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Abstract
The role of replicative DNA polymerases in ensuring genome stability is intensively studied, but the role of other components of the replisome is still not fully understood. One of such component is the GINS complex (comprising the Psf1, Psf2, Psf3 and Sld5 subunits), which participates in both initiation and elongation of DNA replication. Until now, the understanding of the physiological role of GINS mostly originated from biochemical studies. In this article, we present genetic evidence for an essential role of GINS in the maintenance of replication fidelity in S. cerevisiae. In our studies we employed the psf1-1 allele (Takayama et al., 2003) and a novel psf1-100 allele isolated in our laboratory. Analysis of the levels and specificity of mutations in the psf1 strains indicates that the destabilization of the GINS complex or its impaired interaction with DNA polymerase epsilon increases the level of spontaneous mutagenesis and the participation of the error-prone DNA polymerase zeta. Additionally, a synergistic mutator effect was found for the defects in Psf1p and in the proofreading activity of Pol epsilon, suggesting that proper functioning of GINS is crucial for facilitating error-free processing of terminal mismatches created by Pol epsilon.
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Introduction

Chromosomal DNA replication in eukaryotes is a highly regulated process that requires a coordinated action of a large number of catalytic and non-catalytic proteins assembled at the replication fork (reviewed in Johnson and O'Donnell, 2005; Burgers, 2009; Johansson and MacNeill, 2010; Pavlov and Shcherbakova, 2010; Leman and Noguchi, 2013). High fidelity DNA polymerases are fundamental in the process of replication, but to achieve faithful DNA synthesis they need to be coupled and coordinated on both the leading and lagging strands (Nick McElhinny et al., 2008). In recent years a GINS complex has been identified, as one of the major non-catalytic component of replication fork in higher and lower eukaryotes, and biochemical data suggest it could play a role of a platform maintaining the integrity of the replication fork throughout the process of DNA replication (Takayama et al., 2003; Kubota et al., 2003; Kanemaki et al., 2003; Gambus et al., 2006). 

The GINS complex is composed of four essential subunits: Sld5, Psf1, Psf2, and Psf3, and its name is an acronym of Japanese words ‘Go, Ichi, Ni, San’ meaning ‘five, one, two, three’ (reviewed in MacNeill, 2010; Kamada, 2012). It is an important player during both the establishment and progression of the DNA replication fork. The initiation of replication is a highly regulated cascade of molecular events leading to the formation of an active replication fork, and loading of the GINS complex onto DNA is required for the proper chromosome replication (Labib and Gambus, 2007; MacNeill, 2010; Onesti and MacNeill, 2013). Biochemical analysis has placed GINS at the heart of the eukaryotic replication apparatus as a component of the CMG [Cdc45p–MCM (minichromosome maintenance) helicase–GINS] complex that is most likely the replicative helicase unwinding the DNA duplex and thus allowing the movement of the replication fork (Moyer et al., 2006). Indeed, based on structural and genetic analysis, six conserved surface patches of the GINS subunits, one in Sld5 and five in Psf2, have been identified as mediating the assembly of RPC (Replisome Progression Complex) and, ultimately, its interaction with Cdc45 and MCM2-7 (Gambus et al., 2006; Pacek et al., 2006). The crystal structure of human GINS reveals that each of its subunits is composed of two domains (α-helical A-domain and β-stranded B-domain) joined by a linker region (Chang et al., 2007; Choi et al., 2007; Kamada et al., 2007). Although the GINS crystal architecture is composed of the four full-length proteins, portions of the Psf1, Psf3 and Sld5 polypeptides are missing from the electron density map and therefore are described as disordered (Chang et al., 2007; Kamada et al., 2007). The disordered C-terminal part of Psf1p does not seem to be important for the stability of the GINS structure but is responsible for the association with the amino-terminal part of Dpb2 (Dpb2NT), one of the non-catalytic subunits of leading strand DNA polymerase epsilon (Pol () (Sengupta et al., 2013). In addition to the C-terminal region of Psf1p, X-ray crystallography revealed other unstructured regions in the C-terminal part of Psf3p and in Sld5p (Chang et al., 2007). The colocalization of those three disordered regions of Psf1, Psf3 and Sld5 in the GINS complex corroborates the hypothesis that they may bind to components of the replication machinery other than Cdc45 and MCM2-7, which are bound to the six patches on the surface of GINS mentioned above. This, in turn, would place GINS at the center of the replication fork. Indeed, GINS has been shown to associate with the Pol ( complex in vitro and to stimulate its activity (Bermudez et al., 2011). Also experiments using fission yeast suggest a functional interplay between the CMG helicase and Pol ( (Handa et al., 2012). Additionally, GINS can also stimulate the polymerase activity of the DNA polymerase alfa-primase complex (Pol α) (De Falco et al., 2007).

During replication, the major DNA polymerases can be replaced by error-prone polymerases (e. g., polymerase zeta (Pol ) (reviewed in Lawrence, 2004; Prakash et al., 2005; Shcherbakova and Fijalkowska, 2006; Pavlov and Shcherbakova, 2010; Sale et al., 2012). Extensive biochemical studies have shown that Pol  lacks the 3′→5′ exonuclease activity, is poorly processive and is a proficient extender of mispaired primer termini (reviewed in Gan et al., 2008). Therefore, the replication performed by Pol  is of low fidelity. According to published data, 30% to 50% of spontaneous mutations can be attributed to the Pol  activity (Cassier et al., 1980; Quah et al., 1980; Roche et al., 1994; Lawrence, 2002; Sabbioneda et al., 2005; Northam et al., 2010; Kraszewska et al., 2012). Therefore, the switching between the replicative and the error-prone DNA polymerases may generate genetic instability.

