid encoding for 
cysA-Rev3 in a frame with GAL4 DNA 

binding domain 

this work 

pBL816-B pGBT8-BD-REV3C1449S, C1473S yeast two hybrid plasmid encoding for 
cysB-Rev3 in a frame with GAL4 DNA 

binding domain 

this work 

pBL817 pACT2-AD-REV7 yeast two hybrid plasmid encoding for 
Rev7 in a frame with GAL4 activation 

domain 

this work 

pBL364 pACT2-AD-POL31 yeast two hybrid plasmid encoding for 
Pol31 in a frame with GAL4 activation 

domain 

(16) 

pBL391 pACT2-AD-POL32 yeast two hybrid plasmid encoding for 
Pol32 in a frame with GAL4 activation 

domain 

(16) 

Expression and purification of four and two subunit Pol ζ complexes 
Stoichiometric and nonstoichiometric Pol ζ4 and Pol ζ2 complexes were produced in strains 
BJ2168, PY117 or PY201 and purified as described previously with modifications (26). 
Galactose induction was performed at OD660 ≥3 and cells were grown for another 10-12 h. 500 - 
800 g of cells were resuspended in 3х lysis buffer (150 mM Hepes (pH 7.8), 900 mM KCl, 90 
mM K2HPO4/KH2PO4 (рН 7.8), 6% glycerol, 7.5 mM sucrose, 0.15% Tween 20, 0.03% Nonidet 
P40, 6 mM DTT, 30 µM pepstatin A, 30 µM leupeptin, 7.5 mM benzamidine) and disrupted in a 
blender with dry ice. All further steps were carried out at 0–4 °C. When the powder was 
dissolved, PMSF was added to the suspension to 0.5 mM and glycerol was adjusted to final 8%. 
To precipitate nucleic acids 45 ml of 10% Polymin P was added per one liter of lysate and the 
mixture was stirred for 20 min. After preclearing of lysate at 18,000 rpm for 25 min, 0.31 g/ml 
ammonium sulfate was added to the supernatant and the mixture was stirred for another 20-30 
min. The pellet was collected at 18,000 for 20 min and dissolved in 750-1200 ml of buffer A1 
(50 mM Hepes (pH 7.4), 300 mM KCl, 30 mM K2HPO4/KH2PO4 (рН 7.4), 8% glycerol, 2.5 mM 
sucrose, 0.05% Tween 20, 0.01% Nonidet P-40, 2 mM DTT, 8 µM pepstatin A, 8 µM leupeptin, 
2 mM benzamidine, 0.5 mM PMSF) and gently agitated with 2.5 ml of glutathione sepharose 
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beads (GE Healthcare) for 2 hours. The beads were packed into a disposable BioRad column and 
washed with 200 ml of buffer A1, followed by 200 ml of A2 (30 mM Hepes (pH 7.8), 200 mM 
KCl, 30 mM K2HPO4/KH2PO4 (рН 7.8), 8% glycerol, 2.5 mM sucrose, 0.05% Tween 20, 0.01% 
Nonidet P-40, 1 mM DTT, 5 mM MgCl2, 1 mM ATP, 2 µM pepstatin A, 0.5 mM PMSF), and 
buffer A3 (30 mM Hepes (pH 8), 100 mM KCl, 30 mM K2HPO4/KH2PO4 (рН 8), 8% glycerol, 
2.5 mM sucrose, 0.05% Tween 20, 0.01% Nonidet P-40, 1 mM DTT, 2 µM pepstatin A, 0.5 mM 
PMSF). Proteins were eluted by 4-5 stepwise washes with 2 ml of buffer A3 containing 30 mM 
of reduced glutathione. Fractions were combined and digested overnight at 4 °C with PreScission 
protease. The proteins were diluted 2-fold with buffer B0 (30 mM Hepes (pH 7.4), 5% glycerol, 
2.5 mM sucrose, 1 mM DTT, 0.01% E10-C12 detergent) and loaded onto a 1-ml heparin agarose 
column. After washing the column with buffer B1 (30 mM Hepes (pH 7.4), 150 mM KCl, 10 
mM K2HPO4/KH2PO4 (рН 7.4), 5% glycerol, 2.5 mM sucrose, 1 mM DTT, 0.01% E10-C12), 
the proteins were eluted by step-gradient with buffer B2 (30 mM Hepes (pH 7.4), 750 mM KCl, 
20 mM K2HPO4/KH2PO4 (рН 7.4), 5% glycerol, 2.5 mM sucrose, 1 mM DTT, 0.01% E10-C12). 
Full stoichiometric Pol ζ4 was purified as described above, except that a metal-chelate affinity 
chromatography was performed instead of heparin column step. Fractions with PreScission 
protease-digested protein were diluted 2-fold with buffer E (30 mM Hepes (pH 7.4), 200 mM 
KCL, 20 mM K2HPO4/KH2PO4 (pH 7.4) 5% glycerol, 2.5 mM sucrose, 1 mM DTT, 0.01% E10-
C12, 0.5 mM PMSF) containing 10mM imidazole and incubated with 2 ml of Ni-NTA agarose 
beads (Qiagen) for 45 min. The beads were packed into a column, washed with 400 ml of buffer 
E with 20 mM imidazole and eluted with buffer E containing 200 mM imidazole. All final 
preparations were dialyzed against buffer D (30 mM Hepes (pH 7.4), 200 mM NaCl, 8% 
glycerol, 1 mM DTT).  
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Figure S1: Characterization of composition of stoichiometric and nonstoichiometric Polζ4 and 
Polζ2 complexes preparations by Western analysis. (A) Detection of Pol31 and Pol32 in 
nonstoichiometric Polζ4 complexes purified from cells without Pol31-Pol32 overexpression. 5 
µg of each protein was loaded per lane. CysAA-Polζ4 contains a double mutation in CysA motif 
(CC1401,1417AA), CysAS-Polζ4 variant harbours a CysA mutation (CC1401,1417SS). The right 
lane had 5 µg of purified Rev1, and shows the lack of Pol31 and Pol32 in the preparation. (B) 
Detection of Rev1 in purified preparations of Polζ4 and Polζ2 complexes. The Western blots 
contained ~600 ng of the indicated complexes, and the right lane contained 80 ng of Rev1 as 
control. The observed Rev3 signal is due to crossreactivity of Rev3 with the anti-Rev1 antibodies. 
(C) Detection and estimation of amount of Pol3 and Pol31-Pol32 subunits in purified preparation
of nonstoichiometric Polζ4- (left lanes) and in Pol δ (right lanes).
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Figure S2: DNA polymerase activity of Polζ4 and Polζ2 complexes. (A) Basal DNA polymerase 
activity of Polζ4, Polζ2, CysA-Polζ4, CysB-Polζ2 and Polζ4 -∆PIP on activated calf thymus DNA. 
(B) Stimulation of translesion bypass activity of Polζ4 by ubiquitinated and nonubiquitinated
PCNA on oligonucleotide substrate with an abasic site. For these experiments we used a split
version of PCNA, that is fully functional in vivo, but allows for the facile addition of ubiquiting
at position 164 (1). (C) Stimulation of DNA polymerase activity of Polζ4 -∆PIP and Polζ4 by
wild type PCNA and by mutant pcna-113 on primed circular bluescript SKII DNA.

Supplementary Reference 

47. Freudenthal, B.D., Gakhar, L., Ramaswamy, S. and Washington, M.T. (2010) Structure of
monoubiquitinated PCNA and implications for translesion synthesis and DNA polymerase
exchange. Nat Struct Mol Biol, 17, 479-484.
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Proficient Replication of the Yeast Genome by a Viral DNA Polymerase 
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PREFACE TO THE CHAPTER 

 The following chapter extends my interest in how the metal binding motifs within Pol δ 

contribute to the structure and function of the polymerase complex. From the work described in 

Chapter II, we developed the hypothesis that the two crucial, eukaryotic-specific characteristics of Pol 

δ were the ability to bind its accessory subunits and the ability to bind the replication clamp PCNA. If 

this were the case, then we thought that one could replace the entire polymerase domain of Pol δ with 

an analogous polymerase, provided it synthesized DNA with a high enough efficiency and contained a 

proofreading exonuclease. To test this, we created a chimeric Pol δ catalytic subunit, containing the 

majority of the bacteriophage RB69 DNA polymerase fused to the metal binding domain of the Pol δ 

catalytic subunit Pol3.  

 We found that this chimeric subunit could proficiently bind the Pol δ accessory subunits Pol31 

and Pol32, and could perform processive DNA replication in complex with PCNA. The chimeric 

polymerase complex, termed RbPol δ, did not support DNA replication in vivo. However, introduction 

of two PCNA mutations, identified in a screen, did allow RbPol δ to substitute for Pol δ in vivo. The 

suppressor PCNA mutant stimulated processive synthesis by RbPol δ to a greater extent than wild-type 

PCNA, providing insight into the suppression mechanism in vivo. Since any yeast specific protein-

protein interactions involving the Pol3 polymerase domain are lost in our chimeric polymerase, these 

observations suggest that there are no essential protein-protein interactions mediated by this domain. 

This supports our hypothesis that all protein interactions necessary for replication occur through the 

metal binding domain of Pol3 and the Pol δ accessory subunits.  

 This work was a collaboration between myself and Carrie Stith. Carrie and I both performed 

protein purification and genetic experiments. I performed all in vitro biochemical assays. Peter and I 

worked together to write the manuscript.  
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ABSTRACT 
DNA replication in eukaryotic cells requires 
minimally three B-family DNA polymerases: Pol α, 
Pol δ and Pol ε. Pol δ replicates and matures Okazaki 
fragments on the lagging strand of the replication 
fork. Saccharomyces cerevisiae Pol δ is a three-
subunit enzyme (Pol3-Pol31-Pol32). A small C-
terminal domain of the catalytic subunit Pol3 carries 
both iron-sulfur cluster and zinc binding motifs, 
which mediate interactions with Pol31, and 
processive replication with the replication clamp 
PCNA, respectively. We show that the entire N-
terminal domain of Pol3, containing polymerase and 
proofreading activities, could be effectively replaced 
by those from bacteriophage RB69, and carry out 
chromosomal DNA replication in yeast with 
remarkable high fidelity, provided adaptive 
mutations in the replication clamp PCNA were 
introduced. This result is consistent with the model 
that all essential interactions for DNA replication in 
yeast are mediated through the small C-terminal 
domain of Pol3. The chimeric polymerase carries out 
processive replication with PCNA in vitro, however, 
in yeast, it requires an increased involvement of the 
mutagenic translesion DNA polymerase ζ during 
DNA replication. 
––––––––––––––––––––––––––––––––––––––––– 
Replication of genomic DNA during each cell cycle 
requires the action of replicative DNA polymerases. 
To ensure faithful transmission of genomic 
information from the parent to the daughter cells, 
these polymerases must work efficiently and with 
very high fidelity (1). The eukaryotic replicative 
DNA polymerases are members of the B-family 
polymerases, which are classified as such according 
to the structure of their catalytic domains (2-5). 
Three B-family DNA polymerases participate in 
DNA replication.  The current model states that Pol 

ε2 replicates the leading strand of the replication fork, 
whereas Pol α-primase initiates Okazaki fragments 
on the lagging strand that are elongated and matured 
by Pol δ (6). This simple “division of labor” model 
is still a matter of debate (7-9). Furthermore, under 
certain conditions, such as those of replication restart 
following DNA recombination, Pol δ carries out 
substantial DNA synthesis of both strands (10). The 
fourth B-family enzyme, Pol ζ, is required for 
translesion synthesis in response to DNA damage, 
which results in the bulk of damage-induced 
mutagenesis in eukaryotes (11). Pol ζ also 
participates in replication past structural blocks 
when normal replication forks stall (12).  

B-family DNA polymerases are ubiquitous;
they are found in eukaryotes, bacteria, archaea, and 
in both bacterial and eukaryotic DNA-based viruses 
(13). All B-family enzymes contain three conserved 
domains: a structural N-terminal domain (NTD), a 
3’-5’ exonuclease domain, and the polymerase 
domain containing the palm, finger, and thumb sub-
domains. The NTD is highly conserved, but a 
specific function for this domain has only been 
assigned to some archaeal enzymes, in which the 
NTD recognizes template uracil residues and inhibits 
continued replication by the DNA polymerase 
(14,15). The exonuclease domain serves to carry out 
proofreading of polymerase errors in most enzymes. 
However, eukaryotic Pol α and Pol ζ, while 
maintaining this structural domain, lack exonuclease 
activity. The polymerase domain carries out high-
fidelity DNA synthesis, with the notable exception 
of the translesion synthesis enzyme Pol ζ (16-18). 

The cellular eukaryotic members of the B-
family are structurally more complex in that they are 
multi-subunit enzymes, and secondly, they uniquely 
contain an additional, small C-terminal domain 
(CTD) in the polymerase subunit, which mediates 
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interactions with these accessory subunits (13,19). 
The CTD sequences of the four eukaryotic enzymes 
are highly conserved suggesting a common 3D 
structure of the CTD. Only the structure of the CTD 
of Pol α has been determined (19,20). It shows an 
elongated, bilobal form, in which the two lobes are 
connected by a three‐helical bundle. Each lobe 
contains four conserved cysteines (Figure 1A). In the 
Pol α CTD structures, both 4-cysteine lobes bind 
zinc. However, biochemical studies of Pol δ and Pol 
ζ have shown that the C-terminal 4-cysteine lobe
ligands an iron-sulfur cluster in the [4Fe-4S]2+

coordination state (21,22). The CTDs of Pol α, Pol
δ, and Pol ε each bind a distinct B subunit, called
Pol12, Pol31, and Dpb2, respectively, in budding
yeast (19,21,23), and these B subunits show both
sequence and structural conservation (19,20,24,25).
Pol ζ has appropriated the B subunit from Pol δ to
elaborate its own 4-subunit assembly (Rev3-Rev7-
Pol31-Pol32) (22,26-28).

In order to better understand how the multi-
subunit structures of eukaryotic replicative DNA 
polymerases are intricately tied to their function, we 
have used the lagging strand polymerase Pol δ as a 
model. Budding yeast Pol δ consists of the catalytic 
subunit Pol3 and the accessory subunits Pol31 and 
Pol32 (29). Interactions between Pol3 and Pol31 
occur through the Pol3 CTD and require an intact 
iron-sulfur cluster (21). Pol31 binds the third subunit 
Pol32 to form the complete heterotrimeric 
polymerase complex (29). This architecture of Pol δ 
is conserved in other organisms (25,30), except for 
the presence of an additional, small regulatory 
subunit in fission yeast and in mammals (31,32). Pol 
δ alone is a low-processivity enzyme, replicating
only a few nucleotides before dissociating from 
DNA. This problem is overcome through 
interactions with the replication clamp proliferating 
cell nuclear antigen (PCNA) (33). PCNA is a donut-
shaped homotrimeric protein that is loaded onto 
DNA template-primer termini by Replication Factor 
C (RFC) in an ATP-dependent manner (34,35). 
DNA-bound PCNA then recruits Pol δ and increases 
both the catalytic activity and the processivity of the 
enzyme, so that it can rapidly replicate hundreds of 
nucleotides in a single DNA-binding event (36-38). 
PCNA-dependent polymerase processivity is vital to 
efficient genomic DNA replication. Pol δ mutants 
that are compromised for interactions with PCNA, 
exhibit in vitro processivity defects that, if severe, 
are associated with lethality in yeast (21,39,40).  

We were interested in understanding what 
structural domains of Pol δ are required for efficient 
replication of the budding yeast genome. While 
mutations that inactivate polymerase activity cause 
lethality in yeast (41), mutations that abrogate 
exonuclease activity are viable but cause fidelity 
defects (42). However, it is possible that structural 
determinants in the NTD, or in the two catalytic 
domains may be essential for replisome activity. The 
overall structure of these three domains is conserved 
in B-family DNA polymerases, as shown by the 
superimposition of the structure of bacteriophage 
Rb69 DNA polymerase with that of the same 
domains of Pol3 (Figure 1A). Lacking from the Pol3 
structure is its CTD, which mediates interactions 
with the accessory subunits and, both directly and 
indirectly, with PCNA. We hypothesized that the 
essential factors enabling Pol δ to act in a eukaryotic 
setting are the ability to bind its accessory subunits 
and PCNA. In order to test this hypothesis, we 
created a chimeric polymerase subunit by replacing 
the Pol3 NTD and catalytic core domains with those 
from the structurally homologous bacteriophage 
RB69 DNA polymerase. Rb69 and T4 are closely 
related bacteriophages that use a polymerase 
processivity model similar to Pol δ, containing a 
homotrimeric clamp and an ATP-dependent clamp 
loader (gp45 and gp44/62, respectively) (43). 

We found that fusing the 104 kDa RB69 
DNA polymerase to the 13 kDa CTD of Pol3 was 
sufficient to form a three-subunit polymerase 
complex with Pol31 and Pol32 in yeast. The 
processivity of this polymerase complex was 
stimulated by PCNA, but processivity was 
compromised as compared to Pol δ. We obtained 
more robust stimulation of this engineered form of 
Pol δ when we introduced two adaptive mutations in 
PCNA, and this genetic arrangement conferred 
growth in yeast that contained the fusion polymerase 
as only source of Pol δ. Remarkably, when we 
eliminated fidelity-lowering contributions made by 
the mutagenic Pol ζ, the fidelity of the engineered 
Pol δ approximated that of the native enzyme. 

EXPERIMENTAL PROCEDURES 
Yeast strains and proteins – Strains were derived 
from PY227 by integration of the appropriate gene 
deletion cassettes. PY227 (ΜΑΤα his3Δ-1 leu2-
3,112 trp1-Δ ura3-52 pol3Δ::KANMX4 + pBL304 
(POL3 URA3)); PY236 (PY227 but leu2::pBL248-
rb2 (LEU2, pol30-rb2 (pol30-Q29H,K31R))); 
PY237 (PY236 but rev3Δ::NATMX4), PY238 
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(PY236 but rad30Δ::HIS3), PY239 (PY236 but 
rev3Δ::NATMX4 rad30Δ::HIS3), and PY343 
(PY236 but pol32Δ::HIS3).  

The plasmids used were pBL248 (LEU2, 
POL30); pBL248-rb2 (as pBL248 but pol30-rb2 
(pol30-Q29H,K31R)); pBL249 (POL30 in pRS315 
(CEN ARS LEU2)); pBL249-rb2 (as pBL249 but 
pol30-rb2 (pol30-Q29H,K31R)); pBL304 (POL3 in 
yCP50 (CEN ARS URA3)); pBL309 (POL3 in 
pRS314 (CEN6 ARSH1 TRP1)); pBL325 (2µm ori 
TRP1 GAL1-[GST-3C-RbPol-POL3CTD]), 
containing a fusion of the glutathione-S-transferase 
gene (GST) to a rhinoviral 3C protease recognition 
site, followed by the RbPol(1-896)-POL3(981-1097) 
fusion gene; pBL326 (RbPol(1-896)-POL3(981-
1097) fusion under control of the attenuated ADH1 
promoter, in pRS424 (TRP1 2µm ori)); pBL341 
(2µm ori URA3 GAL1-POL31 GAL10-POL32). All 
strains and plasmids and their sequences are 
available from the corresponding author upon 
request. 

Pol δ, Rb69 DNA polymerase (RbPol), 
PCNA, RFC, RPA, FEN1, and DNA ligase I were 
purified as described (2,44,45).  In order to obtain 
RbPol δ, yeast strain BJ2168 (MATa ura3-52 trp1-
289 leu2-3,112 prb1–1122 prc1-407 pep4-3) was 
transformed with plasmids pBL341 and pBL325. 
Growth and galactose induction and extract 
preparation was as described, and RbPol δ was 
purified by glutathione-affinity purification and, 
following removal of the GST tag with rhinoviral 3C 
protease, by MonoS chromatography analogously to 
described for Pol δ (45).  

Genetic techniques – In order to make yeast strains 
containing a chromosomal copy of the pol30-rb2 
allele, integrating plasmid pBL248-rb2, and pBL248 
as control was cut with HpaI, which cuts once in the 
LEU2 gene, and transformed into the appropriate 
leu2-3,112 strains to leucine prototrophy. To 
determine phenotypes of the pol3-69 allele, the 
appropriate pol3Δ strains, containing pBL304 as 
complementing plasmid, were transformed with 
pBL326, or pBL309 as positive control, with Trp 
selection, and transformants were passed over 5-
fluoroorotic acid-containing media (5-FOA) to evict 
complementing plasmid pBL304 (POL3 URA3).  

DNA damage sensitivity assays were carried 
using standard protocols. Fluctuation analyses to 
determine spontaneous mutation rates were carried 
out in triplicate with 15-20 independent cultures, and 
analyzed by the median (46). 

Identification of PCNA suppressor mutants – The 
POL30 gene in pBL249 was PCR-mutagenized as 
described (47). The library was transformed into 
PY227 containing both pBL304 and pBL326, and 
plated onto SC-Leu media, and after 2 days of 
growth, replica-plated onto SC-Leu plates 
containing 5-FOA, to evict the pBL304 plasmid. 
Plasmid DNA was isolated from positive colonies 
and re-applied to the same screen. The pBL249 
isolates from the second screen that allowed yeast 
growth without pBL304 were sequenced. The most 
robust suppressor pol30-rb1 carried six non-
synonymous mutations (F12Y, D17A, Q29H, K31R, 
I52M, I100T). Each mutation was separately 
reverted back to wild-type and loss of suppression 
assessed. From this analysis, we determined that the 
Q29H mutation was essential for suppression, and 
K31R increased suppression. Therefore, pol30-rb2 
contains only the Q29H and K31R mutations. 

DNA replication assays – Assays contained 20 mM 
Tris-HCl pH 7.8, 1 mM DTT, 100 µg/ml bovine 
serum albumin, 8 mM magnesium acetate, 0.5 mM 
ATP, 100 µM each of dCTP, dGTP, and dTTP, 10 
mM of [α-32P]dATP, 100 mM NaCl, 3.5 nM single-
stranded bluescript DNA, singly primed at positions 
592-621, either with a 30-mer DNA primer or 5’-
RNA8DNA22 primer, 400 nM RPA, and PCNA or
pcna-rb2 as indicated. PCNA was loaded onto the
primed DNA by incubation with 7 nM RFC at 30 °C
for 1 min prior to reaction initiation. Reactions were
initiated by addition of 7 nM Pol δ or RbPol δ. In the
assays in Figure 2D, 7 nM FEN1 and 14 nM DNA
ligase I were added together with the polymerase.
Aliquots were taken at various time points and
stopped with 50 mM EDTA and 0.2% SDS, final
concentration. Reactions were either resolved on a
1% alkaline agarose gel (Figure 2B) or a 1% neutral
agarose gel containing 0.5 µg/ml ethidium bromide.
Gels were dried and documented by PhosphorImager
analysis (GE Healthcare). Alternatively, 1 ml of 10%
trichloroacetic acid was added to stopped replication
samples. After 10 min on ice, the mixture was
filtered over a GF/C filter, The filter was washed
twice with 2 ml of 1M HCl and 0.05 M sodium
pyrophosphate, rinsed with ethanol, dried, and
counted in counting fluid in a liquid scintillation
counter. All assays were carried out in duplicate or
triplicate, and either representative gels are presented
or standard errors are shown (Figure 2C).
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RESULTS AND DISCUSSION 
Designing the Rb69-Pol3 polymerase fusion gene – 
Bacteriophage T4 expresses a replication elongation 
apparatus consisting of a B-family DNA polymerase, 
a homotrimeric replication clamp gp45, which is the 
ortholog of eukaryotic PCNA, and an ATP-
dependent clamp loader. While extensive 
biochemical and genetic DNA replication studies are 
available for the T4 system (48,49), we focused our 
attention on the highly related bacteriophage Rb69, 
because its DNA polymerase has been the subject of 
detailed structural characterization (3,50). Rb69 
DNA polymerase can efficiently substitute for T4 
DNA polymerase in faithfully replicating the T4 
genome (51). The closest eukaryotic homologue to 
these bacteriophage enzymes is Pol3, the catalytic 
subunit of Pol δ. T4 and Rb69 DNA polymerase (Rb-
Pol) not only carry out high-fidelity DNA 
replication, but are also responsible for the proper 
maturation of Okazaki fragments during phage DNA 
replication. The latter activity is allocated solely to 
Pol δ in eukaryotic cells (52).  Figure 1A shows a 
structural comparison between Rb69-Pol and aa95-
985 of the 1097aa yeast Pol3 (3,53). The structures 
of both enzymes were solved in a complex with 
template-primer and a base-paired dNTP. The Pol3 
structure comprises the structured NTD and the 
exonuclease and polymerase domains, but lacks the 
unstructured N-terminal tail and its CTD. The CTD 
of Pol α serves as a structural model for this domain 
in the other B-family DNA polymerases (19,20). 

We decided to fuse Rb69-Pol (1-896), which 
lacks only the C-terminal 7aa that mediate 
interactions with its gp45 clamp (54), to the CTD 
(981-1097) of Pol3 (Figures 1A and 2A).  This CTD 
contains a putative PCNA-binding motif (996-1005) 
(40), and the two 4-cysteine cluster metal binding 
sites, starting at aa1009 (21). The fusion gene is 
designated as pol3-69 and the resulting three-subunit 
variant of Pol δ as RbPol δ. First, we established that 
the fusion polypeptide contained the necessary 
determinants for expressing a stable 3-subunit 
enzyme in yeast, which it does (Figure 2A). 
Preliminary biochemical studies showed that the 
replication activity by the fusion enzyme was 
stimulated by PCNA, but much less so than wild-
type Pol δ (see below). Therefore, it was not 
surprising that the pol3-69 fusion gene failed to 
complement the lethality of a pol3Δ mutant (Figure 
1B). Among the potential reasons for this failure to 
complement could be: (i) that the fusion protein 
lacked essential interactions with other replication 
proteins, e.g. though its NTD; (ii) that either the 

fidelity or rate of replication by the RB69 catalytic 
domains was incompatible with yeast genome 
replication; (iii) that, for structural reasons, the 
fusion protein failed to properly present its PCNA-
binding domains to PCNA for highly processive 
DNA replication. We pursued the latter possibility, 
particularly because we noted that the PCNA binding 
motifs on the CTD of the catalytic subunit are 
located close to the fusion point. We therefore tested 
whether we could select for PCNA mutations that 
might ameliorate the processivity defect and thereby 
allow growth of pol3-69. A yeast pol3Δ strain 
containing both POL3 and pol3-69 on separate 
plasmids was transformed with a heavily 
mutagenized POL30 library, encoding PCNA. 
Transformants were replica-plated onto 5-
fluoroorotic acid-containing media (5-FOA), which 
evicted the wild-type POL3 plasmid, enforcing 
viability of the pol3-69 mutant for cell growth. We 
isolated two PCNA suppressor mutants of which 
only one, designated pol30-rb1, showed robust 
growth. The pcna-rb1 mutant carried six amino acid 
changes. By subsequent elimination analysis, we 
determined that the Q29H mutation was essential for 
suppression of lethality, while the additional K31R 
mutation increased the efficiency of suppression to 
that of the pol30-rb1 suppressor containing all six 
mutations (Figure 1B and data not shown). These 
two mutations are localized adjacent to each other on 
the outer rim of the PCNA donut, close to the 
interaction pocket of many PCNA-interacting 
proteins (Figure 1C). All further studies were carried 
with this double mutant, which we designate as 
pol30-rb2. 

Biochemical activities of RbPol δ – We next 
investigated the replication properties of RbPol δ 
with either wild-type PCNA or the double mutant 
pcna-rb2 (Figure 2B). While wild-type PCNA 
stimulated the replication activity of RbPol δ (Figure 
2B, compare lanes 6,7 with 5), it did not replicate as 
efficiently as Pol δ. The defect was somewhat 
suppressed at higher concentrations of PCNA (lanes 
8,9; Figure 2C), consistent with an impaired stability 
of the the DNA-PCNA-RbPol δ complex. 
Significantly, the mutant pcna-rb2 clamp largely 
suppressed this processivity defect, allowing more 
rapid DNA synthesis at lower concentrations than 
wild-type PCNA did (Figure 2B,C). Rb69 DNA 
polymerase itself showed no processive DNA 
synthesis with either wild-type PCNA or pcna-rb2.  
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In addition to the elongation of Okazaki 
fragments, another essential function of Pol δ is the 
maturation of these fragments (55). During this 
process, Pol δ coordinates with the flap endonuclease 
FEN1 to remove a 7-10 nt RNA primer and replace 
it with DNA during a process called nick translation, 
in order to generate a DNA-DNA nick that can be 
sealed by DNA ligase I.  In our biochemical assay, 
the polymerizing complex encounters an 8 nt RNA 
primer when it has completely replicated around the 
3 kb DNA circle as shown in Figure 1D. The RNA 
is degraded by iterative steps of Pol δ-mediated 
strand displacement synthesis of 1-2 ribonucleotides, 
followed by FEN1 cutting of the emerging 5’-flap 
(56). Finally, after all RNA has been degraded, DNA 
ligation is mediated by DNA ligase I. With wild-type 
Pol δ and PCNA, this reaction is essentially complete 
after 3 min, and substituting pcna-rb2 did not affect 
the kinetics (Figure 2D). In contrast, Rb-Pol δ only 
completed replication and subsequent Okazaki 
fragment maturation when the suppressor pcna-rb2 
was present, and not with wild-type PCNA. These 
data suggest that the lethality of the pol3-69 fusion 
mutant may result not just from inefficient 
elongation of replication, but perhaps even more 
from the inability to perform efficient Okazaki 
fragment maturation, with the suppressor mutant 
pol30-rb2 largely overcoming these deficiencies. 

Fidelity defects associated with Rb69 polymerase 
activity – Having established that the suppressor 
pcna-rb2 largely restored processive functionality to 
RbPol δ in vitro, we next asked which potential 
defects were associated with the genome being 
replicated by RbPol δ. All genetic studies were 
carried out in a POL30/pol30-rb2 heterozygous 
background, comparing the phenotypes of pol3-69 
with that of POL3. While the pol3-69 fusion allele 
showed robust growth at 30 ˚C, it was cold-sensitive 
for growth at 15 ˚C (Figure 3B). Secondly, the Pol32 
subunit is non-essential in yeast, even though many 
phenotypic defects are associated with pol32Δ 
mutants (29,56-58). However, pol32Δ showed 
synthetic lethality with pol3-69, suggesting that the 
activity of RbPol δ lacking Pol32 was unacceptably 
compromised (Figure 3A). The pol30-69 mutant was 
sensitive to the replication inhibitor hydroxyurea 
(Figure 3B), but not to the topoisomerase inhibitor 
camptothecin, which induces double stranded breaks 
(data not shown). However, the mutant was 
significantly more sensitive to UV irradiation than 
wild-type POL3.  

We combined the pol3-69 allele with a 
deletion of REV3, the catalytic subunit of Pol ζ, 
and/or with a deletion of RAD30, which encodes Pol 
η. Pol ζ is responsible for the bulk of damage-
induced mutagenesis in the cell (11,59), and Pol η 
mediates mostly error-free bypass of pyrimidine 
dimers (60). While defects in these damage-response 
mechanisms showed a slight increase in damage 
sensitivity, it was not profound, suggesting that no 
specific pathway was inactivated in pol3-69 (Figure 
3B).  

Despite being responsible for the replication 
of a relatively small genome, Rb69 DNA polymerase 
shows a remarkably high replication fidelity (61). 
We determined whether this high fidelity phenotype 
was preserved in yeast, using the CAN1 gene as a 
target for forward mutagenesis. In the pol3-69 
mutant, canavanine-resistant mutations occurred at 
an 8-fold increased rate compared to wild-type 
(Figure 3C). However, defects in the stability of 
replication complexes can induce the recruitment of 
Pol ζ, which results in an increased accumulation of 
mutations (12,62-64). This process is called DRIM 
(defective replisome-induced mutagenesis). DRIM 
is under analogous genetic control as damage-
induced mutagenesis (62,65). Therefore, we 
repeated the fluctuation analysis in a rev3Δ strain, 
defective for Pol ζ. Indeed, the pol3-69 rev3Δ mutant 
showed a strongly reduced mutator phenotype, being 
only ~3-fold higher than that of POL3 rev3Δ. An 
analysis of the spectrum of mutations obtained 
showed that by far the largest class of mutations in 
the pol3-69 single mutant are GCàCG transversion 
mutations that are a classical signature of Pol ζ-and 
Rev1-dependent activity (Table 1)(17,41,66). 
Indeed, they are not observed in the pol3-69 rev3Δ 
double mutant. Other types of mutations that are 
substantially enhanced in pol3-69 compared to pol3-
69 rev3Δ are ATàTA transversions and complex 
mutations, also consistent with Pol ζ- and Rev1-
dependent activity (62,66). When the mutation 
spectrum of the pol3-69 rev3Δ strain is compared to 
that of POL3 rev3Δ (63,64,67), substitution 
mutations in all classes are somewhat enhanced, but 
the largest increase attributable to RbPol δ are in 
deletion formation. 

Half of the mutants in pol3-69 rev3Δ are due 
to intermediate size deletions (11-64 nt) between 
direct repeats, 4-8 nt in length (Table I). These 
deletions are caused by primer misalignment during 
lagging strand replication by RbPol δ. When Pol ζ is 
functional, the rate of formation of these deletions is 
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not significantly altered, suggesting that the 
misaligned primer does not provoke a TLS response 
by Pol ζ. Interestingly, the same 4-8 nt direct repeats 
that cause deletion formation in pol3-69, induce 
duplications in a rad27Δ strain that is defective for 
FEN1 flap endonuclease, and therefore 
compromised in Okazaki fragment maturation (68).  

Our analysis has shown that the catalytic 
polymerase and domains of Pol δ can be substituted 

with those from a bacteriophage DNA polymerase, 
provided adaptive mutations are made in PCNA. The 
N-terminal domain is structurally conserved in all B-
family DNA polymerases, and in archaea serves a
specific function in the recognition of template uracil
residues (15). The function of the NTD in other
organisms remains to be determined, but our analysis
shows that this NTD does not specify organism-
specific essential functions.
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FIGURE LEGENDS 

Figure 1. Creating RbPol δ. (A) Structural alignment of yeast Pol3 (PDB: 3IAY, purple) and Rb69 (PDB: 1RG9, 
green), both in a ternary complex with DNA (template in red, primer in orange; only the DNA bound to Pol3 is 
shown) and dNTP (3,53). The three main domains are the N-terminal domain (NTD), the exonuclease domain 
(Exo) and the polymerase domain (Pol). Also shown is the portion of the CTD of yeast Pol1 (PDB: 3FLO) that is 
conserved with the Pol3 CTD (~1005-1080) (19). The proposed localization of the Zn and [4Fe-4S] metal centers 
within Pol3 is indicated, although in the Pol α-CTD structure both centers contain Zn. RB69-Pol(1-896) was fused 
to Pol3(981-1097). No structural model exists for the ~20 aa of Pol3 (dashed line) separating the two structural 
domains. (B) Serial ten-fold dilutions of pol3Δ strain PY227 containing three plasmids: pBL304 (URA3, POL3), 
pBL309 (TRP1, POL3) or pBL326 (TRP1, pol3-69), and pBL249 (LEU2, POL30 or pol30-rb1 
[F12Y,D17A,Q29H,K31R,I52M,I100T] or pol30-rb2 [Q29H,K31R]). Growth on 5-FOA media versus selective 
complete media indicates that the pol3-69 fusion allele supports growth, but only when the POL30 suppressors 
are present. (C) Location of the pol30-rb2 suppressor mutations (in red) within PCNA (PDB: 1PLQ) (69). Amino 
acids in the inter-domain connector loop (IDCL) and C-terminus that interact with a human Pol32 peptide are 
shown in black (70). 

Figure 2. Replication activity of RbPol δ. (A) Top panel, schematic of interactions within RbPol δ. RbPol3 
subunit interacts with Pol31 through its [4Fe-4S] cluster. Pol31 interacts with Pol32. Interaction with PCNA is 
supported through motifs in the Zn-ribbon of RbPol3 and at the C-terminus of Pol32. Lower panel, SDS-PAGE 
analysis of purified polymerase complexes. RbPol3 co-purifies with stoichiometric levels of Pol31 and Pol32. (B) 
Alkaline agarose gel electrophoresis of replication products with purified proteins as indicated. Schematic is 
shown and described in Experimental Procedures. (C) PCNA titration; replication assays were performed with the 
indicated proteins, as in B, for 60 sec. Incorporation of [α-32P] dNTPs was determined by scintillation counting. 
Activity is represented relative to that of Pol δ with saturating PCNA. Rb69-Pol, RB69 DNA polymerase (D) 
Okazaki fragment maturation assay; replication products were resolved on an agarose gel containing 0.5 µg/ml 
ethidium bromide. Replication assays were performed as in B, except for the addition of both FEN1 and DNA 
ligase I along with polymerase and dNTPs upon reaction initiation (see Experimental Procedures). Labels at left 
indicate positions of nicked double-stranded DNA and closed circular double-stranded DNA. The latter has a high 
mobility in an ethidium bromide-containing gel. 

Figure 3. Damage-sensitivity and fidelity phenotypes of the pol3-69 mutant. (A) The pol3-69 mutation shows 
synthetic lethality with pol32Δ. Growth of either POL3 or pol3-69 in PY236 (POL30/pol30-rb2) and PY243 
(POL30/pol30-rb2 pol32Δ) on 5-FOA media, which evicts complementing plasmid pBL304 (POL3 URA3), was 
monitored. (B) Sensitivity of the pol3-69 POL30/pol30-rb2 strain to low-temperature growth and to DNA 
damaging agents. Serial ten-fold dilutions of strains PY236 (REV3 RAD30), PY237 (rev3Δ), PY238 (rad30Δ), or 
PY239 (rev3Δ rad30Δ), containing either POL3 or pol3-69. All strains contain pol30-rb2 integrated into the 
chromosomal LEU2 locus. HU, hydroxyurea. (C) Spontaneous forward mutation rates (with 95% confidence 
intervals) to canavanine resistance, of PY236 and PY237, containing either POL3 or pol3-69. 
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TABLE I. Spectra of spontaneous mutations in pol3-69 mutants 

WT rev3Δ pol3-69 pol3-69 rev3Δ 
Mutations rate rate No rate No. rate 
Base Substitutions 
   GCàAT 
   ATàGC 
   GCàTA 
   GCàCG 
   ATàCG 
   ATàTA 

Indels 
+1
-1
-2

Deletions between 
    short direct 

repeats 
Complexb 
Otherc 

Totala 
95% C.I. 

4.4 
2.1 
4 
3 

0.8 
0.5 

0.7 
2.6 
1.0 

<0.5 
1.5 
- 

20.5 
17-24

3.3 
1.4 
1.3 
0.5 

<0.5 
<0.5 

0.3 
1 

2.0 

<0.5 
<0.5 

- 

11 
9-17

5 
1 
2 

24 
2 
9 

0 
3 
1 

5 
6 
1 

58 

15 
3 
6 

74 
6 

28 

<3 
9 
3 

15 
18 
3 

179 
148-217

11 
2 
4 
0 
0 
6 

1 
3 
3 

24 
0 
0 

54 

8 
1.4 
2.7 

<0.7 
<0.7 

4 

0.7 
2.1 
2.1 

16 
<0.7 
<0.7 

37 
36-49

aRates and Confidence intervals (C.I.) are from Figure 3C; bspectra from WT and rev3Δ are composite from 
references 63,64,67. bComplex mutations are defined as multiple changes within 10 nt. cOne duplication between 
direct repeats. 
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Figure 1 
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Figure 2
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Figure 3 
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CHAPTER V 

Resolving individual steps of Okazaki-fragment maturation at a 
millisecond timescale 
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PREFACE TO THE CHAPTER 

 Chapter V describes my analysis of DNA synthesis, strand displacement synthesis, and nick 

translation synthesis at high kinetic resolution using a rapid-quench flow apparatus. These lagging 

strand activities, performed by the PCNA–Pol δ replicase, have been studied in vitro by the Burgers 

lab and other groups for many years. However, the traditional biochemical techniques were limited in 

their kinetic resolution, and many details concerning how PCNA–Pol δ performs lagging strand 

synthesis and Okazaki fragment maturation remained unresolved. The studies described in this chapter 

represent the first pre-steady state analysis of Pol δ in complex with the replication clamp PCNA. 

These experiments revealed many important details about Pol δ’s activities on the lagging strand, and 

provided further insight into the multiple controls placed on the replication machinery that serve to 

limit the production of potentially damaging, long 5’-flaps.  

 Also included in this study is our continuing interest in evaluating the toolbelt model of PCNA 

action, which hypothesizes that PCNA can bind multiple enzymes simultaneously (further work in this 

area is presented in the next chapter). Different from the approach taken in Chapter VI, I used forced 

single turnover experiments to determine what activities during Okazaki fragment maturation could be 

performed processively. This technique provided evidence that Pol δ remains stably bound to PCNA 

while performing strand displacement synthesis and also that FEN1 can remain bound to PCNA 

through multiple cycles of nick translation. These data taken together provide support for the toolbelt 

model.  

 I performed all the experiments presented in this chapter; Peter and I worked together to write the 

resulting manuscript.  
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In eukaryotes, Okazaki-fragment synthesis is initiated by DNA 
polymerase (Pol) –primase, which creates a 20- to 30-base primer 
initiated by approximately 7–10 nt of RNA1. A conserved and  
highly regulated process synthesizes lagging-strand DNA from  
these primers and removes the Pol –primase–synthesized RNA  
from each of the ~50 million Okazaki fragments synthesized in  
mammalian cells, forming continuous double-stranded DNA upon 
nick ligation2. Many different DNA structures are formed during 
Okazaki-fragment synthesis and maturation, and improper process-
ing of these intermediates is a major cause of genome instability. 
Moreover, mutations can arise from the incomplete removal of  
Pol –synthesized DNA3.

Pol  performs the bulk of lagging-strand DNA synthesis, extending 
Pol  primers until reaching the 5  terminus of the preceding Okazaki 
fragment. In S. cerevisiae, Pol  is a three-subunit complex consisting 
of Pol3, Pol31, and Pol32 (ref. 4). The catalytic subunit, Pol3, contains 
both the polymerase and the proofreading 3 –5  exonuclease activities. 
Each subunit contains motifs that bind to the sliding clamp proliferat-
ing cell nuclear antigen (PCNA)4–8. When loaded onto primer termini 
by replication factor C (RFC) in an ATP-dependent reaction9, PCNA 
increases the intrinsic processivity of Pol , allowing it to replicate 
hundreds of nucleotides in a single DNA binding event10.

Because Okazaki fragments are initiated with Pol –synthesized  
RNA, ligation cannot occur until initiator RNA is removed. This 
removal requires the joint activity of Pol  and the structure- 
specific flap endonuclease I (FEN1). When Pol  reaches the 5  end 
of the previous Okazaki fragment, it continues replicating by limited 
displacement of the RNA primer, forming a 5  flap, which is cut by 
FEN1. To completely remove the RNA primer, it has been proposed 
that iterative Pol  strand displacement and FEN1 cleavage is required, 

a process termed nick translation11,12. The forward movement of  
Pol  that results in strand displacement is countered by exonucleo-
lytic activity of Pol , which reverses this action; repetition of this 
cycle is known as idling. Idling supports maintenance of the nick posi-
tion in the absence of other processing activities13. Without idling, 
unregulated strand-displacement synthesis generates problematic 
long flaps that require alternative processing mechanisms14 and can 
cause lethality when FEN1 activity is also compromised15.

Okazaki-fragment maturation, involving the action of Pol , FEN1, 
and DNA ligase I, is the best-studied example of a sequential mul-
tienzyme process coordinated by PCNA. For maturation to occur 
efficiently, cooperation with PCNA must be tightly regulated, and 
enzymes exchange access for DNA intermediates in a prescribed 
sequence. Debate remains concerning the mechanism of this coop-
eration. Because of PCNA’s homotrimeric structure, it has been sug-
gested that multiple enzymes may simultaneously bind to PCNA, each 
occupying a separate monomer; this is called the tool-belt model16. 
Biochemical evidence in support of tool-belt models has been 
reported in bacterial systems16,17 and in archaea18. The alternative 
model presupposes dynamic binding to and dissociation from PCNA, 
thus resulting in sequential switching of partners. Use of engineered 
yeast PCNA heterotrimers has provided biochemical evidence that 
nick translation does not absolutely require simultaneous binding of 
Pol  and FEN1 (ref. 19), but the methodology has not allowed for 
evaluation of whether this switching actually occurs.

Although the general pathway of Okazaki-fragment maturation has 
been well established, several critical mechanistic steps have remained 
unresolved because of the low kinetic resolution of existing studies. 
With the goal of better understanding how PCNA coordinates multiple  
enzymes during Okazaki-fragment synthesis and maturation, we 
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Resolving individual steps of Okazaki-fragment 
maturation at a millisecond timescale
Joseph L Stodola & Peter M Burgers

DNA polymerase delta (Pol d) is responsible for elongation and maturation of Okazaki fragments. Pol d and the flap endonuclease 
FEN1, coordinated by the PCNA clamp, remove RNA primers and produce ligatable nicks. We studied this process in the 
Saccharomyces cerevisiae machinery at millisecond resolution. During elongation, PCNA increased the Pol d catalytic rate by 
>30-fold. When Pol d invaded double-stranded RNA–DNA representing unmatured Okazaki fragments, the incorporation rate of
each nucleotide decreased successively to 10–20% that of the preceding nucleotide. Thus, the nascent flap acts as a progressive
molecular brake on the polymerase, and consequently FEN1 cuts predominantly single-nucleotide flaps. Kinetic and enzyme-
trapping experiments support a model in which a stable PCNA–DNA–Pol d–FEN1 complex moves processively through iterative
steps of nick translation, ultimately completely removing primer RNA. Finally, whereas elongation rates are under dynamic dNTP
control, maturation rates are buffered against changes in dNTP concentrations.
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performed millisecond-resolution kinetic studies with a quench-flow 
apparatus. This analysis reveals new and unexpected insights into the 
regulation of 5 -flap generation and processing. Furthermore, our 
analysis provides evidence for the proposed tool-belt model of the 
Okazaki-fragment maturation machinery.

RESULTS
PCNA increases the catalytic rate of Pol d
The experimental design of our studies in the quench-flow apparatus 
is described in Online Methods. Unless otherwise noted, the exo-
nuclease-deficient Pol -DV was used in all experiments to prevent 
degradation of DNA substrates15. We started by measuring the rate 
of incorporation of a single nucleotide by a preformed DNA–Pol  
complex (Fig. 1a); this rate constant is 9  1 s−1 (Fig. 1b,c). Under our 
standard assay conditions, binding of the polymerase to DNA was 
saturated, and the dTTP concentration (250 M) was near saturation 
(Supplementary Fig. 1a,b). This rate constant was higher than that 
observed in a previous analysis of Pol  (ref. 20) but much slower than 
previously determined rates of replication by PCNA–Pol  on RPA-
coated single-stranded DNA21. We first investigated whether inclusion 
of RPA enhanced the catalytic rate of Pol  alone, and we found instead 
that RPA strongly inhibited incorporation (Supplementary Fig. 1e).

In contrast, when PCNA was loaded onto DNA, we observed that 
PCNA–Pol  incorporated a single nucleotide at a rate too fast to 
be accurately determined in our apparatus (>300 s−1) (Fig. 1b,c). 
Because polymerase was prebound to DNA in both experiments, 
the increase in the rate constant was probably caused by intrinsic 
stimulation of the nucleotide incorporation rate by PCNA. Whether 
PCNA enhances the rate of the conformational change of the ternary 
polymerase–DNA–dNTP complex or the chemical step cannot be 
distinguished here22. Nevertheless, these data provide evidence that 
PCNA can actively influence the catalytic activity of a bound enzyme 
in addition to stabilizing it on DNA.

To determine how RPA influenced the rate of nucleotide incor-
poration by PCNA–Pol , we initiated reactions with dTTP and 
dATP, allowing the polymerase to incorporate 21 nt (Fig. 1a,d and 
Supplementary Fig. 1d). For graphical representation, we plotted the 
median extension product as a function of time (Fig. 1e and descrip-
tion of analysis in Online Methods). At saturating dNTP concentra-
tions (Supplementary Fig. 1c), PCNA–Pol  synthesized at a rate  
of ~340 nt/s, with or without RPA (Fig. 1e), thus indicating that  
RPA does not affect replication of homopolymeric templates.  
On mixed-sequence DNAs, RPA aids in processivity by resolving  
secondary structures; however, this stimulation can also be accom-
plished by heterologous single-stranded binding proteins23,24.

In yeast, dNTP concentrations are only 12–30 M (ref. 25). When 
we performed extension reactions with physiological levels of the 
four dNTPs, replication rates were reduced substantially, to 66 nt/s, 
thus indicating that these rates are not maximized at normal cellular 
dNTP levels (Supplementary Fig. 1f,g). These submaximal rates are 
advantageous for fidelity purposes because proofreading of errors is 
more efficient at subsaturating dNTP concentrations26. Furthermore, 
rNTPs, which are present at much higher concentrations than dNTPs, 
represent a discrimination challenge to DNA polymerases25,27. When 
we included both dNTPs and rNTPs at physiological concentra-
tions, DNA synthesis by PCNA–Pol  proceeded at a rate of 51 nt/s 
(Supplementary Fig. 1f,g), a rate compatible with rates of fork move-
ment in yeast28.

Strand-displacement synthesis by Pol d
We next observed Pol  approaching the 5  terminus of a model 
Okazaki fragment and initiating strand-displacement synthesis. 
Previous experiments have lacked the kinetic resolution to determine 
what occurs when Pol  reaches the double-stranded block and which 
features of the 5  block determine the kinetics of this process21,29. We 
annealed the primer and a downstream oligonucleotide block to their 
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corresponding templates (Fig. 2a,c), leaving either a 2-nt or a 5-nt gap 
between the primer terminus and block.

We first focused on the substrate with a 2-nt gap and a RNA8DNA19 
block (Fig. 2a). We performed rapid-quench kinetic experiments with 
the complete system (RPA, PCNA, RFC, Pol -DV, and , -methyl-
eneadenosine 5 -triphosphate (AMP-CPP), as described in Fig. 1a) but 
in the presence of all four dNTPs at saturation. After reaction initia-
tion with dNTPs, Pol  rapidly extended the primer at 200–300 nt/s.  
We plotted the fractional occupancy of the nick product and of each 
strand-displacement product over time (Fig. 2b). The final nucleotide 
closing the gap into a nick was inserted at a rate ~50% that of the 
normal synthesis rate, thus indicating that the presence of the block is 
sensed by the polymerase. Pol  stalled substantially at the nick position  
(designated as 0), thus indicating that it cannot seamlessly initiate strand 
displacement. Furthermore, the observed rate of nucleotide incorpo-
ration, in which the polymerase invaded the duplex DNA, slowed to 
10–20% that of the previous step, from 11.3  1.0 s−1 for the first 
nucleotide displaced, to 1.4  0.2 s−1 for the second, to 0.38  0.06 s−1  
for the third nucleotide. Thus, the nascent flap acts as a progressive 
molecular brake on the DNA polymerase, limiting formation of longer 
flaps. Furthermore, this progressive slowdown was not the result of 
specific DNA or RNA sequences but instead was a consequence of the 
increasing length of the flap (Supplementary Fig. 2e–g). To extend 
the model-free fitting in Figure 2b, we performed global kinetic fit-
ting of these data to two different models. These models are discussed  

in detail in Supplementary Fig. 2a,b and their implications are  
considered further in the Discussion.

Given its function in Okazaki-fragment maturation, Pol  may have 
evolved the ability to displace RNA–DNA duplexes more readily than 
DNA–DNA duplexes. We investigated whether either the duplex sta-
bility or the sugar identity (RNA versus DNA) is the main determining 
factor for strand-displacement capacity. We focused on the relative 
duplex stabilities of the 5 -proximal 4 bp that initially block invasion 
by Pol  (Fig. 2c). RNA–DNA and DNA–DNA duplex stabilities have 
been determined by nearest-neighbor analysis30. The RNA–DNA 
duplex of substrate I was more stable than the DNA–DNA duplex by 
0.7 kcal/mol. Pol  reached the nick at the same rate for both substrates 
(Fig. 2d,e and Supplementary Fig. 2c). However, the rate of release 
from the nick position and strand-displacement synthesis proceeded 
faster for the DNA–DNA duplex than for the more stable RNA–DNA 
duplex. When we reversed the duplex stabilities, with the DNA–DNA 
substrate being more stable, the RNA block was displaced more rapidly 
than the DNA block (Fig. 2c–e and Supplementary Fig. 2d). These 
data suggest that strand-displacement rates are governed primarily by 
duplex stability rather than by RNA versus DNA identity.

Pol d idling at a nick
We carried out the studies above with exonuclease-deficient Pol -DV, 
so that calculations of forward polymerization rates were uncomplicated  
by exonucleolytic degradation. After limited strand displacement, 
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wild-type Pol  degrades DNA back to the nick position, using its 
exonuclease in a process called idling13. To perform experiments with 
wild-type Pol , we assembled replication-competent complexes in the 
presence of dCTP and dGTP to prevent substrate degradation, and we 
initiated replication by addition of the four dNTPs (Fig. 3a). We com-
pared fractional occupancies of select replication intermediates with 
those measured with Pol -DV (Fig. 3b and Supplementary Fig. 3a). 
Replication up to the nick position was comparable for both forms of 
Pol . However, as the wild-type enzyme invaded the nick, it reversed, 
using its exonuclease activity. As a result, the fraction of nick products 
did not decay, and in comparison with the results for Pol -DV, flap 
products did not accumulate (Fig. 3b). An equilibrium distribution 
of products maintained by idling was reached within 500 ms. At equi-
librium, the fractional occupancy of nick product was comparable to 
that of all flap products combined, thus suggesting that the rate of 
degradation was comparable to that of strand displacement of the first 
nucleotide (~10 s−1). Rates of strand displacement by wild-type Pol  
were also governed by the stability of the block. A more stable block 
yielded an equilibrium distribution of extension products favoring the 
nick product and shorter flaps (Supplementary Fig. 3b–d).

FEN1 processes single-nucleotide flaps
We next reconstituted nick-translation synthesis, which requires coor-
dinated action of Pol  and FEN1. Structural and mechanistic studies 
have shown that FEN1 does not simply cut 5  flaps at their base, as 
generally depicted, but binds a single 3  extrahelical nucleotide into 
a specificity pocket, then cuts the 5  strand one nucleotide into the 
double-stranded DNA, which itself has become partially unpaired31. 
For a single-nucleotide 5  flap, which can equilibrate into a 3  flap, 
the proposed cleavage mechanism is depicted in Figure 4a. Previous 
studies have shown that the major product produced by FEN1 during 
nick translation is a mononucleotide12, which is presumably the result 
of cleavage following formation of a 1-nt flap by Pol . However, many 
studies have shown that the 1-nt flap is not the preferred substrate 
for FEN1; instead, FEN1 cuts double-flap structures with a single-
nucleotide 3  flap and a variable-length 5  flap much more avidly31–33. 
Indeed, in our sequence context, double-flap substrates were cut faster 
than the single nucleotide flap (Supplementary Fig. 4i). Given the 
temporal resolution of our system, we were able to determine which 
strand-displacement products provide substrates for FEN1. We labeled 
DNA substrates in various positions (Fig. 4b) to monitor different 
enzyme activities. Then we initiated reactions with dNTPs together 
with FEN1 (Fig. 4b). Addition of FEN1 did not alter the rate at which 
Pol  reached the nick position or the rate of +1 extension-product 
formation (Fig. 4b and Supplementary Fig. 4a,b). However, the addi-
tion of FEN1 led to a very rapid decay of the +1 extension product, 
thus suggesting that FEN1 acted on this substrate (Fig. 4c).

We also monitored the production of FEN1-digestion products. 
The mononucleotide product predominated, but dinucleotides and 
trinucleotides were also formed (Supplementary Fig. 4c). The 1-nt 
cleavage product formed with kinetics that lagged behind the for-
mation of the +1 displacement product but preceded formation of 

the +2 displacement product (Fig. 4c), thus indicating that the 1-nt 
cleavage product resulted from the displacement of a single nucleo-
tide. If reequilibration of the single-nucleotide 5  flap into a 3  flap 
is a prerequisite for FEN1 activity, reequilibration must occur at 
a timescale faster than cutting (>5 s−1). Products of 2 nt and 3 nt 
resulted from processing of longer flaps that accumulated at later 
times (Supplementary Fig. 4d). Efficient flap cleavage relied on the 
interaction between PCNA and FEN1. The PCNA-defective mutant 
FEN1-p34 was strongly compromised in cutting flaps generated by 
PCNA–Pol  (Fig. 4d and Supplementary Fig. 5e).

The prediction from these studies is that relative rates of strand-
displacement synthesis through sequences with different stabilities 
determine the distribution of FEN1 products. This is indeed what 
we observed; on our most stable substrate (substrate III), strand- 
displacement synthesis proceeded much more slowly than on the 
standard substrate (Supplementary Fig. 2f,g), and FEN1 products 
longer than the mononucleotide were negligible (Supplementary 
Fig. 4e–g). From these data sets, we conclude that the major FEN1 
substrate during nick translation is a single-nucleotide flap and not 
the double flap that is more active in FEN1 cutting.

Coupling strand displacement to FEN1 action
A central proposal in the current view of nick translation is its  
coupled, reiterative nature, i.e., that multiple cycles of strand displace-
ment and FEN1 cutting of predominantly 1-nt flaps removes the  
initiator RNA. As such, we predict that first, FEN1 cuts iteratively at 
every position in the downstream oligonucleotide, in effect producing 
a ladder of products, and second, the degradation of the downstream 
oligonucleotide should match the extension of the primer oligonucle-
otide. To visualize all intermediates of FEN1 cutting, we labeled the 
3  end of the blocking oligonucleotide (Fig. 4b). Indeed, we observed 
a ladder of downstream oligonucleotides resulting from regular and 
reiterative FEN1 cutting. To examine polymerase–FEN1 coupling, we 
compared the median primer length of products replicated past the 
nick position with the median length of 3 -labeled oligonucleotides  
cut by FEN1 (Fig. 4b,e). When plotted, the slopes were nearly equiva-
lent, with the median primer length increasing at ~5 nt/s and the 
median downstream oligonucleotide degrading at ~4 nt/s. This 
inverse relationship suggests a tight coupling of strand displacement 
and FEN1 nuclease activity during nick translation.

If polymerization during nick translation were rate limiting, a 
decrease in dNTP concentrations from saturating to physiological 
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levels should decrease the nick-translation rate to ~25%, as observed 
with unimpeded elongation (Supplementary Fig. 1g). We performed 
nick translation assays at physiological dNTP concentrations. Primer-
elongation rates during the linear range of nick translation were com-
parable at both saturating and physiological dNTP concentrations 
(Supplementary Fig. 4h), thus indicating that other steps during nick 
translation are likely to be rate limiting.

Experimental evaluation of the PCNA tool-belt model
Interaction with PCNA allows Pol  to replicate single-stranded DNA 
processively, but the extent to which PCNA–Pol  can perform proces-
sive strand-displacement synthesis, and whether a stable PCNA– 
Pol –FEN1 complex exists that performs processive nick translation,  
remains unresolved. To determine whether PCNA–Pol  can proces-
sively replicate through a typical Okazaki-fragment primer (~7–10 nt),  
we used heparin to trap free Pol  that had dissociated from DNA 
(Fig. 5a). In the absence of PCNA, 10 g/ml heparin completely 
inhibited Pol  even when the polymerase was prebound to DNA 
(Fig. 5a, lanes 1 and 2). A second control experiment showed that 
pretrapped Pol  could not bind PCNA–DNA, and replication was 
inhibited (lanes 9 and 10). However, when Pol  was prebound to 
PCNA–DNA, challenge with heparin upon initiation with dNTPs did 
not cause a decrease in strand-displacement products after 5 s, and we 
observed only a partial decrease after 20 s (lanes 3–6), thus indicating  

that the complex is processive at the timescale during which nick 
translation normally occurs. Processive strand-displacement synthe-
sis occurred through either DNA or RNA blocks, and at saturating or 
physiological dNTP levels (Fig. 5a and Supplementary Fig. 5a,b).

Second, we asked whether FEN1 also acted processively during 
nick translation. Because heparin inhibited FEN1 under all con-
ditions (data not shown), we used an oligonucleotide-trap sub-
strate with a structure representing the optimal substrate for FEN1 
(Supplementary Fig. 5e). This trap did not inhibit strand-displacement  
synthesis by Pol  (Fig. 5b, lanes 1–4). In a control experiment, 
when FEN1 was prebound to the oligonucleotide trap before reac-
tion initiation with dNTPs, we observed no products longer than the 
expected strand-displacement products (lanes 3 and 4 and 9 and 10),  
thus indicating that the trap did not inhibit strand-displacement 
synthesis but did inhibit FEN1. In addition, preincubation of FEN1 
with the trap blocked cleavage of a preformed flap-containing DNA 
(Supplementary Fig. 5e). However, when FEN1 was allowed to 
assemble onto the DNA–PCNA–Pol  complex before addition of 
dNTPs with the DNA trap, very long extension products were formed, 
consistently with FEN1 acting processively during multiple cycles of 
nick translation (Fig. 5b, lanes 5 and 6 and 7 and 8). The processivity  
of nick translation was not absolute, because more efficient nick 
translation was observed in the absence of the trap, which allowed 
reloading of dissociated FEN1. One caveat of this experiment is that, 
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because the DNA trap does not trap Pol , we formally cannot exclude 
the possibility that some polymerase dissociated and rebound during 
nick translation, even while FEN1 remained bound. However, because 
FEN1 remained processive, a DNA–PCNA–Pol –FEN1 complex that 
advances nick translation must exist.

These processive activities are completely dependent on the interac-
tion of FEN1 with PCNA, because they were abrogated when we used 
the PCNA-interaction-defective mutant FEN1-p (Supplementary 
Fig. 5c). Stable FEN1 binding to PCNA during nick translation did 
not depend on the form of polymerase used, because both exonucle-
ase-deficient Pol -DV and wild-type Pol  showed processive nick 
translation (Fig. 5b and Supplementary Fig. 5d). In sum, these data 
provide evidence that the quaternary DNA–PCNA–Pol –FEN1 com-
plex performs efficient and processive nick translation.

DISCUSSION
Our high-resolution kinetic analysis has illuminated new aspects 
of the basic steps of Okazaki-fragment synthesis and maturation. 
Analysis of the DNA–Pol  complex yielded the unexpected result 
that the presence of PCNA greatly accelerated the observed incor-
poration rate of Pol  (Fig. 1). This finding was surprising because 
the leading-strand Pol  shows a high rate of incorporation in the 
absence of PCNA (~200–300 nt/s), which is comparable to that of 
PCNA–Pol  (ref. 35). Furthermore, the orthologous bacteriophage 
T4 DNA polymerase shows a full catalytic rate of ~400 s−1 in the 
absence of its PCNA-like replication clamp36. Thus, Pol  shows two 
unique PCNA-stimulated activities: catalysis and processivity.

Our analysis focused on strand-displacement synthesis by Pol  and 
on nick translation, to determine which activities could act in syn-
ergy to restrict flap sizes. When the polymerase enters an RNA–DNA 
or DNA–DNA block and initiates strand-displacement synthesis, a 
progressive molecular brake is applied to the polymerase. Reduction 
of base-pairing energetics at the block alleviates the severity of the 
molecular brake. We show here that this alleviation can be accom-
plished by introducing less stable sequences at the block site (Fig. 2), 
but it can also be accomplished by reducing the salt concentration or 
raising the assay temperature21, or even by mechanically pulling on 
the displaced strand, as shown by single-molecule techniques37.

Our modeling of the kinetics of strand-displacement synthesis does 
not currently allow us to conclusively provide a specific molecular 
mechanism explaining the progressive slowing of the polymerase. We 
considered two different models in Supplementary Figure 2a,b. It is 
possible that nucleotide insertion by Pol  is progressively inhibited 
by the growing flap (model 1), or that during strand-displacement 
synthesis, the enzyme equilibrates between an extension-competent 
form and an extension-incompetent form (model 2), or that a combi-
nation of both models occurs. Model 1 does not sufficiently describe 

our data because it does not contain steps in which Pol  switches 
from its polymerase to its exonuclease domain (idling, Fig. 3) or steps 
in which the primer terminus is released, thus allowing FEN1 to act 
(nick translation, Fig. 4). Even though several rates in model 2 remain 
poorly defined, we believe that this model has merit because it incor-
porates these additional steps necessary for nick translation.

Several studies, including ours (Supplementary Fig. 4i), have indi-
cated that the 1-nt flap is not the optimal FEN1 substrate31,33. Yet this 
structure is cut most frequently because it is the substrate presented to 
FEN1 during nick translation; the rate with which the 2-nt flap is pro-
duced from the 1-nt flap is generally lower than that of FEN1 cutting 
(Fig. 4c). However, if 2-nt or longer flaps are made, albeit infrequently, 
the increased rate with which they are cut by FEN1 should ensure that 
flaps generally do not grow to a dangerously long size (Fig. 6).

PCNA’s homotrimeric structure has the potential to serve as a 
binding platform for multiple enzymes simultaneously (the tool-
belt model). Previous studies have shown that two functional PCNA 
monomers are sufficient for full Pol  activity19. Because FEN1 binds 
only a single PCNA monomer38, Pol  and FEN1 have the potential to 
remain simultaneously bound to a single PCNA during nick transla-
tion. Our data support the model in which a quaternary DNA–PCNA–
Pol –FEN1 complex performs processive nick-translation synthesis. 
Evaluating the PCNA tool-belt model in vivo remains a challenge. 
The PCNA interaction defect in FEN1-p not only reduced nuclease 
recruitment to the emerging flap but also prevented processive action 
by FEN1 during nick translation (Supplementary Fig. 5c). The latter 
defect prevents the tool-belt mechanism from operating. Remarkably, 
despite these defects, FEN1-p (rad27-p) mutants show only marginal 
genetic instability phenotypes in yeast34,39. However, when redundant 
controls on excessive strand-displacement synthesis are eliminated, 
such as in a Pol  exonuclease–defective mutant, the rad27-p mutation 
can cause synthetic lethality40. At this point, we are unable to attribute 
the genetic defect of the rad27-p mutant to either the recruitment or 
processivity defect of FEN-p.

We show that Pol  processively performs strand displacement on 
a timescale relevant for Okazaki-fragment maturation (Fig. 5a); nick 
translation proceeds at a rate of ~5 nt/s (Fig. 4e), thus suggesting that 
removal of RNA should generally be accomplished within 2 s. A pre-
vious report has determined that Pol  collision with the 5  end of an 
Okazaki fragment decreases the affinity of the polymerase for DNA, 
designated ‘collision release’24. Because we found that the whole process  
should be complete within just a few seconds, our data do not disagree 
with those from that study, which was carried out on a time scale of  
minutes. Therefore, although the collision release model may be important  
under some circumstances, appreciable dissociation of Pol  occurs too 
slowly to substantially affect nick translation. It could be argued that 
at lower, physiological dNTP concentrations, nick translation might 
occur at a reduced rate. However, we found this not to be the case 
(Supplementary Fig. 4h). These data suggest that steps other than 
primer elongation are rate limiting; these steps are likely to involve the 
consecutive steps of polymerase release, flap reequilibration, FEN1 flap 
engagement, and cutting. Nucleotide levels in yeast are under dynamic 
control, for example, during the stress response41. Our data suggest 
that, whereas elongation rates are under strict dNTP control, matura-
tion rates are buffered against changes in dNTP concentrations.

The focus of our study has been on Pol  and FEN1, and their 
DNA-bound complex with PCNA. DNA ligase I, which completes 
the process, was not included in this study. In archaeal replication 
studies, a processive complex of polymerase, FEN1, and ligase with 
the heterotrimeric PCNA has been observed18,42. It is likely that the 
eukaryotic machinery works in a slightly different manner. Eukaryotic 
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Figure 6 Model for short-flap maintenance and nick translation. Details 
are in main text.
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A R T I C L E S

DNA ligase I also contains a PCNA-binding domain43, one function 
of which is recruiting ligase to replication foci44. However, previous 
studies have shown that ligase acts distributively, and the position of 
ligation after RNA removal is largely dependent on ligase concentra-
tions21. In yeast, acute depletion of DNA ligase allows nick translation 
to proceed up to the dyad of the nucleosome that has been assem-
bled on the completed lagging strand45. The analysis of these small 
fragments has provided valuable information regarding the limits  
that the cellular environment sets to nick translation by the PCNA–
Pol –FEN1 complex.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Proteins. RPA46, PCNA47, RFC48, FEN1, and the PCNA-interaction-defective 
FEN1-p (F346G F347A)34 were purified from Escherichia coli overexpression 
systems, whereas Pol  and the exonuclease-defective Pol -DV (D520V) were 
purified from yeast overexpression systems49.

DNA substrates. All oligonucleotides were obtained from Integrated DNA 
Technologies and were purified by either polyacrylamide gel electrophoresis 
or high-pressure liquid chromatography before use. Sequences of oligonucle-
otides are listed in Supplementary Table 1. Primer29, used in all studies, was 
either 5 -32P-labeled with T4 polynucleotide kinase (New England BioLabs) 
and [ -32P]ATP, or was ordered with a 5 -Cy3 fluorophore. No difference in 
primer-extension activity was observed between the different labeling methods. 
Primer-extension DNA templates were generated by annealing labeled primer 
and blocking oligonucleotides to the template in a 0.8:2:1 ratio. 3 -labeled block 
templates were generated by annealing primer and labeled block to the template in 
a 1.4:0.8:1 ratio, respectively. 5 -labeled block templates were generated by anneal-
ing primer and labeled block to the template in a 0.8:1.4:1 ratio, respectively. To 
hybridize, oligonucleotides were heated to 75 °C in 100 mM NaCl and cooled 
slowly to room temperature. After hybridization, streptavidin was added in a 
two-fold molar excess to template–primer substrates. All substrates, except those 
in Supplementary Figure 4i, contain 3 - and 5 -biotin–streptavidin bumpers  
to support stable PCNA loading by RFC21. DNA concentrations in replication 
assays were calculated according to the labeled oligonucleotide concentration. 
In strand-displacement templates, the gap between the primer terminus and the 
5 -block was limited to either two or five nucleotides to maximize the synchrony 
of replicating complexes initiating strand-displacement synthesis.

Replication reactions. All replication experiments were performed in a buffer 
containing 20 mM Tris-HCl, pH 7.8, 1 mM dithiothreitol, 200 g/ml bovine 
serum albumin, 8 mM Mg(OAc)2, and 100 mM NaCl. Unless otherwise noted, 
standard reaction conditions were 10 nM DNA template, 40 nM Pol  (DV or 
wild type), 30 nM PCNA, 15 nM RFC, 100 M , -methyleneadenosine 5 -tri-
phosphate (AMP-CPP) for RFC-catalyzed loading of PCNA, and 50 nM RPA for 
studies in Figure 1 or 25 nM RPA for all other studies. PCNA loading by RFC 
is an ATP-dependent process9. However, because ATP is also a substrate for  
Pol  (ref. 25), it could not be used in our system. Therefore, we replaced ATP with 
AMP-CPP, which acts efficiently in PCNA loading but cannot be incorporated by 
the DNA polymerase. The Pol -DV (D520V) mutant was used in most reactions, 
unless otherwise noted. This exonuclease-deficient mutant prevents degradation 
of oligonucleotide substrates before reaction initiation15.

Reactions were initiated with 250 M of each dNTP, unless otherwise noted. 
In select experiments, physiological concentrations of the four dNTPs and rNTPs 

were used; physiological dNTP concentrations in S. cerevisiae were 16 M dATP, 
14 M dCTP, 12 M dGTP, and 30 M dTTP, and the rNTP concentrations were 
3 mM ATP, 0.5 mM CTP, 0.7 mM GTP, and 1.7 mM UTP25.

All reactions except those in Figure 5 and Supplementary Figure 5 were 
performed in a quenched-flow apparatus (KinTek RQF-3) maintained at 30 °C 
with a circulating water bath. DNA templates were preincubated with Pol , with 
or without other protein factors (PCNA, RFC, and RPA) and AMP-CPP as indi-
cated. The preassembled complexes were loaded into one loop of the quenched-
flow apparatus. The second loop contained initiating nucleotides (and FEN1 
when present) in reaction buffer. Reactions were initiated by mixture of equal 
volumes and quenched with 200 mM EDTA and 0.2% SDS. DNA products  
were ethanol-precipitated in the presence of 10 g/ml glycogen and resolved  
on 12–20% denaturing polyacrylamide gels. Gels containing 32P-labeled 
DNAs were dried and subjected to PhosphorImager analysis. Gels containing  
Cy3-labeled DNAs were visualized by detection of Cy3 fluorescence with a 
Typhoon-Trio (GE Healthcare). All quantifications were carried out with 
ImageQuant software (GE Healthcare).

Each reaction was performed at least twice under identical conditions.  
For exact repeats of strand-displacement reactions, variations in the fractional 
occupancy of specific products did not exceed 0.1, even at the shortest time 
points. At time points exceeding 50 ms, curves from identical replicates were 
indistinguishable. Observed rates in all figures are reported to highlight qualita-
tive differences between reaction conditions, with standard errors reported for 
the fits of individual time courses.

Median analysis. The median analysis method was used to generate the data 
presented in Figures 1e and 4e and Supplementary Figures 1c,g and 4h. This 
methodology takes into consideration that complexes do not move with perfect 
synchrony through the available template, and it is described in detail in the 
legend to Supplementary Figure 6.

46. Henricksen, L.A., Umbricht, C.B. & Wold, M.S. Recombinant replication protein A: 
expression, complex formation, and functional characterization. J. Biol. Chem. 269, 
11121–11132 (1994).

47. Eissenberg, J.C., Ayyagari, R., Gomes, X.V. & Burgers, P.M. Mutations in yeast 
proliferating cell nuclear antigen define distinct sites for interaction with DNA 
polymerase delta and DNA polymerase epsilon. Mol. Cell. Biol. 17, 6367–6378 
(1997).
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Supplementary Figure 1 

Analysis of replication rates by Pol  
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(a) Electrophoretic Mobility Shift Assay (EMSA) of Pol -DV binding to template-primer DNA (Fried, M. & Crothers, D.M. Equilibria and 
kinetics of lac repressor-operator interactions by polyacrylamide gel electrophoresis. Nucleic Acids Res. 9, 6505-6518 (1981)). 20 nM 
DNA was incubated with increasing concentrations of Pol -DV. Complexes were resolved on a 5%, 1X TBE native polyacrylamide gel. 
Analysis was carried out with 20 nM template as this was the pre-incubation concentration of DNA prior to mixing with an equal volume 
of dNTP solution in the rapid-quench apparatus. (b) Single nucleotide incorporation by Pol -DV alone (no PCNA), identical to 
described in Fig. 1 b,c, with either 250 M or 500 M dTTP. Time courses were fit to single exponentials, representative of first-order 
kinetics. (c) Quantification of replication time courses of a homopolymeric DNA by PCNA-Pol Experiments were performed identically 
to that in Fig. 1d, but with either 250 M or 500 M each of dTTP and dATP. Median analysis is described in detail in “Supplementary 
Experimental Procedures”. (d) Replication through a homopolymeric stretch of DNA by PCNA-Pol ; images of gels quantified in Fig. 
1e. DNA template was pre-incubated with subsets of an enzyme mix containing Pol -DV, RPA, PCNA, RFC, and AMP-CPP. 
Omissions from this standard reaction mix are noted. Reactions were initiated with 250 M dTTP and dATP each to allow extension of 
the 29-mer primer to a 50-mer product. (e) Effect of RPA on Pol -DV extension in the absence of PCNA. Primer extension reactions 
were performed on substrate described in Fig. 1a, with and without 50 nM RPA pre-bound to the single-stranded DNA template. 
Reactions were initiated with either 250 M dATP or 250 M each dATP and dTTP as noted. (f) Primer extension reactions by PCNA-
Pol . Standard replication reactions on the template shown in Fig. 1a containing all components were initiated with either 250 M each 
of all four dNTPs, all four dNTPs at S. cerevisiae physiological concentrations (16 M dATP, 14 M dCTP, 12 M dGTP, 30 M dTTP), 
or all four dNTPs and rNTPs at S. cerevisiae physiological concentrations (dNTPs as before plus 3 mM ATP, 0.5 mM CTP, 0.7 mM 
GTP, 1.7 mM UTP). (g) Quantification of data from f. The median extension product at each time point was determined and plotted as a 
function of time. Each curve was fit to a single exponential.
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Supplementary Figure 2 

Strand-displacement synthesis by exonuclease-deficient Pol  

(a, b) Global kinetic modeling of data from Fig. 2a to the respective kinetic models shown. KinTek Explorer software was used to 
perform fits (Johnson, K.A., Simpson, Z.B. & Blom, T. Global kinetic explorer: a new computer program for dynamic simulation and 
fitting of kinetic data. Anal Biochem 387, 20-9 (2009)) The fitting shown in Fig. 2b was performed in a model-free manner, providing 
information concerning the observed macroscopic rates of strand displacement synthesis, but not about the molecular mechanism of 
the observed slow-down. In an attempt to better define this molecular mechanism, we performed global kinetic fitting of the data in Fig. 
2a to two different models. First, we globally fit the data to the simplest model, in which the flap inhibits the actual rate of extension by 
Pol  and a longer flap inhibits more effectively in (a). This model yielded a poor fit, especially for the +2 and +3-nt displacement 
products. The rates obtained from this global fit were comparable to those generated by fitting each product curve to the sum of two 
exponentials individually (compare (a) with Fig. 2b). A second, more complex mechanism was considered, in which Pol  equilibrates 
between two states during strand displacement, one that is competent for further extension and one incompetent for extension (b). 
Fitting to such a model provided a better fit to the data, as is expected by the inclusion of more variables. Our modeling indicates that 
the incompetent state is not significantly populated during polymerization of single-strand DNA templates, but becomes increasingly 
more populated as strand displacement synthesis progresses. While several rates were not well defined by this model, we believe that 
its principle has merit because it provides a mechanistic explanation for Pol  carrying out activities on flap substrates other than 
polymerization, such as idling and hand-off to FEN1. (c, d) Strand displacement time courses performed on the indicated Substrates I 
and II with either RNA or DNA-initiating blocking oligonucleotides. Select time points from these gels are shown in Fig. 2b. (e) Strand 
displacement time course performed on DNA Substrate III-RNA block. The reaction was performed identically to those in (c) and (d). (f) 
Quantitation of data from (e); Displacement products (0) and (+1) were fit to two exponentials, and (+2) and (>+3) to single 
exponentials. (g) Global KinTek modeling using the simple model in (a). The experiments in (e-g) were carried out to show that the 
progressive slowdown observed during strand displacement synthesis in Substrates I and II was not the result of the specific DNA or 
RNA sequence used, but a consequence of the increasing length of the flap. In Substrate III, the dinucleotide stability for each pair of 
nucleotides within the four, 5’-proximal nucleotides was constant (5’-rGrGrGrC), yet the strand displacement time-course shows that 
rate of strand displacement synthesis progressively decreases as the nascent flap grows longer. 
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Supplementary Figure 3 

Strand-displacement synthesis and idling by wild-type Pol 

(a,c) Strand displacement time courses performed with Pol -wt as described in Fig. 3a. The substrate and enzymes were pre-
incubated in the presence of dCTP and dGTP to prevent polymerase degradation of the primer and blocking oligonucleotide. (b,d) 
Quantification of products in a,c. Fractional occupancy was determined and select products are plotted. The nick position product (0), 
+1 position past nick, and the +2 and greater position were plotted for both the RNA-initiating block (a,b) and the DNA block (c,d) of
Substrate I. The c plot is also in Figure 3, but is shown again for easier comparison.
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showing nick position and +1 displacement product. (c) FEN1-cut products from Substrate I-RNA with 5’-labeled blocking 
oligonucleotide. The fraction of each product size is shown. The total of cut products and substrate remaining equals 1. (d) The ratio of 
(2-nt + 3-nt)/1-nt product formed during each subsequent 0.2 sec interval was plotted against assay time. The plot shows that at the 
start the 1-nt product predominated (ratio =0.3), while after 2 sec, the larger products predominated (ratio =4.5). (e) Nick translation 
assay on Substrate III-RNA block, as diagramed in a. (f) Quantification of e (+FEN1) and Supplementary Fig. 2e (no FEN1). Nick 
position (0), and +1 and +2 displacement products were plotted. (g) FEN1-cut products from Substrate III-RNA with 5’-labeled blocking 
oligonucleotide. The fraction of each product size is shown. The total of cut products and substrate remaining equals 1. (h) Median 
extension analysis of nick translation assays performed at 250 M each dNTP (blue), and at physiological dNTP levels (red, 
concentrations listed in legend to Supplementary Fig. 1f). Data for saturating dNTPs are the same as in Fig. 4e. Data collected with 
low dNTP levels shows a lag in nick translation at early time points, which we attribute to slower gap filling and formation of the +1 flap 
at the lower, physiological dNTPs. Comparison of the two slopes in the linear range indicates that iterative nick translation proceeds at 
approximately the same rate at physiological as at saturating nucleotide concentrations. (i) Quench-flow assay with FEN1 and various 
flap-containing DNAs. Reactions were initiated by mixing FEN1 with DNA template. Other than the nick-containing template (green), 
DNAs contained a single extrahelical 3’-nucleotide complementary to the template. Templates then contained either 0 (blue), 1 (black), 
or 2 (purple) extrahelical 5’-rU bases, not complementary to the template. All templates were labeled with a 5’-32P on the strand cut by 
FEN1. The fraction of flap cut is plotted. These assays were carried out without PCNA since it was not efficiently loaded on the flap 
substrates. 
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Supplementary Figure 5 

Processivity of the nick-translation machinery. 

(a) Similar to Fig. 5a; strand displacement time-course by PCNA-Pol  on Substrate I-DNA block. Standard reaction conditions were
used, initiated with either 250 M of each dNTP (high) or physiological levels of each dNTP (phys, concentrations listed in legend to
Supplementary Fig. 1f). 10 g/ml heparin was used as trap for free Pol -DV in noted lanes. (b) Similar to Supplementary Fig. 5a,
lanes 1-6 (250 M each dNTP), except Substrate I-RNA block was used instead of a DNA-block. (c) Companion to Fig. 5b; nick
translation assay with forced single turnover of 40 nM FEN1-p, containing mutations in the FEN1 PIP-motif. DNA template was
Substrate I-RNA block. Reactions were initiated with 250 M each dNTP with or without 6 M oligonucleotide FEN1 trap to trap free
FEN1-p. The data show that the trap completely blocked FEN1-p action, even when it was pre-bound to the DNA-PCNA- Pol
complex, indicating that it is not stably associated with this complex. (d) Nick translation assay with forced single turnover of 40 nM
FEN1, with wild-type Pol . Reactions were initiated with 250 M each dNTP with or without 6 M oligonucleotide FEN1 trap to trap free 
FEN1. The data show that FEN1 is able to remain associated with the PCNA-wild-type Pol  complex throughout nick translation (e)
Testing the efficiency of the FEN1 oligonucleotide trap; FEN1 and FEN1-p cutting of labeled substrate containing a stable flap. Labeled
DNA contained a single nucleotide 3’-flap and a two-nucleotide 5’-flap (both non-complementary to template), with a 3’-Cy3 label on the
strand cut by FEN1. Reactions were initiated by mixing the enzyme with DNA template. To test the effectiveness of the oligonucleotide
trap, FEN1 and FEN1-p were pre-incubated with excess trap template prior to incubation with labeled template. The structure of the
trap substrate was identical to that of the labeled substrate.
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Supplementary Figure 6 

Median analysis of replication rates. 

This analysis method was used to generate the data presented in Fig. 1e, 4e, and Supplementary Fig. 1c,g, 4h. (a) Plot profiles of all 
products, except starting material, were produced using ImageQuant (GE Healthcare). These profiles plotted the intensity signal in the 
gel against an arbitrary y-coordinate. Following background subtraction, we determined the position on the y-coordinate at which the 
median of the total lane signal was. This was defined as the point along the lane coordinate in which 50% of the signal in which 50% of 
the signal lay above and below. (b) Next, for each gel, a standard curve was produced, fit to a quadratic function, in order to convert the 
arbitrary y-coordinate values to a value represented in nucleotides. (c) After determining the median product for many points throughout 
an entire time-course, the plots were assembled. 
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Supplementary Table. Oligonucleotides used in this study 

Primer29 5’-TCA GCG CGA GCA TGA CAT TGA AGG TAA CC-3’ 

Primer29-Cy3 5’-Cy3-TCA GCG CGA GCA TGA CAT TGA AGG TAA CC-3’ 

Template-AT20 5’-BiotinTEG-TTC CTT CAA CCA GCT TAC CTT CTT CCT TTT TTT TTT TTT TTT 
TTT TAG GTT ACC TTC AAT GTC ATG CTC GCG CTG A-BiotinTEG-3’ 

Template-Sub I 5’-BiotinTEG-TCT TCC TTC AAC CAG CTT ACC TTC TTC CTT TTA GGT TAC CTT 
CAA TGT CAT GCT CGC GCT GA-BiotinTEG-3’ 

Block-Sub I-pRNA 5’-Phos-GGA AGA AGG TAA GCT GGT TGA AGG AAG-3’ 

Block-Sub I-pDNA 5’-Phos-rGrGrA rArGrA rArGG TAA GCT GGT TGA AGG AAG-3’ 

Template-Sub II 5’-BiotinTEG-TCT TCC TTC AAC CAG CTT ACC TTC AAC GTT TTA GGT TAC CTT 
CAA TGT CAT GCT CGC GCT GA-BiotinTEG-3’ 

Block-Sub II-pDNA 5’-Phos-CGT TGA AGG TAA GCT GGT TGA AGG AAG-3’ 

Block-Sub II-pRNA 5’-Phos-rCrGrU rUrGrA rArGG TAA GCT GGT TGA AGG AAG-3’ 

Template-Sub III 5’-BiotinTEG-TCT TCC TTC AAC CAG CTT ACC TTC GCC CTT TTA GGT TAC CTT 
CAA TGT CAT GCT CGC GCT GA-BiotinTEG-3’ 

Block-Sub III-pRNA 5’-Phos-rGrGrG rCrGrA rArGG TAA GCT GGT TGA AGG AAG-3’ 

Block-Sub I-pRNA-
3’Cy3 

5’-Phos-rGrGrA rArGrA rArGG TAA GCT GGT TGA AGG AAG-Cy3-3’ 

Block-Sub I-RNA 5’-rGrGrA rArGrA rArGG TAA GCT GGT TGA AGG AAG-3’ 

Block-Sub III-RNA 5’-rGrGrG rCrGrA rArGG TAA GCT GGT TGA AGG AAG-3’ 

FEN1 trap template 5’-TCT TCC TTC AAC CAG CTT ACC TTC TTC CTT TTA GGT TAC CTT CAA TGT 
CAT GCT CGC GCT GA-3’ 

FEN1 trap|3’-flap 5’-TCA GCG CGA GCA TGA CAT TGA AGG TAA CCT AAA AT-3’ 

FEN1 trap|5’-flap 5’-TT GGA AGA AGG TAA GCT GGT TGA AGG AAG-3’ 

FEN1 template-nick 
primer 

5’-TCA GCG CGA GCA TGA CAT TGA AGG TAA CCT AAA A-3’ 

FEN1 template-3’G 
primer 

5’-TCA GCG CGA GCA TGA CAT TGA AGG TAA CCT AAA AG-3’ 

FEN1-template-U1 
block 

5’-rU rGrGrA rArGrA rArGG TAA GCT GGT TGA AGG AAG-3’ 

FEN1-template-U2 
block 

5’-rUrU rGrGrA rArGrA rArGG TAA GCT GGT TGA AGG AAG-3’ 
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PREFACE TO THE CHAPTER 

This chapter describes the development and biochemical characterization of engineered PCNA 

heterotrimers. Since eukaryotic PCNA exists as a homotrimer, it has proved difficult to address how 

many monomers of PCNA are required to bind client proteins during replication processes. One 

solution to this problem is through the production of the PCNA heterotrimers described in this chapter. 

In these proteins, the residues primarily responsible for binding Pol δ and FEN1 have been mutated in 

zero, one, two, or all three PCNA subunits. Amir Aharoni and his student Daniel Dovrat at Ben-Gurion 

University of the Negev in Israel initiated this work, and the work described here is a collaboration 

with them. This chapter describes the development and purification of the PCNA heterotrimers, and 

their use in assays isolating the various steps of Okazaki fragment maturation. Our primary question 

was whether the tool-belt model of PCNA action, whereby multiple enzymes bind a single PCNA 

simultaneously, was absolutely required for in vitro Okazaki fragment maturation. We found that while 

having fewer than three wild-type PCNA monomers delayed various steps of Okazaki fragment 

maturation, simultaneous binding of multiple enzymes to a single PCNA was not absolutely required. 

This work provided important insights to the work described in Chapter V, in which I further 

addressed the PCNA toolbelt model. My contribution to this work was in purifying replication 

enzymes, providing technical assistance for the in vitro assays, and helping prepare the manuscript.  
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The homotrimeric sliding clamp proliferating cell nuclear antigen
(PCNA) mediates Okazaki fragment maturation through tight
coordination of the activities of DNA polymerase δ (Pol δ), flap
endonuclease 1 (FEN1) and DNA ligase I (Lig1). Little is known re-
garding the mechanism of partner switching on PCNA and the
involvement of PCNA’s three binding sites in coordinating such
processes. To shed new light on PCNA-mediated Okazaki frag-
ment maturation, we developed a novel approach for the gener-
ation of PCNA heterotrimers containing one or two mutant
monomers that are unable to bind and stimulate partners. These
heterotrimers maintain the native oligomeric structure of PCNA
and exhibit high stability under various conditions. Unexpectedly,
we found that PCNA heterotrimers containing only one functional
binding site enable Okazaki fragment maturation by efficiently
coordinating the activities of Pol δ, FEN1, and Lig1. The efficiency
of switching between partners on PCNA was not significantly im-
paired by limiting the number of available binding sites on the
PCNA ring. Our results provide the first direct evidence, to our
knowledge, that simultaneous binding of multiple partners to PCNA
is unnecessary, and if it occurs, does not provide significant func-
tional advantages for PCNA-mediated Okazaki fragment maturation
in vitro. In contrast to the “toolbelt” model, which was demon-
strated for bacterial and archaeal sliding clamps, our results suggest
a mechanism of sequential switching of partners on the eukaryotic
PCNA trimer during DNA replication and repair.

Proliferating cell nuclear antigen (PCNA) is a central co-
ordinator of genome duplication and maintenance pathways

in eukaryotes (1, 2). A member of the conserved sliding clamp
family, PCNA is a homotrimeric ring-shaped protein that encircles
DNA and serves as a processivity factor for DNA polymerases and
a binding platform for many DNA modifying enzymes. PCNA
interacts with partners involved in numerous processes, including
DNA replication, recombination and repair, chromatin remodeling,
and cell-cycle regulation. PCNA recruits these partners to replica-
tion forks or other chromosomal locations, enhances their catalytic
activities, and orchestrates their cooperation in multistep enzymatic
processes. Because most partners interact with the same binding
site on PCNA, competition for binding must be tightly regulated
during complex PCNA-mediated processes. The switching of part-
ners on the PCNA platform has been shown to be crucial for the
proper progression of multiple DNA replication and repair path-
ways, such as lagging strand replication, translesion synthesis, and
mismatch repair (1). In recent years, several regulatory mecha-
nisms, mostly involving posttranslational modifications of PCNA by
ubiquitin or small ubiquitin-like modifier, have been shown to affect
partner switching on PCNA by favoring the recruitment of specific
partners (3–5).
Despite extensive research into the regulation of PCNA-mediated

processes, very little is known regarding how PCNA coordinates
the activity of several enzymes during sequential processes. Two
simple models have been proposed to explain this coordination
(1, 2, 6, 7). The first model assumes highly dynamic partner
switching on PCNA due to sequential binding and release events
on the same or different PCNA monomers (Fig. 1, Upper). This

model predicts that a single functional binding site on the PCNA
trimer should be sufficient for the coordination of the entire pro-
cess. In contrast, the second model assumes simultaneous binding of
two or three partners to different monomers on the PCNA trimer
(Fig. 1, Lower). In this case, the partners are stably associated
with PCNA, which acts as a “toolbelt” throughout the process.
According to this model, only PCNA trimers with two or three
functional binding sites would be able to coordinate the process.
One of the best studied examples of such a multipartner PCNA-

mediated process is the synthesis and maturation of Okazaki frag-
ments during lagging strand DNA replication. This process involves
the sequential activity of three PCNA binding partners—DNA
polymerase δ (Pol δ), flap endonuclease 1 (FEN1), and DNA ligase
I (Lig1), which mediate DNA synthesis, flap cleavage, and ligation,
respectively (7–9). This is a fast and efficient process that is esti-
mated to take place ∼100,000 times during each yeast cell division
with a low tolerance for errors (8). The enzymes involved must
cooperate through PCNA in a tightly regulated manner, acting
sequentially on the same substrate while repeatedly exchanging
access to it (Fig. 1). In particular, removal of the initiator RNA
requires several rapid iterative switches between Pol δ and FEN1
(7). This PCNA-dependent cooperation is particularly important to
ensure that flaps will not become too long for processing by this
short-flap pathway (7, 10, 11).
To directly examine the mechanism of partner switching on

PCNA and the functional significance of its homotrimeric struc-
ture, we developed a novel approach for the generation of PCNA
heterotrimers that contain both wild-type (WT) and mutant
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monomers that are unable to bind different partners. We used
these heterotrimers to determine whether simultaneous binding
of more than one partner to a PCNA trimer is necessary to co-
ordinate PCNA-mediated nick translation and Okazaki fragment
maturation. Contrary to the toolbelt model, our findings indicate
that simultaneous binding is not required, and sequential switching
of partners on a single monomer of PCNA is sufficient to co-
ordinate Okazaki fragment maturation. Our findings suggest that
PCNA can efficiently orchestrate complex processes by regulating
sequential binding and release events of several partners without
binding them simultaneously.

Results
Generation of PCNA Heterotrimers. To generate and purify PCNA
heterotrimers with native tertiary structure containing both WT and
mutant monomers, we coexpressed both monomers in Escherichia
coli fused to two affinity tags of considerably different sizes (Fig. 2).
We used N-terminal His tag (<1 kDa) and maltose binding protein
(MBP) tag (∼40 kDa) for WT and mutant PCNA, respectively. Due
to random trimerization of PCNA during coexpression, four trimer
species spontaneously form in vivo (Fig. 2). Tandem affinity puri-
fication steps using nickel-nitrilotriacetic acid (Ni-NTA) followed by
amylose chromatography enabled the isolation of the two hetero-
trimeric species, containing at least one His tag and one MBP tag.
These species were then separated by size exclusion chromatogra-
phy, due to a difference of ∼40 kDa in their molecular weight (Fig.
S1A). Finally, the large MBP tag was removed using site-specific
tobacco etch virus (TEV) protease cleavage and the resulting MBP-
free heterotrimers were isolated using a second gel filtration step.
The contents of these highly purified heterotrimers were verified by
SDS/PAGE (Fig. S1B) and MALDI-TOF mass spectrometry (Fig.
S1C). The presence of both WT and mutant monomers in the same
trimers was further validated by covalent cross-linking of neigh-
boring monomers (Fig. S1D).
We specifically constructed heterotrimers of Saccharomyces

cerevisiae PCNA, including mutant monomers that are deficient for
partner binding while retaining the ability to assemble into stable
trimers. Three different mutants were used: the interdomain con-
nector loop (IDCL) mutant pcna-79 (I126A,L128A), which is
particularly deficient in stimulation of Pol δ activity (12), the
C-terminal mutant pcna-90 (P252A,K253A), which is particu-
larly deficient in stimulation of FEN1 activity (12, 13), and the
double mutant, which we designate pcna-7990 (I126A,L128A,
P252A,K253A), which we expect to be deficient in stimulation of
both Pol δ and FEN1 activities. We denote, for example, a PCNA
trimer containing two WT monomers and one monomer of pcna-
7990 as WT2:79901. Whereas pcna-79 and pcna-90 are known to be
efficiently loaded onto DNA by the clamp loader replication fac-
tor C (RFC) (12), we validated that this is also the case for the

combined mutant pcna-7990 and heterotrimers containing this
mutant, by measuring the PCNA-dependent ATPase activity of
RFC in the presence of a suitable DNA effector (Fig. S2).

Heterotrimer Stability. The PCNA heterotrimers generated using
our approach are self-assembled and maintain a native mono-
mer–monomer interface. Consequently, these heterotrimers may
dissociate into monomers and randomly reassemble into differ-
ent trimer species after purification. To assess the kinetics of
trimer reassembly, we purified WT1:79902 heterotrimers without
removing the MBP tag, incubated them at different temper-
atures, and examined them by gel filtration chromatography. We
found that significant reassembly of the trimers is only observed
following prolonged incubations at elevated temperatures (Fig.
S3 A and B). Because the in vitro experiments detailed in this
report are performed at a maximal temperature of 30 °C for a
maximal period of ∼15 min, the extent of reassembly is expected
to be negligible under the assay conditions. We also verified that
the loading of PCNA onto DNA by RFC does not promote
reassembly of the heterotrimers (Fig. S3C).

Activities of Pol δ and FEN1 Separately. We first examined how Pol
δ activity is stimulated by PCNA heterotrimers. This was mea-
sured using an in vitro replication assay, in which PCNA is
loaded onto primed single-stranded DNA by RFC and ATP, and
the kinetics of processive DNA synthesis by Pol δ are analyzed by
resolving replication products using gel electrophoresis (Fig. 3A).
We found that heterotrimers of WT2:79901 and WT1:79902 dis-
play decreased rates of Pol δ activity relative to the WT homo-
trimer (Fig. 3B, example gel in Fig. S4A), suggesting that the
ability of PCNA to stimulate Pol δ is partially dependent on the
number of functional binding sites on the PCNA trimer. Nev-
ertheless, heterotrimers containing even one WT monomer

Fig. 1. Two possible models describing PCNA-mediated Okazaki fragment
maturation. (Upper) A dynamic model in which Pol δ, FEN1, and Lig1 are
bound and released from PCNA in a sequential manner. (Lower) The toolbelt
model in which the three enzymes are simultaneously bound to PCNA using
all available PCNA binding sites. The red segments represent the RNA pri-
mers; glowing circles represent enzymes currently active on the substrate.

Fig. 2. Scheme describing the PCNA heterotrimer purification strategy. WT
and mutant PCNA are coexpressed in E. coli fused to 6× His- and MBP-fusion
tags, respectively, leading to the spontaneous formation of four trimer
species. Tandem Ni-NTA and amylose affinity chromatography steps isolate
the two heterotrimeric species. These two species are then separated by gel
filtration chromatography, owing to the size difference between the two
fusion tags (Fig. S1A). Following site-specific cleavage of the MBP tag by TEV
protease, a second gel filtration step is used to obtain pure PCNA hetero-
trimers. Images are schematic models for illustration purposes, created using
University of California San Francisco chimera, based on Protein Data Bank
entries 1plq and 1anf for PCNA and MBP, respectively.
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significantly stimulate Pol δ activity compared with the pcna-
7990 homotrimer, which displays no activity. This indicates that
a single functional binding site on the PCNA trimer is sufficient
to support processive DNA synthesis by Pol δ.
To further validate that Pol δ stimulation originates from the

presence of heterotrimeric PCNA rather than minute quantities of
WT homotrimer due to reassembly, we examined Pol δ activity
with mixtures of WT and pcna-7990 homotrimers at different
ratios (Fig. S3D). Even at a ratio that resembles full reassembly
of the WT1:79902 trimer, Pol δ activity was lower than observed
with the actual heterotrimer, indicating that a small degree of
reassembly into WT homotrimers cannot explain our results.
FEN1 activity is also stimulated by PCNA (13, 14). We mea-

sured the kinetics of 5′-flap cleavage by FEN1 on an oligonucle-
otide-based model substrate (Fig. 3C). Pcna-7990 homotrimers did
not stimulate FEN1 activity over the background levels, whereas
PCNA heterotrimers containing one or two pcna-7990 monomers
significantly stimulated FEN1 but with slightly lower efficiency
relative to the WT homotrimer (Fig. 3D). These results indicate
that FEN1 stimulation by a single functional PCNA binding site
occurs, with additional binding sites improving kinetics, as ob-
served with Pol δ. Essentially similar results were obtained in a
K+-containing as in a Na+-containing buffer system (Fig. S5C).
We also examined a double-flap rather than a 5′-flap substrate,
but in contrast to previous studies performed using archaeal
proteins (15, 16), we could not detect any PCNA-dependent
stimulation of FEN1 on this substrate (Fig. S5D).

Nick Translation by Pol δ and FEN1. Having observed the activities
of Pol δ and FEN1 separately, we next examined whether the
cooperation between these two enzymes during Okazaki frag-
ment maturation requires multiple binding sites on the PCNA
trimer, as posited by the toolbelt model. Nick translation, the
result of iterative, sequential strand displacement synthesis by

Pol δ and flap cleavage by FEN1, requires rapid and efficient
cooperation between the enzymes in the presence of PCNA (7,
10, 11). We examined the kinetics of nick translation on an oli-
gonucleotide-based model substrate in the presence of different
PCNA trimers. In this assay, PCNA-dependent cooperation of
Pol δ and FEN1 will result in rapid progression of replication
through a downstream RNA–DNA blocking oligo (9, 10). In the
absence of FEN1, Pol δ will stall for a relatively long period and
only slowly succeed in completely displacing the blocking oligo
(Fig. 4A). Hence, a comparison between Pol δ strand displace-
ment activity in the presence and absence of FEN1 provides
a measure of the degree of PCNA-dependent cooperation be-
tween the two enzymes.
We found that both heterotrimers allowed FEN1 to significantly

stimulate the progression of Pol δ through the blocking oligo (Fig.
4B). These results indicate that Pol δ and FEN1 efficiently co-
operate during nick translation even if only one functional binding
site is present on the PCNA trimer, suggesting that simultaneous
binding of both enzymes to PCNA is not required. To further ex-
amine whether simultaneous binding may pose some advantage to
this cooperation, we examined the kinetics of nick translation in the
presence of heterotrimers containing the pcna-79 and pcna-90
mutants (Fig. S6). As controls, we measured Pol δ and FEN1 ac-
tivities separately, in the presence of heterotrimers containing
pcna-79 and pcna-90 mutants, respectively (Fig. S5 A and B). Be-
cause pcna-79 is only partially deficient in stimulation of FEN1
(Fig. S5B) (13), we expect that defects in nick translation that may
occur in the WT1:79902 trimer would be alleviated in the WT1:792
trimer, as FEN1 should be able to bind the pcna-79 monomers of
this trimer. We found that both pcna-79 and pcna-7990 hetero-
trimers exhibit the same level of cooperation between Pol δ and
FEN1 (Fig. S6, compare samples 5 and 11), indicating that in
case simultaneous binding of these enzymes to PCNA does

Fig. 3. Stimulation of Pol δ and FEN1 by heterotrimeric PCNA. (A) Schematic illustration of Pol δ assay. PCNA was loaded on a primed single-stranded plasmid
by RFC and Pol δ was added to initiate replication. (B) Pol δ activity assays in the presence of three different trimer species, analyzed by agarose gel elec-
trophoresis and autoradiography. The completed 2.9-kb product was quantified as a percentage of the maximum product observed in the assay. Results with
pcna-7990 homotrimers are not shown, because no activity was observed. Results shown are averages of four independent assays (see example gel in Fig.
S4A); error bars represent SEM. (C) Schematic illustration of FEN1 assay. PCNA was loaded on a radioactively labeled oligonucleotide substrate, FEN1 was
added and the reaction was allowed to proceed for the indicated times. FEN1 activity results in cleavage of the 5′ flap portion of the oligonucleotide. Yellow
star denotes radioactive label at 5′ end of the flap. (D) FEN1 activity assays in the absence of PCNA or in the presence of four different PCNA trimer species.
Reactions were analyzed by urea-PAGE and autoradiography, and the percentage of substrate cleaved by FEN1 was quantified. Results shown are averages of
three independent assays; error bars represent SEM.
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take place, it does not provide a significant functional ad-
vantage under these conditions.

Okazaki Fragment Maturation. Finally, we examined the ability of
the heterotrimers to coordinate the entire Okazaki fragment
maturation process in the presence of Pol δ, FEN1, and Lig1. An
in vitro assay, which quantifies the product of the concerted
activity of all three enzymes was used (Fig. 5A) (9). In this assay,
an RNA–DNA primer is annealed to circular single-stranded
DNA. Following loading of PCNA by RFC and ATP, Pol δ
replicates the plasmid. When reaching the 5′ end of the primer,
Pol δ performs nick translation synthesis together with FEN1,
removing the RNA portion of the primer. Finally, ligation of the
nicked double-stranded plasmid by Lig1 yields a covalently
closed plasmid only following RNA removal (17).
In agreement with the nick translation experiments, we found

that heterotrimers containing only one WT monomer still pro-
moted rapid Okazaki fragment maturation by coordinating the
activity of all three enzymes (Fig. 5B, example gel in Fig. S4B).
As in the previous assays, differences in kinetics can be observed
between PCNA trimers with one, two, or three wild-type binding
sites. However, these differences are likely due to the differences

in the kinetics of the individual enzymes rather than defective
cooperation between them. Such defective cooperation between
maturation enzymes would be expected to cause an accumula-
tion of fully replicated nicked plasmids, but no significant accu-
mulation is visible (Fig. S4B). To examine this process under
conditions that more closely mimic those found in vivo, where
the concentration of PCNA is significantly higher than the con-
centrations of Pol δ, FEN1, and Lig1 (18), we repeated the assay
with a 5- or 10-fold excess of PCNA over the enzymes and ob-
served no difference in the extent of cooperation between the
enzymes (Fig. S7).

Discussion
To directly examine whether binding of partners to PCNA dur-
ing complex processes is sequential or simultaneous (Fig. 1),
we generated novel PCNA heterotrimers, which combine WT
monomers with monomers that are structurally similar but de-
ficient in partner binding. These heterotrimers allowed us to
determine the minimal number of functional binding sites on the
PCNA trimer required for the proper progression of PCNA-
mediated Okazaki fragment maturation. Our results showing
that heterotrimers containing a single functional binding site

Fig. 4. Nick translation by Pol δ and FEN1 in the
presence of heterotrimeric PCNA. (A) Schematic il-
lustration of the assay. PCNA was loaded on a
radioactively labeled oligonucleotide substrate by
RFC; Pol δ and FEN1 were added and the reaction
was allowed to proceed for the indicated times. Pol δ
elongates the primer until reaching the blocking
oligo, generating a 54-nucleotide product. Then,
strand displacement synthesis through the blocking
oligo proceeds with or without FEN1, generating a
final product of 84 nucleotides. Yellow star denotes
radioactive label at 5′ end of the primer. The red
segment represents the RNA portion of the blocking
oligo. (B) Results of nick translation assay in the
absence of PCNA or in the presence of four differ-
ent PCNA trimer species. Pol δ and FEN1 were added
where indicated. Reactions were analyzed by urea-
PAGE and autoradiography.
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can coordinate nick translation and complete Okazaki fragment
maturation provide to our knowledge the first direct evidence
that partner recruitment to PCNA is sequential. Although we
cannot rule out the possibility that simultaneous binding to the
PCNA trimer does exist, we show that it is not strictly necessary
for Okazaki fragment maturation. Moreover, we demonstrate
efficient cooperation between enzymes in both nick translation
and Okazaki fragment maturation assays in the presence of
PCNA heterotrimers. Whereas the overall kinetics of these
processes are slower in the presence of PCNA with only one
functional binding site, the results indicate that these differences
can mostly be attributed to lower stimulation of each individual
enzyme because of the reduction in active binding sites on
PCNA, rather than defective cooperation. Therefore, we con-
clude that simultaneous binding to PCNA, if possible, is not
functionally advantageous in vitro.
Our results point toward a model in which Pol δ and FEN1 can

repeatedly dissociate and reassociate with PCNA, rapidly replac-
ing each other on a single PCNA monomer (Fig. 1, Upper). We
speculate that during processive replication, Pol δ is tightly bound
to PCNA, perhaps through several contact points with different
PCNA monomers. During strand displacement synthesis, which is
considerably slower, the binding of Pol δ to PCNAmay be reduced.
Indeed, reduced polymerase-clamp interactions upon encountering
structural blocks have been documented in the analogous T4
replication system (19). This partial dissociation of Pol δ would
allow FEN1 to replace Pol δ by affinity competition. Such a se-
quential model can be facilitated by changes in the structure of the
DNA substrates—i.e., the creation of a flap by Pol δ may increase

FEN1’s affinity to the PCNA–DNA complex. It may also be fa-
cilitated by a rotation of PCNA around a kink in the DNA induced
by the partner enzymes, as previously suggested (15). Examination
of the in vivo activity of PCNA heterotrimers is difficult due to the
random assembly of WT and mutant PCNA monomers into mix-
tures of homotrimeric and heterotrimic forms. However, our exam-
ination of Okazaki fragment maturation at protein concentrations,
which more closely mimic the cellular concentration ratio (18),
highlights that PCNA may coordinate partners through a se-
quential mechanism in the cell (Fig. S7). This may allow for
higher flexibility in partner switching, considering PCNA’s nu-
merous cellular partners (1).
Previous studies have provided inconclusive evidence for a

PCNA toolbelt model. In vivo and in vitro data suggest that Pol δ
may bind PCNA together with FEN1, whereas Lig1 binding is
exclusive (9, 20, 21). In contrast, another in vivo study in mam-
malian cells has demonstrated that PCNA is stably associated
with DNA, whereas its partners are transiently associated (22).
In the archaeon Sulfolobus solfataricus, PCNA is a heterotrimer
and each monomer specifically binds one of the three Okazaki
fragment maturation enzymes (23). It has recently been shown
that Okazaki fragment maturation in this archaeon is stimulated
by simultaneous binding of all three partners to a single PCNA
trimer (24). Simultaneous binding of two different partners has
also been demonstrated for the bacterial sliding clamp (25).
These analogous systems, however, are thought to possess
a considerably lower number of sliding clamp-interacting pro-
teins compared with the eukaryotic system. It has been suggested
that the toolbelt model provides a simple solution for the
problem of recruiting the correct enzymes to the sliding clamp at
the correct time, but only when the number of possible partners
is limited (1, 24). Eukaryotes, possessing dozens of PCNA
partners, may have evolved more complex regulated mechanisms
to drive the sequential recruitment of multiple partners, thus
rendering the possibility of simultaneous binding unnecessary.
Interestingly, we found that strand displacement by Pol δ was

significantly stimulated by FEN1 even when only one binding site
on the PCNA trimer was available (Fig. 4B). Previously, it was
shown that the strand displacement activity of the S. solfataricus
replicative polymerase is stimulated by the presence of FEN1, as
in eukaryotes, but only when the two enzymes bind different
PCNA monomers on the same trimer (24). When an alternative
polymerase was used, which binds the same archaeal PCNA
monomer as FEN1, strand displacement activity was inhibited by
the presence of FEN1 due to competition between the two
enzymes for PCNA binding. Comparing this study to our findings
suggests that eukaryotic PCNA-partner interactions, unlike the
archaeal system, are governed by sequential cooperation rather
than competition.
It remains unclear why Pol δ and FEN1, when examined sepa-

rately, exhibit higher stimulation by PCNA trimers with more WT
binding sites. There are two main possible explanations for these
observations: first, the probability of enzyme recruitment to the
DNA substrate may depend on the number of available binding
sites on PCNA. Simple mass action collision theory would predict
higher activity when tripling the number of functional binding sites
on each trimer. A second explanation is that PCNA trimers with
more WT binding sites may have an intrinsically superior ability
to stimulate partner enzymes. To examine this possibility, we
performed true processivity assays (26), which measure the rate of
PCNA–Pol δ dissociation after each binding event (Fig. S8). We
observed a significant difference in processivity between trimers
with one, two, or three WT binding sites, indicating that multiple
functional sites on PCNA increase the intrinsic affinity to Pol δ.
These results are in good agreement with studies analyzing
PCNA–Pol δ interactions. It was recently shown that Pol δ, which
is a heterotrimer, possesses multiple PCNA binding motifs that
contribute to processive PCNA-dependent DNA replication (27,

Fig. 5. Stimulation of Okazaki fragment synthesis and maturation by het-
erotrimeric PCNA. (A) Schematic illustration of the assay. PCNA was loaded
on a primed single-stranded plasmid; Pol δ, FEN1, and Lig1 were added and
the reaction was allowed to proceed for the indicated times. Following
replication of the plasmid by Pol δ, flap processing is performed by the co-
ordinated activity of Pol δ and FEN1, thereby removing the RNA portion of
the primer (represented by red segment). Ligation of the nicked plasmid is
performed by Lig1, resulting in a covalently closed double-stranded plasmid
that migrates faster on an agarose gel in the presence of ethidium bromide.
(B) Okazaki fragment maturation assays in the presence of three different
PCNA trimer species, analyzed by agarose gel electrophoresis and autoradi-
ography. The fully replicated and ligated product was quantified as a percen-
tage of the maximum product observed in the assay. Results with pcna-7990
homotrimers are not shown, because no activity was observed. Results shown
are averages of three independent assays (see example gel in Fig. S4B), error
bars represent SEM.
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28). This suggests that Pol δ may engage different PCNA mono-
mers simultaneously or consecutively during replication. Using
our PCNA heterotrimers, we may have limited the number of
PCNA–Pol δ contacts leading to a decrease in Pol δ processivity.
We present here a fast, reproducible approach that allows the

simple purification of heterotrimers with a native tertiary and qua-
ternary structure. Our method takes place under native conditions
and can be extended to incorporate any mutant into hetero-
trimers, as long as it does not impede natural trimerization. For
example, heterotrimers bearing the K164R mutation (3), com-
bined with in vitro ubiquitylation methods (5, 29), may address
several fundamental questions regarding the polymerase switching
mechanism during translesion DNA synthesis (30). We believe
that this can be an effective approach for the mechanistic study of
structure–function relationships in PCNA and can be applied for
the study of many other homooligomeric proteins that participate
in a variety of complex biological processes.

Materials and Methods
Purification of PCNA Heterotrimers. S. cerevisiae PCNA was cloned with an
N-terminal His tag into the first multiple cloning site (MCS) of pETDuet-1
(Novagen). Mutant pcna-79, pcna-90, or pcna-7990 was cloned with an
N-terminal MBP tag followed by a TEV protease cleavage site into the sec-
ond MCS of the same vector. This vector allows the simultaneous over-
expression of both proteins at similar levels. Overexpression was performed
in E. coli BL21(DE3) cells. Following cell lysis using a French press (Thermo
Scientific), the lysate was purified over a Ni-NTA His-bind column (Novagen),
and the eluate was pooled and purified over an amylose column (New
England Biolabs). The amylose eluate was concentrated and injected into a
Superdex 200 16/60 prep grade gel filtration column (GE Healthcare) using
the AKTA purifier FPLC system (GE Healthcare). Next, selected 0.5-mL frac-
tions were collected and examined for purity by performing analytical gel
filtration on a Superdex 200 10/300 GL column (GE Healthcare). For each
heterotrimer species, fractions that contained the desired heterotrimer
without significant contamination were selected and pooled. TEV protease
was added at 1:100 (enzyme:substrate) molar ratio and incubated overnight

at 4 °C. Following cleavage, the samples were again purified by gel filtration
on a Superdex 200 10/300 GL column.

Heterotrimer stability assays, RFC ATPase assays, cross-linking assays, and
purification of other proteins are described in SI Materials and Methods.

Pol δ Replication Assays and Okazaki Fragment Maturation Assays. Assays were
performed essentially as described previously (9). For consistency, Pol δ assays
and Okazaki fragment maturation assays were performed under identical
conditions. The template DNA, single-stranded Bluescript SKII(+) plasmid,
was obtained as previously described and hybridized with primer SKrc14 (9).
Standard 40-μL assays contained 20 mM Tris·HCl pH = 7.8, 1 mM DTT,
100 μg/mL BSA, 7.5 mM MgAc2, 0.4 mM ATP, 100 μM each of dCTP, dGTP,
and dTTP, 10 μM dATP, 4 nM [α-32P]dATP (3,000 Ci/mmol), 100 mM NaCl, 50
fmol of template plasmid, 10 pmol of replication protein A (RPA), 100 fmol
of RFC, 100 fmol of PCNA trimers, and 200 fmol of Pol δ. Okazaki fragment
maturation assays also contained 200 fmol each of FEN1 and Lig1. The
template plasmid was preincubated with RPA, PCNA, and RFC for 1 min at
30 °C for RPA coating and PCNA loading. The other enzymes were then
added in a mix, and the reactions were incubated at 30 °C for the indicated
times. Products were analyzed by electrophoresis on a 1% agarose gel in the
presence of 0.5 μg/mL ethidium bromide. The gels were dried, exposed to
a storage phosphor screen (GE Healthcare), and analyzed on a Phosphor-
Imager (Fuji Film).

Pol δ processivity assays were performed as previously described (26) with
slight modifications. Details can be found in SI Materials and Methods.

FEN1 Flap Cleavage Assays. Oligonucleotide-based FEN1 assays were per-
formed as previously described (13, 14) with slight modifications. Details can
be found in SI Materials and Methods.

Nick Translation Assays. Assays were performed essentially as previously de-
scribed (7, 9, 10). Details can be found in SI Materials and Methods.
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SI Materials and Methods
Stability Assays. Purification of heterotrimers was performed as
described in Materials and Methods, except that maltose binding
protein (MBP)-tag cleavage by tobacco etch virus (TEV) pro-
tease was not performed. Samples of both heterotrimeric species
were either flash frozen in liquid nitrogen and stored at −80 °C
immediately after purification or incubated at various temper-
atures for various lengths of time (Results). Following incubation
at different conditions, samples were examined by analytical gel
filtration on a Superdex 200 10/300 GL column to determine the
extent of heterotrimer reassembly.

Purification of PCNA Homotrimers and Other Proteins Required for
Activity Assays. Wild-type (WT) proliferating cell nuclear antigen
(PCNA), pcna-79, pcna-90, and pcna-7990 homotrimers were purified
similarly to the heterotrimers, but with a single affinity chromatog-
raphy step. Homotrimeric wild-type PCNA was overexpressed from
a pETDuet-1 vector that contained only His-tagged wild-type PCNA
in the first cloning site, and purified over a nickel- nitrilotriacetic acid
(Ni-NTA) column followed by gel filtration on a Superdex 200 16/60
column. Homotrimeric pcna-79, pcna-90, and pcna-7990 were
overexpressed from pETDuet-1 vectors that contained only MBP-
tagged mutant PCNA in the second cloning site and purified over an
amylose column followed by gel filtration on a Superdex 200 16/60
column. Fractions were pooled and concentrated, TEV protease was
added and incubated as described in Materials and Methods, and a
second gel filtration step was performed to isolate pcna-79, pcna-90,
or pcna-7990 trimers with no MBP tags. Saccharomyces cerevisiae
DNA polymerase δ (Pol δ), flap endonuclease 1 (FEN1), DNA li-
gase I (Lig1), replication factor C (RFC) and replication protein A
(RPA) were purified as described previously (1–4).

RFC ATPase Assays. A primer-template construct was created for
PCNA loading, by annealing oligo C13 (GGTAACGCCAGG-
GTTTTCCCAGTC) to oligo O1 (GCATCGCTCACTGGCCGT-
CGTTTTACAACGTCGTTTTTTTTTTTTTTTTTTTTTTTTTT-
TTTTTGACTGGGAAAACCCTGGCGTTACCTTTTTTTTTT).
The ends of the oligo were not blocked to allow PCNA to fall off
and be reloaded. Standard 30-μL assays contained 20 mM Tris·HCl
pH = 7.8, 1 mM DTT, 100 μg/mL BSA, 8.3 mM MgAc2, 20 μM
ATP, 33 nM [γ-32P]ATP (New England Nuclear) (3,000 Ci/mmol),
75 mM NaCl, 400 fmol of primer-template construct, 200 fmol of
RFC, and 1.6 pmol of PCNA trimers.
Assays were incubated at 30 °C for the indicated times. The

7-μL aliquots were removed and placed in precooled 43 μL stop
solution: 1 M perchloric acid, 1 mM sodium phosphate. A total
of 10 μL was removed to quantify total activity. To the remaining
40 μL, 95 μL of precooled 20 mM ammonium molybdate was
immediately added and the tube kept on ice. A total of 140 μL
water-saturated isopropyl acetate was added, the tube was mixed
vigorously, and then centrifuged for 1 min at 1,000 × g at 4 °C. A
total of 20 μL was removed from the organic phase to quantify
hydrolyzed γ-phosphate. Quantification was performed by spot-
ting samples on filter paper, exposing to storage phosphor over-
night, and analyzing on a phosphoimager.

Cross-Linking Assays. For cross-linking, PCNA trimers were purified
to homogeneity in amine-free buffer. A total of 15 μL of PCNA at
5 μM was incubated on ice for 2 h with 0.5 μL of disuccinimidyl
suberate (DSS) at 1.56 mM (PCNA:DSS ratio of 1:10). Cross-
linking was stopped by the addition of 1 μL of 1 M Tris pH = 7.5.
Products were separated on SDS/PAGE.

For cross-linking after loading by RFC, standard assays were
similar to ATPase assays detailed above, except for the following
reagents: 0.8 mMATP, 15 pmol of primer-template construct, 7.5
pmol of RFC, and 75 pmol of PCNA. Loading was stopped by
adding 1 μL of 0.5 M EDTA to 9-μL aliquots. DSS was added at
1:10 ratio as above.

FEN1 Flap Cleavage Assays. Oligo C115 (TTTTTTTTTTTTTTTAC-
GACGTTGTAAAACGACGGCCAGTGAGCG)was radioactively
labeled at the 5′ end using T4 Polynucleotide Kinase (Fermentas) in
the presence of [γ-32P]ATP (NEN), and purified on a Micro Bio-
Spin 30 gel filtration column (Bio-Rad). The labeled oligo, along
with oligo C13, were annealed to template oligo (ACGCGCGC-
TCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAA-
CCCTGGCGTTACCCAACT), which is biotinylated at both 5′
and 3′ ends. Streptavidin was added in excess to block the ends of
the substrate, so that PCNA will not slide off after being loaded by
RFC (1). Standard 40-μL assays contained 20 mM Tris·HCl pH =
7.8, 1 mM DTT, 100 μg/mL BSA, 8.3 mM MgAc2, 0.5 mM ATP,
150 mM NaCl, 100 fmol of oligonucleotide substrate, 200 fmol of
RFC, 400 fmol of PCNA trimers, and 200 fmol of FEN1. The
substrate was preincubated with PCNA and RFC for 2 min at 15 °C
for PCNA loading. FEN1 was added, and the reactions were in-
cubated at 15 °C for the indicated times. Aliquots were quenched at
each time point by mixing with formamide loading buffer [95%
(vol/vol) formamide, 20 mM EDTA, 0.05% xylene cyanol, 0.05%
bromophenol blue] at a 1:1 volume ratio. Samples were heated to
95 °C for 5min before gel electrophoresis. Products were analyzed by
electrophoresis on a 7M urea, 14% (vol/vol) polyacrylamide gel. The
gels were dried, exposed to a storage phosphor screen (GE Health-
care), and subjected to PhosphoImager (FujiFilm) analysis. Results
werequantifiedusing ImageJ software (National Institutes ofHealth).
For FEN1 assays with double-flap substrate, conditions were

similar except oligo C13T was used instead of C13. This oligo has
an additional T nucleotide at its 3′ end, creating a substrate with
a 15-nt 5′ flap and a 1-nt 3′ flap.

Nick Translation Assays. Oligonucleotide C13 was radioactively
labeled at the 5′ end using T4 Polynucleotide Kinase (Fermentas)
in the presence of [γ-32P]ATP (NEN), and purified on a Micro
Bio-Spin 30 gel filtration column (Bio-Rad). The labeled oligo,
along with blocking oligo SKrc14, were annealed to template oligo
O1, which is biotinylated at both 5′ and 3′ ends. Streptavidin was
added in excess to block the ends of the substrate, so that PCNA
will not slide off after being loaded by RFC. Standard 30-μL assays
contained 20 mM Tris·HCl pH = 7.8, 1 mM DTT, 100 μg/mL
BSA, 100 mMNaCl, 8.3 mMMgAc2, 0.5 mMATP, 0.1 mM of each
dNTP, 100 fmol of oligonucleotide substrate, 100 fmol of RFC, 200
fmol of PCNA trimers, 200 fmol of Pol δ, and with or without 200
fmol of FEN1. The substrate was preincubated with PCNA and
RFC for 1 min at 30 °C for PCNA loading. Reactions were started
by adding Pol δ with or without FEN1 in a mix, and incubated at
30 °C for the indicated times. Aliquots were quenched at each time
point by mixing with formamide loading buffer as described for
FEN1 assays. Samples were heated to 95 °C for 5 min before gel
electrophoresis. Products were analyzed by electrophoresis on
a 7 M urea, 12% (wt/vol) polyacrylamide gel. The gel was
dried, exposed to a storage phosphor screen, and analyzed as
described for FEN1 assays.

Processivity Assays.Oligonucleotide C13 was radioactively labeled
at the 5′ end as described above and annealed to single-stranded
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Bluescript SKII(+) DNA. The 30-μL assays contained 20 mM
Tris·HCl pH = 7.8, 1 mM DTT, 100 μg/mL BSA, 8.3 mM
MgAc2, 1 mM ATP, 0.1 mM of each dNTP, 100 mM NaCl, 200
fmol of template plasmid, 40 pmol of RPA, 200 fmol of RFC,
400 fmol of PCNA trimers, and 5 fmol of Pol δ (polymerase to
PCNA-loaded primer-template ratio of 1:40, to achieve single-
hit criteria). The template plasmid was preincubated with RPA,
PCNA, and RFC for 1 min at 30 °C for RPA coating and PCNA
loading. Pol δ was then added, and the reactions were incubated

at 30 °C for the indicated times. Products were analyzed by
electrophoresis on a 2% (wt/vol) denaturing alkaline agarose
gel, in the presence of 0.5 μg/mL ethidium bromide. A 100-bp
ladder was also run on the gel, and photographed under UV
illumination. The gel was dried, exposed to a storage phos-
phor screen and analyzed on a PhosphorImager. Finally, the
UV picture and the autoradiograph were overlaid to position
the ladder onto the autoradiograph and assess the sizes of the
radioactive products.
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3. Gomes XV, Gary SL, Burgers PM (2000) Overproduction in Escherichia coli and
characterization of yeast replication factor C lacking the ligase homology domain.
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4. Henricksen LA, Umbricht CB, Wold MS (1994) Recombinant replication protein A:
Expression, complex formation, and functional characterization. J Biol Chem 269(15):
11121–11132.
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Fig. S1. Purification and validation of PCNA heterotrimers. (A) Separation of two heterotrimeric PCNA species, obtained by tandem Ni-NTA and amylose
affinity chromatography, by gel filtration chromatography on a Superdex 200 column. (Upper) Chromatogram depicting the separation, including schematic
images of the trimer species corresponding to each peak. The dashed blue line below the chromatogram indicates the fractions collected from this run. (Lower)
SDS/PAGE analysis of the collected fractions. (B) SDS/PAGE analysis of purified PCNA trimers after MBP-tag cleavage. (C) MALDI-TOF mass spectrometry reveals
two peaks at the expected molecular weights for PCNA (after MBP-tag cleavage) and His-tagged PCNA. The heterotrimer samples contain peaks of both sizes
at approximately the expected ratios. (D) Cross-linking of neighboring monomers in PCNA trimers. WT PCNA, pcna-7990 and the WT1:79902 heterotrimer
(before MBP-tag cleavage) were cross-linked with disuccinimidyl suberate (DSS) where indicated. A product of ∼100 kDa, corresponding to cross-linking be-
tween His-tagged PCNA and MBP-tagged PCNA, is visible only in the presence of the heterotrimeric PCNA. M, size marker.
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Fig. S2. PCNA-dependent ATPase activity of RFC. RFC was incubated with an unblocked oligonucleotide-based primer-template construct, [γ-32P]ATP and
various PCNA trimers (SI Materials and Methods). Stimulation of RFC ATPase activity in the presence of PCNA and DNA indicates successful loading. Repre-
sentative results are shown.
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Fig. S3. Stability of PCNA heterotrimers. (A and B) The WT1:79902 heterotrimer was purified as described but without MBP-tag cleavage to allow detection of
trimer reassembly. After incubation for various lengths of time (as indicated) at 15 °C (A) or 30 °C (B), the samples were analyzed by gel filtration on a Superdex
200 column. As the initially homogenous population of heterotrimers with two MBP tags undergoes reassembly and gains increasing amounts of trimers with
zero, one, or three MBP tags, the chromatogram gains additional peaks on both sides of the central peak and broadens. The maximal peak height has been
normalized in all chromatograms, so that peak width represents trimer reassembly. Note that such peak broadening represents only minor reassembly—
significant reassembly would lead to the appearance of new peaks at significant distance from the central peak. (C) Cross-linking of PCNA heterotrimers after
loading by RFC. WT1:79902 heterotrimer was purified as described but the MBP tags were not cleaved. We separately verified that the presence of MBP tags
does not interfere with loading by RFC using an RFC ATPase assay. The heterotrimer was incubated with RFC, an appropriate DNA construct, and ATP, in
conditions similar to RFC ATPase assays described above (Fig. S2). The loading reaction was allowed to proceed for the indicated times before it was stopped
and disuccinimidyl suberate (DSS) was added. Changes in the pattern of cross-linking products over time may indicate reassembly of the heterotrimer, but no
significant change is visible. M, size marker. (D) Functional examination of PCNA stability using Pol δ assay. Assay was performed as described in Fig. 3A, but
mixtures of WT and pcna-7990 homotrimers were used in different ratios as indicated. Products were analyzed by agarose gel electrophoresis and autora-
diography. The arrow denotes the fully replicated, 2.9-kb plasmid. Combinatorially, 3.7% is the maximum expected amount of WT homotrimers in case of full
reassembly of the WT1:79902 trimer.
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Fig. S4. Stimulation of Pol δ and full Okazaki fragment maturation, by heterotrimers containing various PCNA mutants. (A) Stimulation of Pol δ by WT PCNA,
pcna-7990, and WT:7990 heterotrimers. The assay is described in Fig. 3A. Products were analyzed by agarose gel electrophoresis and autoradiography; the
arrow denotes the fully replicated 2.9-kb product, which was quantified and averaged with three additional independent assays to produce Fig. 3B. (B)
Stimulation of Okazaki fragment maturation by WT PCNA, pcna-7990, and WT:7990 heterotrimers. The assay is described in Fig. 5A. Products were analyzed by
agarose gel electrophoresis and autoradiography; the arrows denote the fully replicated nicked plasmid and the covalently closed plasmid. The latter product
was quantified and averaged with two additional independent assays to produce Fig. 5B.
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Fig. S5. Pol δ and FEN1 activity in different conditions and with various PCNA mutants. (A) Stimulation of Pol δ by WT PCNA, pcna-79, and WT:79 hetero-
trimers. The assay is identical to that described in Fig. 3A. Products were analyzed by agarose gel electrophoresis and autoradiography; the arrow denotes the
fully replicated 2.9-kb product. (B) Effects of different PCNA mutants on FEN1 activity. Assays were performed as described in Fig. 3C. Flap cleavage activity was
examined in the absence of PCNA or in the presence of 10 different trimer species, including all combinations of WT PCNA with pcna-79, pcna-90, or pcna-7990.
Reactions were analyzed by urea-PAGE and autoradiography and the percentage of substrate cleaved by FEN1 was quantified. (C) FEN1 assay was performed
as described in Fig. 3C, but with 150 mM KCl instead of NaCl. (D) FEN1 assay was performed as described in Fig. 3C, but with a double-flap substrate instead of
a single, 5′ flap substrate. This substrate is identical to that used in all other FEN1 assays, except for a single unhybridized nucleotide at the 3′ end of the
upstream oligo (SI Materials and Methods).
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Fig. S6. Nick translation by Pol δ and FEN1 in the absence of PCNA or in the presence of 10 different trimer species, including all combinations of WT PCNA
with pcna-79, pcna-90, or pcna-7990. Assay was performed as described in Fig. 4A. Reactions were analyzed by urea-PAGE and autoradiography.

Fig. S7. Okazaki fragment maturation in the presence of high concentrations of PCNA. Assay was performed as described in Fig. 5A, but with 1,000 or 2,000
fmol of PCNA trimers, whereas 200 fmol of Pol δ, FEN1, and Lig1 were added where indicated.
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Fig. S8. Pol δ processivity in the presence of different PCNA trimers. To measure true polymerase processivity, Pol δ was diluted to a concentration where
single-hit criteria are met (SI Materials and Methods for details). Products were analyzed by alkaline agarose gel electrophoresis and autoradiography.
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PREFACE TO THE CHAPTER 

This chapter describes a potential impediment to efficient lagging strand synthesis in vivo. In the 

cell, the replication machinery must cope with difficult to replicate sequences, collisions with the 

transcription machinery, and proteins bound to double-stranded DNA ahead of the fork, among other 

challenges. The work presented in this section uses the yeast transcription factor Rap1 as a potential 

protein block on the lagging strand, asking whether strand displacement synthesis would be affected if 

Rap1 were bound to double-stranded DNA to be displaced by Pol δ. This is indeed the case; Rap1 

blocks strand displacement synthesis when bound to the upstream duplex.  

A potential mechanism for resolving such protein blocks is presented. The helicase Pif1 is able to 

stimulate strand displacement synthesis by Pol δ, and removes the Rap1 protein block so that it is not 

an impediment to the polymerase. Interestingly, this cannot be accomplished by the helicase/nuclease 

Dna2, even though it plays a role long-flap processing. This work is a project in the lab of Roberto 

Galletto; my role was performing in vitro replication assays on the plasmid DNAs.  
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ABSTRACT

Using an in vitro reconstituted system in this
work we provide direct evidence that the yeast
repressor/activator protein 1 (Rap1), tightly bound
to its consensus site, forms a strong non-polar bar-
rier for the strand displacement activity of DNA poly-
merase !. We propose that relief of inhibition may be
mediated by the activity of an accessory helicase. To
this end, we show that Pif1, a 5′–3′ helicase, not only
stimulates the strand displacement activity of Pol !
but it also allows efficient replication through the
block, by removing bound Rap1 in front of the poly-
merase. This stimulatory activity of Pif1 is not lim-
ited to the displacement of a single Rap1 molecule;
Pif1 also allows Pol ! to carry out DNA synthesis
across an array of bound Rap1 molecules that mim-
ics a telomeric DNA-protein assembly. This activity
of Pif1 represents a novel function of this helicase
during DNA replication.

INTRODUCTION

During DNA replication the actions of the replicative he-
licase and nucleosome remodelers/chaperones are thought
to lead to destabilization of chromatin, thus facilitating pro-
gression of the replication fork (1–5). In addition to the need
of dealing with nucleosomes packaged into chromatin, non-
histone protein barriers along DNA regulate or hinder the
progression of DNA replication (6,7). In this case the sole
activity of the replicative helicase and polymerase may not
be sufficient for efficient progression of replication across
a protein barrier. Indeed, growing experimental evidence
points to a role in this process of specialized DNA helicases
(8).

In eukaryotes, one example of a non-histone protein bar-
rier regulating DNA replication is the S. cerevisiae Fob1
protein (9,10). Fob1 binds to a strong replication fork bar-

rier site and generates a polar protein block that prevents
head-on collisions between the replication and transcrip-
tion forks (10–12). In S. cerevisiae, telomeres are one addi-
tional example of a non-histone protein barrier to progres-
sion of replication. At these sites, replication stalls at the
repetitive telomeric DNA tracts, both terminal and inter-
nal to the chromosome ends (13–17). These regions contain
multiple Rap1 binding sites and bound Rap1, rather than
the nature of the repetitive sequence itself, was shown to be
the cause of replication stalling (13).

These observations suggest that the replicative helicase
and polymerase within the replisome are not sufficient for
efficient bypass of non-histone protein barriers, and the ac-
tivity of accessory motor proteins may be needed. In S. cere-
visiae, deletion of Rrm3, a 5′–3′ helicase that belongs to the
Pif1 subfamily of SF1 helicases, increases replication fork
pausing at ∼1400 sites across the genome (14–17). These
sites include rDNA, bound by Fob1, and telomeres, bound
by Rap1. This has led to the proposal that Rrm3 helicase
activity is important for efficient progression across a pro-
tein barrier (i.e. displacement of the protein) and provides
an example in vivo of an accessory motor protein needed
for efficient replication fork progression. Despite the genetic
evidence in vivo, direct biochemical support in vitro for this
function of Rrm3 is still missing. It is interesting to note that
at difference with initial reports (13,16), recently it has been
shown that Pif1 may also have a role in removal of bound
proteins, facilitating fork progression at telomeric sites (18).
Whether this function originates from Pif1 removing bound
Rap1 at telomeres or else remains to be determined.

During lagging strand DNA synthesis, Pol ! extends the
short Okazaki fragments generated by Pol " (19–21) and
catalyzes strand displacement DNA synthesis through the
downstream Okazaki fragment. Genome wide analysis of
the distribution of Okazaki fragments showed that the liga-
tion junctions map in close proximity to nucleosome dyads
(22,23). The same is true for the tightly bound transcrip-
tion factors Abf1, Reb1 and Rap1 (22,23). On the lagging
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strand, both nucleosomes and tightly bound proteins ap-
pear to control the degree of strand displacement of Pol !,
affecting the position of the ligatable nick generated dur-
ing maturation (23) and the degree to which the DNA syn-
thesized by the error prone Pol " is removed by the strand
displacement activity of Pol ! (22). Therefore, it is reason-
able to postulate that the degree to which a tightly bound
protein (e.g. Rap1) limits Pol ! activity solely relies on the
effect that a protein block would have on strand displace-
ment. To the best of our knowledge this has never been ex-
amined for Pol ! in vitro. Moreover, the amount of strand
displacement activity by Pol ! needs to be regulated to avoid
generating long 5′-flaps that can bind RPA, thus becom-
ing inhibitory to FEN1 cleavage (24). Indeed, a secondary
pathway for flap processing has been proposed and it in-
volves Dna2 helicase/nuclease cleavage of flaps that have
been extended by the Pif1 helicase (25,26). The mechanism
that regulates the transition from short to long flaps is cur-
rently not well understood. Whether proteins bound to the
downstream duplex to be displaced also affect the activities
of Pif1 and/or Dna2 also remains to be established.

In this work we used model DNA substrates and puri-
fied proteins to ask two basic questions. First, we asked
whether a Rap1 protein, tightly bound to the downstream
duplex DNA, poses a block to an incoming Pol !, thereby
impairing its strand displacement activity. Our data show
that in a reconstituted system a single bound Rap1 is suffi-
cient to block the strand displacement activity of Pol !, even
when the enzyme is in a complex with its processivity factor
PCNA. Second, we asked whether the helicase activity of
Pif1 or the helicase/nuclease activity of Dna2 is sufficient
to remove the bound Rap1 from the dsDNA, thus allow-
ing Pol ! to catalyze primer extension past the protein bar-
rier. Pif1 stimulates the apparent strand displacement ac-
tivity of the polymerase by unwinding the downstream du-
plex DNA. Moreover, in the presence of Pif1, but not Dna2,
Rap1 is no longer a block for Pol !, indicating that the he-
licase activity of Pif1 is sufficient to remove a protein block
from the dsDNA.

MATERIAL AND METHODS

Reagents and buffers

All chemicals used were reagent grade. All solutions were
prepared with distilled and deionized Milli-Q water (18 M!
at 25◦C). Oligonucleotides were purchased from Integrated
DNA Technology (IDT, Coralville, IA, USA). Annealed
substrates were prepared by mixing the template, primer
and strand to be displaced at a ratio of 1:1.2:1.1, respec-
tively, in 10 mM Tris-HCl (pH 8.1), 50 mM NaCl, 5 mM
MgCl2 and heated at 95◦C for 3 min, followed by slow
cooling to room temperature. The TeloA sequence is 5′-
ACACCCACACACC; RPG is 5′-ACACCCATACATT. To
generate the pUC19 substrate with a 18 nt gap (pUC19g18),
2 Nt.BbvCI sites spaced by 11 bp were introduced 3′ to the
BamHI site by Quickchange mutagenesis. pUC19g18 was
nicked with Nt.BbvCI for 60 min at 37◦C, followed by ad-
dition of 20-fold excess of a 18 nt oligonucleotide comple-
mentary to the nicked strand at 65◦C for 20 min and purifi-
cation on MicroSpin S-400HR (GE Healthcare). The 336
bp cassette, containing 16 TeloA sites spaced by 21 bp and

flanked by EcoRI/HindIII, was synthetized (Genescript)
and cloned in pUC19. The two sites for Nt-BbvCI were then
introduced by Quickchange mutagenesis 50 bp from the first
TeloA site and the 18 nt gap generated as describe above.

Purification of proteins

DNA polymerase ! wild-type and D520V (Pol !DV), pu-
rified as previously described (27–29). Replication Protein
A (RPA), PCNA and Replication Factor C (RFC) were
purified from E. coli overproduction strains as described
(19,30,31). Untagged, full-length Rap1 was overexpressed
and purified from E. coli as described (32). Full-length Pif1,
its shorter variant missing the first 237 amino acids and the
K264A mutant were purified with a N-terminus His6-tag
from E. coli (33).

Strand displacement and replication assay

Strand displacement DNA synthesis reactions were carried
out in Buffer TM (20 mM Tris-HCl pH7.8, 8 mM MgAc2,
1 mM DTT, 0.1mg/ml BSA) with 75 mM NaCl (or oth-
erwise indicated). For experiments with PCNA a standard
loading protocol was followed (20,34). For simplicity the
concentrations reported are the final ones after starting the
reaction. RFC (25 nM) was allowed to react with a double-
biotinilated DNA substrate (25 nM) in presence of neutra-
vidin (600 nM) and ATP (1 mM) for 5 min at 30◦C, followed
by the addition of Pol ! (25 nM) and dNTP mix (100 #M).
RPA (50 nM) and/or Rap1 (100 nM) were added before Pol
!. Pif1, at the indicated concentrations, was added with Pol
!. The experiments in absence of PCNA a DNA-Pol !DV

complex (25 nM) was pre-forming in the absence or pres-
ence of Rap1 (100 nM, sufficient to saturate the single site
with Rap1 in a canonical DNA-binding mode (32)) and/or
Pif1 (25 nM) and the reaction started by addition of 100 #M
dNTP. At the indicated times the reactions were stopped
by the addition of 80 mM EDTA, 0.08% SDS. After ad-
dition of formamide (50% final), the samples were heated
at 95◦C for 2 min and analyzed on a 12% denaturing poly-
acrylamide gel, pre-run for 2 h in 0.5x TBE. The gels were
scanned using a Typhoon 9400 Variable Mode Imager (GE
Healthcare), monitoring the Cy3 fluorescence of the labeled
primer. Replication assays were performed at 30◦C with 10
nM of the indicated plasmid DNA in Buffer TM. PCNA
(15 nM) was loaded onto DNA with RFC (15 nM) and 1
mM ATP by incubation at 30◦C for 2 min in the presence
of RPA (1 #M) and in the absence or presence of Rap1 (400
nM). The reactions were initiated by addition of Pol ! (15
nM) and 100 #M each of dATP, dGTP, dTTP and 10 #M of
["-32P]-dCTP and Pif1 when indicated. The reactions were
stopped with 50 mM EDTA and 0.1% SDS (final concen-
tration) and the products analyzed by electrophoresis on a
1% alkaline agarose gel. The gels were dried and visualized
by PhosphorImager analysis (GE Healthcare).

RESULTS

A single Rap1 bound to a high-affinity recognition site is a
barrier for DNA polymerase !

In order to test whether a single Rap1 bound to a down-
stream duplex is a block to the strand displacement activity
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Figure 1. A single bound Rap1 is a barrier to the strand displacement ac-
tivity of Pol !. (A) Substrate used in the assays. (B) Primer extension assays
by PCNA-loaded Pol ! (25 nM) in the absence or presence of Rap1 (100
nM) or RPA (50 nM) and Rap1 (100 nM). The DNA is 25 nM. (C) Same
primer extension assays as in (B) but with Pol !DV. Times (t) are: 10”, 20”,
30”, 1’, 2’, 4’, 6’, 10’.

of Pol !, we used a DNA substrate that contains a 21 nt
primer labeled at the 5′-end with Cy3, followed by a gap of
a single thymine and a 28 bp dsDNA region to be displaced
(Figure 1A). The downstream dsDNA region contains a
dT30 5′-flap and a high-affinity Rap1 recognition sequence
found at telomeres (TeloA) positioned 10 bp from the junc-
tion of the 5′-flap. For this orientation of the recognition se-
quence, Rap1 binds with the N-terminal Myb-like region of
its DNA-binding domain (DBD) facing the incoming poly-
merase and with the majority of the Rap1 contacts with
the phosphate backbone of the DNA occurring on the non-
template strand (35–38). Finally, the 3′-end of the template
strand is biotinylated to allow binding of streptavidin that in
combination with the presence of the 5′-flap restricts PCNA
binding to the primer region of the substrate.

PCNA was loaded on the substrate with RFC and ATP
in the absence (Figure 1B, left panel) or presence (Figure

1B, middle panel) of a 4-fold excess of Rap1 over the DNA,
the reaction started by addition of Pol ! and dNTPs and
monitored by extension of the Cy3-labeled primer. In the
presence of Rap1, the amount of full product generated is
decreased, suggesting that Rap1 is a block to the strand
displacement activity of Pol ! (see Supplementary Figure
S1A). Moreover, there is a concomitant increase of inter-
mediate bands between +1 and +9 generated by strand dis-
placement. These intermediate bands likely originate from
the 3′–5′ exonuclease activity of Pol !, which causes the
polymerase to idle (reiterative cycles of strand displacement
synthesis followed by exonucleolytic degradation) between
the nick position and the Rap1 block. Indeed, the presence
of a Rap1 block (and disappearance of idling) becomes evi-
dent when an exonuclease deficient Pol ! (Pol !DV, D520V)
is used (Figure 1C, Supplementary Figure S1B and S1C). In
this case, the +9 extension band becomes very pronounced,
indicating that the polymerase is halted 1 bp prior to first
position of the Rap1 recognition sequence. Taken together
these data indicate that Rap1 is a strong block for Pol ! that
is bypassed very slowly.

Next, we asked whether binding of RPA to the 5′-flap
would allow bypass of Rap1. In the presence of RPA the
amount of full-product generated by wild-type Pol ! is more
than in its absence (right panel in Figure 1B, and Supple-
mentary Figure S1A). We note that in this case the fraction
of substrate utilized during the reaction is also lower, lead-
ing to an apparent lower fraction of extended products. It is
possible that on this substrate containing a single nucleotide
gap, the loading of the polymerase in the presence of RPA
and Rap1 is slightly less efficient. Nevertheless, in the pres-
ence of RPA there is a clear accumulation of the +9 band.
These data indicate that Rap1 is still a block to the strand
displacement activity of the polymerase. Because of the lack
of exonuclease activity the presence of a +9 extension band
becomes evident when Pol !DV is used (right panel in Figure
1C, and Supplementary Figure S1B), again indicating that
RPA does not allow bypass of the Rap1 block. However, in
the presence of RPA the fraction of polymerase that can ex-
tend past the Rap1 block is larger than in its absence, consis-
tent with RPA stimulating the strand displacement activity
of Pol !DV.

Next, we tested whether the position, orientation, or na-
ture of the Rap1 recognition sequence would affect the abil-
ity of Rap1 to hinder Pol !. Because of the presence of well-
defined extension bands, for these experiments we used Pol
!DV. Rap1 still blocked Pol !DV when the 13 bp TeloA was
moved 5 bp closer to the 5′-flap (Figure 2, lanes 19–24).
However, in this case the fraction of Pol ! that can bypass
the block is higher than when the TeloA sequence is placed
10 bp downstream. Next, we placed the TeloA sequence
in the opposite orientation (Figure 2, lanes 31–36). In this
orientation the C-terminal Myb-like region of the DBD of
Rap1 faces the incoming polymerase and the majority of the
protein contacts with the phosphate backbone of the DNA
occur with the template strand (35–38). Rap1 is a block for
Pol !DV also when bound in this opposite orientation. Inter-
estingly, now a +3 rather than a +4 extension band is promi-
nent, suggesting an asymmetrical interaction of Rap1 with
its recognition sequence. Finally, we also tested a different
Rap1 recognition sequence found at the ribosomal protein
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Figure 2. A single bound Rap1 is a non-polar barrier to the strand displacement activity of Pol !DV. Primer extension assays by PCNA-loaded Pol !DV (25
nM) in the absence or presence of Rap1 (100 nM) bound to the different recognition sequences indicated in the cartoons. The graphs are the quantitation of
full-product and the strong pause band observed in the gel (arrow in the cartoons). For reference the same bands were quantitated also for the experiments
in the absence of Rap1.

genes (RPG) (Figure 2, lanes 7–12). Rap1 bound to this al-
ternative recognition sequence is still a block for Pol !DV.

Pif1 stimulates the activity of Pol ! by unwinding the down-
stream dsDNA

The data in the previous section provide strong evidence
that a single tightly bound Rap1 is a block to an incoming
Pol ! and therefore it must be removed for strand displace-
ment to occur. The presence of a pre-formed 5′-ssDNA flap
or creation of a flap during strand displacement by the poly-
merase would generate the proper substrate for the activ-
ity of a 5′–3′ helicase. Interestingly, it has been shown that
Pif1 is involved both in Okazaki fragment maturation and
break-induced replication in vivo, processes that involve Pol
! and the presence of 5′-ssDNA available either as a flap
or within a D-loop (25,26,39–41). Indeed, in reconstituted
reactions excess Pif1 stimulates the strand displacement ac-
tivity of Pol ! bound to PCNA (25,40). However, we showed
that in excess enzyme over the DNA, Pif1 undergoes DNA-
induced dimerization (42). Therefore, we tested whether at

concentrations where a monomer of Pif1 is favored on the
DNA (equimolar to or lower than the DNA), Pif1 would
still be able to stimulate Pol ! strand displacement.

We used a substrate that contains a T7 gap and a longer
dsDNA downstream (45 bp) with a T30 5′-flap. When Pol ! is
bound to PCNA on the DNA, addition of a low concentra-
tion of Pif1 led to higher primer extension activity (Figure
3A). Stimulation of primer extension activity by Pif1 does
not require the presence of the first 237 amino acids, sug-
gesting that the helicase core is sufficient, but it requires an
active ATPase (K264A variant is inactive (33)). This indi-
cates that at these concentrations binding of Pif1 to the 5′-
flap is not sufficient to stimulate strand displacement. Also,
we do not find evidence of direct interaction between the he-
licase and polymerase, as stimulation of primer extension
by Pif1 also occurs with the heterologous phage T7 DNA
polymerase (33). The stimulation of the primer extension
activity of Pol ! originates from multiple turnovers of Pif1
unwinding, with DNA synthesis by the polymerase prevent-
ing re-annealing of the template strand.
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Figure 3. Pif1 stimulates the strand displacement activity of Pol !. (A)
Primer extension assays using the indicated DNA (25 nM) and PCNA-
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versions of Pif1 (20 nM). Times (t) are: 5”, 15”, 30”, 60”. (B) Replication
assays of a 18 nt gapped pUC19 (10 nM) with PCNA-loaded Pol !DV (15
nM) in the absence or presence of the shorter version of Pif1 (10 or 50 nM)
or its ATPase inactive variant (50 nM).

Finally, it has been shown that Pif1 in excess over the
DNA can stimulate kbps of DNA synthesis when Pol !
extends a D-loop, and this stimulation has been proposed
to generate from the activity of Pif1 either in front of the
polymerase or at the backend of the D-loop by removing
the newly synthesized DNA (40). In order to test whether
Pif1 can stimulate Pol ! DNA synthesis over DNA lengths
longer than the oligonucleotides used in the previous sec-
tion, we performed replication assays with pUC19 contain-
ing a 18 nt ssDNA gap. With this substrate, only the effect

of Pif1 in front of the polymerase is monitored. The data in
Figure 3B show that addition of Pif1 stimulates DNA syn-
thesis by Pol ! and this requires the ATPase activity of the
helicase. In the presence of Pif1 products longer than the
length of the plasmids are generated, indicating that the ac-
tivity of Pif1 in front of Pol ! is sufficient to lead to synthesis
of kbps of DNA.

Pif1 but not Dna2 allows Pol ! to bypass a Rap1 block

The data in the previous section indicate that Pif1 stimu-
lates polymerase activity of Pol ! by unwinding the down-
stream dsDNA and suggest that a monomer of Pif1 is suf-
ficient. Next, we asked whether Pif1 would allow Pol ! to
catalyze primer extension even across a bound Rap1, indi-
cating that the block has been removed. Figure 4A shows
strand displacement reactions with Pol !DV in the presence
of bound Rap1 and absence or presence of Pif1. With Pif1
in the reaction (lanes 9–16) a larger amount of full product
is formed in shorter times, and also the +9 extension band
is less prominent and is cleared faster. This indicates that
Pif1 unwinding activity leads to displacement of the Rap1
block, independent of the presence of RPA bound to the 5′-
flap (Supplementary Figure S3). Moreover, stimulation by
Pif1 of the strand displacement activity of Pol ! and bypass
of the Rap1 block were observed also with Pol ! that is not
in a complex with PCNA (Supplementary Figure S2), indi-
cating that the reported interaction of Pif1 with PCNA (40)
is not required.

In yeast, Dna2 is a 5′–3′ helicase/nuclease that is involved
in maturation of Okazaki fragments by cleaving long 5′-
flaps in conjunction with Pif1 (25,26,39). In the presence of
nuclease activity, it has been shown that Dna2 will prefer-
entially cleave the substrate rather than unwind it (43). In-
deed, Dna2 alone does not relieve the Rap1 block (Figure
4A, lanes 17–24). RPA stimulates the activity of Dna2 (43),
but its presence did not allow Dna2 helicase to relieve the
Rap1 block (Supplementary Figure S3). When Dna2 and
Pif1 were added together (Figure 4A, lanes 25–32) the Rap1
block was still relieved, but to a lesser extent than for Pif1
alone, possibly due to the nuclease activity of Dna2 remov-
ing the 5′-flap and thus eliminating the entry point for Pif1.
These data suggest that if a Rap1 block needs to be dealt
with by Pol ! during Okazaki fragment maturation, the ac-
tivity of Pif1, and not Dna2, is sufficient.

Next, we used a DNA substrate containing the RPG
recognition sequence positioned 5 bp from the 5′-flap and
performed the experiment at 21◦C rather than 30◦C to bet-
ter visualize blocked intermediates. Pif1 displaces Rap1 also
when it is bound to this alternative sequence (Figure 4B).
The N-terminus region of Pif1 is not required for Rap1 dis-
placement but the presence of an active ATPase is (Fig-
ure 4B). Sub-stoichiometric concentrations of Pif1 are suf-
ficient for removal of Rap1, indicating that a monomer of
Pif1 unwinds the dsDNA and displaces Rap1. Similar to
what observed with the DNA substrate in Figure 1A, in the
presence of RPA the fraction of Pol !DV that can bypass
a Rap1 bound to the RPG sequence is larger, consistent
with RPA stimulating the strand displacement activity of
the polymerase. Interestingly, in the presence of RPA even
at a concentration of Pif1 4-fold lower than the DNA con-
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Figure 4. Pif1 allows Pol ! to bypass a Rap1 block. (A) Primer extension assays with PCNA-loaded Pol !DV (25 nM) using the DNA (25 nM) in Figure
1A bound to Rap1 (100 nM). The experiments were performed in the absence (lanes 1–8) or presence of 20 nM Pif1 (lanes 9–16), 20 nM Dna2 (lanes
17–24) or 20 nM Pif1 and 20 nM Dna2 (lanes 25–32). The graphs show quantitation of the full-product and the +9 position in the downstream duplex. (B)
Quantitation of full-product and the +4 position using the indicated DNA (25 nM) bound to Rap1 (100 nM). The primer extension assays were performed
with PCNA-loaded Pol !DV (25 nM) in the absence (black) or presence of 20 nM (red), 10 nM (blue) or 5 nM (green) of either Pif1 (left) or its variant
missing the first 237 amino acids and its ATPase inactive form (middle). The experiments in the right panel were performed in the presence of 50 nM RPA.

centration, Rap1 is efficiently displaced, so much so that no
+4 extension band is detected.

A 5′-flap generated during strand displacement is sufficient
for Pif1-mediated removal of Rap1 even when bound to an
array of sites

The DNA substrates used in the previous experiments
contained a pre-formed 5′-ssDNA flap, however, during
Okazaki fragment maturation flaps are formed only tran-
siently. Therefore, we tested whether Pif1 would be able to
displace a bound Rap1 when the flap is generated during
strand displacement by the polymerase. For this we used

a DNA substrate with a T1 gap, the TeloA sequence posi-
tioned 10 bp downstream in the dsDNA to be displaced and
a doubly biotinylated template bound to streptavidin to pre-
vent PCNA from sliding off the DNA (Figure 5A). Similar
to what observed with the same substrate containing a 5′-
flap, Rap1 is a block for the incoming Pol !DV. However, ad-
dition of Pif1 stimulates formation of full-extension prod-
uct and the amount of the +9 extension band is reduced.
This indicates that generation of a 5′-flap during strand dis-
placement by the polymerase allows for Pif1 to bind to the
substrate and displace Rap1.

Next, we asked whether Pif1 could displace multiple
Rap1 proteins and thus stimulate DNA synthesis by Pol !
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across an array of bound Rap1 that mimics a telomere. Ar-
rays of Rap1 sites with 21 bp spacing are counted in vivo as a
normal telomere (44). Thus, we used a 336 bp cassette con-
taining 16 identical sites (TeloA) spaced by 21 bp and in the
same orientation. The cassette was cloned into pUC19 and
the nicking sites used generate the 18 nt ssDNA gap to initi-
ate DNA synthesis by Pol ! were introduced 50 bp upstream
of the cassette. In the presence or the absence of Rap1, the
DNA synthesis activity of Pol !DV alone was similar to what
observed with pUC19 in Figure 3B (not shown). Similarly,
in the absence of Rap1, addition of Pif1 stimulates DNA
synthesis by Pol ! and Pol !DV (Figure 5B). In the presence
of a 2.5-fold excess of Rap1 relative to the concentration of
sites (sufficient for saturation, not shown) Pif1 is still able
to stimulate DNA synthesis by Pol !, indicating that Pif1
displaces multiple bound Rap1 molecules. Indeed, Pif1 dis-
places Rap1 over multiple cycles of Rap1 dissociation and
re-binding, as indicated by the presence of discrete bands
spaced according to the size of the plasmid.

DISCUSSION

Despite evidence in vivo of the role of tightly bound proteins
in affecting DNA replication, comparatively less is known
at the biochemical level using reconstituted proteins. In this
work we used S. cerevisiae Rap1 as an example of a well-
documented natural protein obstacle (13,15,16,22,23) and
showed that a single bound Rap1 is a barrier to the strand
displacement activity of Pol !. The presence of RPA stim-
ulates the strand displacement activity of Pol ! but this is
not sufficient to allow bypass of a tightly bound Rap1. In-
terestingly, for wild-type Pol ! the presence of bound Rap1
leads to an increase in the idling of polymerase in the re-
gion preceding the recognition site for Rap1. This suggests
that the protein block does not induce dissociation of Pol !,
but rather favors the exo-nuclease activity and backtrack-
ing. Bound Rap1 is a barrier independent of the orienta-
tion of its recognition site, indicating that Rap1 is not a po-
lar block. Our findings using a reconstituted system, show-
ing that a single Rap1 bound to a high affinity site is suf-
ficient to limit the strand displacement activity of Pol !,
provide strong and direct support to the observation that
at the genome-wide level Rap1 sites impart a signature for
the boundaries of Okazaki fragment junctions (22,23).

During Okazaki fragment maturation, in addition to
the processing by FEN1 of short flaps generated by Pol !
(45,46), a second pathways exists in which long flaps gener-
ated by Pif1 are substrates for cleavage by Dna2 (25,26,39).
In vitro, excess Pif1 unwinds substrates that mimic an
Okazaki fragment (26), thus stimulating the incorporation
activity of Pol !. However, in excess enzyme over the DNA,
Pif1 undergoes DNA-induced dimerization (42). The data
in this work show that at concentrations that favor bind-
ing of a monomer to the DNA, Pif1 stimulates the replica-
tion activity of Pol ! (alone or in a complex with PCNA).
A monomer of Pif1 binds to the 5′-flap and unwinds the
downstream dsDNA, with DNA synthesis by Pol ! prevent-
ing re-annealing of the template strand. Surprisingly, Pif1
stimulates the primer extension activity of Pol ! even in the
presence of bound Rap1. This provides clear indication that
Pif1 can displace bound Rap1 while unwinding the down-
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stream duplex. Removal of Rap1 by Pif1 is independent of
the nature of the Rap1 site and its orientation, and requires
the ATPase activity of Pif1. The ability of Pif1 to remove
Rap1 is not limited to the presence of a pre-formed 5′-flap
for initial binding. A short 5′-flap transiently generated by
the strand displacement activity of Pol ! is sufficient. RPA
stimulates the Rap1 displacement activity of Pif1, likely re-
stricting Pif1 binding to the fork junction. The data in this
work show that Pif1 stimulates primer extension activity of
Pol ! also when the polymerase is not bound to PCNA. Al-
though we cannot exclude that the reported interaction of
Pif1 with PCNA (40) has some role in the removal of a Rap1
block, our data indicate that this interaction is not required.
Interestingly, the ability of Pif1 to remove Rap1 in front of
Pol ! would suggest that the effect of Rap1 on the distri-
bution of Okazaki fragments and the position of the liga-
tion junctions should not be observed in vivo (22,23). One
simple explanation could be that Okazaki fragment matu-
ration is an efficient process and that flap processing by the
Dna2/Pif1 pathway is a rare event.

In S. cerevisiae, Rrm3, a second helicase homologue to
Pif1, has been proposed to facilitate replication fork pro-
gression at specific internal loci and telomeres (13,15,16)
and it has been shown in vitro that Rrm3 is a 5′–3′ helicase
(16). Surprisingly all of the Rrm3 constructs we generated
so far (including a N-terminal truncated version (16)) show
ssDNA dependent ATPase activity, yet they posses poor
helicase activity even when coupled to the activity of Pol
! (data not shown). We do not currently know the reason
for the limited unwinding activity of the Rrm3 constructs.
Whether interaction of Rrm3 with the replisome (14) or
other factors activate it for unwinding remains to be de-
termined. However, it has been reported that Pif1 may also
facilitate replication fork progression at telomeres (18). In
support of this novel function of Pif1, we showed that Pif1
displaces multiple Rap1 molecules, allowing Pol ! to repli-
cate across an array of bound Rap1 that mimics a functional
telomere.

Protein barriers may pose a problem not only for normal
DNA replication but also during break-induced replication
(BIR). In BIR, a replication fork is reassembled to allow
copying of the template DNA to the end of the chromo-
some. Depending on the location of the invasion point the
activity of the replicative helicase and Pol ! (or Pol $) may
not be sufficient to remove tightly bound proteins. More-
over, completion of BIR would be especially problematic at
telomeres, which pose a substantial barrier to progression of
replication even during normal replication (13–15,17). In-
terestingly, it has been shown that Rrm3, the helicase pro-
posed to remove proteins bound to DNA (13,15,16), does
not have a significant role in BIR; rather, Pif1 does (40). Al-
though the mechanism whereby Pif1 stimulates DNA syn-
thesis from a migrating D-loop in BIR is not fully estab-
lished, our data show that the activity of Pif1 in front of
Pol ! is sufficient to stimulate kbps of DNA synthesis, even
across an array of bound Rap1 that mimics a telomere. It is
intriguing to speculate that in BIR one of the roles of Pif1
may be to help remove proteins bound to the DNA, espe-
cially at telomeres.
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SUPPLEMENTARY FIGURES 
 
Figure S1. A single bound Rap1 is a barrier to the strand displacement activity of Pol δ . A) 
Quantitation of the primer extension reactions in Figure 1B using Pol δ. B) Quantitation of the 
primer extension reactions in Figure 1C using Pol δDV. C) Reproducibility of the Rap1 block was 
tested in independent experiments (n=5) using the indicated substrate. 

 

 
 
 
 

A 
+ Rap1 + Rap1 

+ RPA 

Sum 1+ to +9 

product 

Pol δ 
PCNA 

+ Rap1 + Rap1 
+ RPA Pol δ

DV 
PCNA 

product 

+9 

Sum 1+ to +9 

+9 

B 

C N C 

TeloA 

5’ 

5bp 

d4 T30  

T7-gap  



Figure S2. Pif1 stimulates the strand displacement activity of Pol δDV in the absence of 
PCNA. Primer extension assays with non-PCNA loaded Pol δDV (25nM) in the absence (lanes 
1,2) and presence of 20nM Pif1 (lanes 5-8). The assays were performed at 40mM NaCl, a 
condition where Pol δ has slow strand displacement activity. In the presence of Pif1 strand 
displacement activity is observed at shorter times. The same experiments were also performed in 
the presence of 100nM Rap1 (lanes 3,4 and 9-12) and show that Pif1 allows bypass of the Rap1 
block by Pol δDV.  
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Figure S3. Pif1 stimulates the strand displacement activity of PCNA-loaded Pol δDV. 
Quantitation of primer extension assays as described for Figure 4 but performed in the 
presence of 50nM RPA. 
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The first chapters (II-IV) of this thesis discuss the importance of metal binding structural 

motifs within Pol δ and the other eukaryotic B-family DNA polymerases. Despite the fact that 

these enzymes had been the focus of study for many years, these studies yielded new and 

interesting observations, and in turn more questions that should be addressed in the future. One 

significant unresolved question with respect to Pol δ is, why is an Fe-S cluster specifically 

present in the C-terminal domain? We know from the studies discussed here that some structural 

motif is required for interactions between Pol3 and Pol31, but why has evolution favored the 

formation of a functional group, the Fe-S cluster, that requires a complicated biosynthetic 

pathway? One possibility is that the Fe-S cluster is redox sensitive in some way, and could be a 

mechanism by which the general cellular environment could regulate DNA replication.  

The base stacking characteristics of DNA enable the double-helix to mediate charge 

transport, as long as the helix is fully base-paired. The charge carried down the DNA helix has 

the potential to alter the redox state of proteins bound to the DNA that contain a redox-sensitive 

functional group. To investigate whether this could be the case with Pol δ, we have initiated a 

collaboration with the lab of Jacqueline Barton, at the California Institute of Technology. 

Preliminary results suggest that the Fe-S cluster in Pol δ is capable of cyclic oxidation and 

reduction when bound to DNA. However, we are only beginning to investigate what residues 

within the Pol3-CTD may be important for charge transfer from the DNA helix to the Fe-S 

cluster. Also, we do not currently understand what functional consequences would result from 

polymerase oxidation or reduction. These will both be areas of active research in the future. 

 Second, these studies, focusing on the structure-function relationships within the B-

family polymerases, highlight the fact that structural information for these multi-subunit 

complexes is still lacking. In the case of Pol δ, X-ray crystallography has provided structural 
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information for the core of Pol3 and the human homologues of Pol31 and Pol32. Constructing 

even a tentative model of the Pol δ holoenzyme required use of the Pol1 C-terminal domain, 

since it is the only such domain with a known structure. As discussed in the introduction, it is 

thought that the Pol δ holoenzyme contains two main structural units. The first comprises the 

Pol3 polymerase core, while the second would contain the Pol3 C-terminal domain, Pol31, and 

Pol32. It is likely that the enzyme adopts a more structured conformation when in complex with 

PCNA and template-primer DNA, but until more structural studies are undertaken, that remains a 

hypothesis.  

The Burgers lab has attempted to crystallize a Pol δ–PCNA–DNA complex in the past, but 

all efforts have been unsuccessful. This largely occurred prior to the knowledge that Pol3 

contained an iron-sulfur cluster crucial for forming the multi-subunit Pol δ complex. With this in 

mind, more careful protein purification techniques could yield a more stable and homogenous 

polymerase complex more amenable to crystallization. However, I believe it is equally likely that 

Pol δ–PCNA naturally adopts a conformation on DNA with enough structural heterogeneity that 

any crystallization may be precluded. Advances in this area may be achieved through cryo-EM; 

recent advances in this technique make it a good candidate for this project. It is now possible to 

obtain backbone and in some cases even side-chain resolution for large macromolecular 

complexes without some of the inherent limits of crystallization.   

If a high-resolution structure of the Pol δ–PCNA–DNA complex existed, what 

information could be gained? First, although multiple PCNA-binding motifs have been identified 

within Pol δ, it is unclear whether just one, or more of these motifs directly bind PCNA when the 

complex is bound to DNA. In Chapter II we propose that the CysA motif and the Pol32 PIP-

motif are important for interaction with PCNA in different scenarios, either ‘on DNA’ or ‘in 
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solution’, respectively. More complete structural information would shed light onto whether that 

hypothesis is accurate. Second, it is unclear how many PCNA monomers the different subunits 

of Pol δ occupy at one time. Using the PCNA heterotrimers, it will be possible to address the 

functional aspects of this question. However, even if only a single wild-type monomer of PCNA 

is required for Pol δ activities, this would not preclude the possibility that the mutant monomers 

were also bound by Pol δ in some manner. Again, additional structural information could shed 

some light in this area.  

In Chapter V, I used molecular biology techniques to evaluate the PCNA tool-belt model. 

While my studies provide support that this model can exist, this conclusion is still an inference 

based on replication data. A better approach in the long-term would be to directly observe 

simultaneous binding of multiple client proteins to PCNA. Using an archaeal replication system, 

a recent study observed simultaneous binding of the replicative polymerase and FEN1 to PCNA 

using negative-staining electron microscopy (Cannone et al., 2015). Such structural approaches 

could also be used with the eukaryotic system. However, the authors used cross-linking to create 

a stable complex before imaging, raising the question of whether one is simply trapping the 

proteins in a state that may not frequently exist in actuality. Such a concern is paramount in the 

case of PCNA–Pol δ–FEN1, where even in the most efficient case FEN1 processivity with 

PCNA is not complete.   

Another option would be to develop single-molecule techniques to address this question. 

Total internal reflection (TIRF) microscopy, and variations, has been used in recent years to 

investigate a variety of DNA replication systems; these techniques could possibly be adapted to 

investigating nick translation. To answer this specific question, the polymerase and FEN1 would 

both be labeled, and PCNA-dependent co-localization of these proteins while replicating would 
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indicate that the multi-enzyme complex we propose does indeed exist. Of course, a prerequisite 

for such a technique is developing a labeling scheme for the various enzymes that retains 

activity, and does not preclude protein-protein interactions. As even the minimal Okazaki 

fragment maturation machinery is more complex than some prokaryotic and viral replication 

systems investigated by these techniques, this goal may be challenging. However, the validity of 

the tool-belt model will likely remain the subject of some debate in the field until multiple 

techniques can provide greater clarity.  
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