In this report, we present data indicating that proper functioning of GINS in the replisome is important for replication fidelity. Using site-directed mutagenesis, we created a yeast strain bearing a temperature-sensitive allele of the PSF1 gene, psf1-100, carrying a mutation in the region encoding the C-terminal part of Psf1p. In parallel, we studied the psf1-1 mutant strain, previously isolated in Araki’s laboratory (Takayama et al., 2003). We show that either mutant allele promotes a mutator effect and prolongs the S-phase of the cell cycle. Moreover, the observed mutator effect depends on the error-prone Pol  activity, suggesting that GINS containing a mutated Psf1 subunit leads to the destabilization of the replication fork and increases the participation of Pol in replication. Furthermore, an extensive analysis of the mutation spectrum in the two psf1 mutants suggested that primer-template rearrangements were considerably enhanced in the psf1 mutants. A synergistic mutator effect was found for the defects in Psf1p and in the proofreading activity of Pol (, suggesting that proper functioning of GINS is important for the facilitation of the error-free processing of terminal mismatches created by Pol . Finally, we identified protein-protein interactions between the GINS subunits and the Dpb2 subunit of the Pol ( holoenzyme (HE). Interestingly, the psf1-1 mutation seems only to affect the interactions within the GINS complex while the psf1-100 mutation weakens the binding of the mutated Psf1 protein to Dpb2p. 
Results 
Mutated alleles of the PSF1 gene confer temperature-sensitivity and disturb chromosomal DNA replication

In S. cerevisiae, the GINS complex is composed of four different subunits, Psf1, Psf2, Psf3 and Sld5, which all are essential for yeast viability. It has been shown previously that at least one of these subunits, Psf1, interacts with the non-catalytic Dpb2 subunit of the DNA Pol ( holoenzyme (Takayama et al., 2003; Sengupta et al., 2013). Recently, Karim Labib’s group has demonstrated in vitro that the interaction between Psf1p and Dpb2p is required for the replication (Sengupta et al., 2013). Thus, PSF1 mutations seem likely to affect the functioning of DNA Pol . Ten years ago Hiroyuki Araki’s group isolated the first and so far the only mutated allele of PSF1. They described the psf1‑1 (R84G) mutant strain as displaying a temperature‑sensitive phenotype and impaired growth at 37°C (Takayama et al., 2003). In the present study we investigated the role of the Psf1 subunit of the GINS complex in the maintenance of DNA replication fidelity using both the psf1-1 mutant strain and a new strain bearing a psf1‑100 allele constructed in our laboratory. To obtain the psf1-100 allele, we mutated the 3' part of the PSF1 gene to introduce amino acid substitutions at four consecutive positions of the C-terminal region of Psf1p: V161A, F162A, I163A and D164A. We chose this region as it contains strongly conserved amino acids that seemed likely to be responsible for interactions with other replisome proteins. 

We constructed mutant derivatives of the haploid ΔI(-2)I-7B-YUNI300 S. cerevisiae strain to carry a chromosomal copy of either the psf1-1 or psf1-100 allele (see Experimental Procedures). The resulting strains were tested for temperature sensitivity at 18°C, 23°C, 30°C and 37°C (Figure 1). As expected, the strain carrying the psf1-1 allele did not grow at 37°C. Interestingly, yeast cells carrying the psf1-100 allele exhibited cold-sensitivity and were unable to grow at 18°C. It was demonstrated previously by flow cytometry that the psf1-1 mutant was impaired in S-phase progression (Takayama et al., 2003). We observed a similar effect for the psf1-100 mutant at the low temperature. The psf1-100 cells were arrested in the G1 phase with α-factor and then released into a synchronous cell cycle at either 18°C or 30°C. At 18°C the mutant cells did enter the S-phase, but the progression was significantly slower compared to wild-type cells (Figure 2). This is a typical effect observed in temperature-sensitive mutants with DNA replication elongation defects (Budd and Campbell, 1987; Araki et al., 1995). These observations imply that the psf1-100 cells are able to advance slowly with gross DNA synthesis but their replication is either incomplete or impaired. Interestingly, at the permissive temperature of 30°C psf1-100, cells also show slower DNA synthesis, dumbbell morphology and form larger cells (Figure S1). These results suggest that the psf1-100 similarly to the psf1-1 mutant has a primary defect in chromosomal DNA replication, which is consistent with the data obtained previously showing that the PSF1 gene is important for chromosomal DNA replication (Takayama et al., 2003).
psf1 mutations enhance the level of spontaneous mutagenesis

To determine whether the mutations in the PSF1 gene affected the level of spontaneous mutagenesis we analyzed the rate of mutagenesis in the (ΔI(-2)I-7B-YUNI300) strain derivatives carrying the psf1-1 or the psf1-100 allele. This strain has several genetic loci that can be used to evaluate the mutation rate (Pavlov et al., 2002). One of them is the CAN1 reporter gene that enables simultaneous testing of such forward mutations as base substitutions, frameshifts and more complex ones (Chen and Kolodner, 1999). Wild type cells are sensitive to canavanine, an analog of arginine. Any forward mutation that inactivates the arginine permease encoded by the CAN1 gene will result in a CanR phenotype. Furthermore, the ΔI(-2)I-7B-YUNI300 strain carries the his7-2 reporter allele, which can revert through a one base-pair insertion or two-base pair deletion in a run of seven A.T base pairs, resulting in a His+ phenotype (Shcherbakova and Kunkel, 1999). As the two psf1 alleles presented different temperature sensitivities, we assayed the mutation rates in the respective isogenic strains at two temperatures (Table 2 and 3). Strains with the psf1-1 allele were grown at 23°C, whereas the psf1‑100 strains were assayed at 30°C. Both strains displayed increased spontaneous mutagenesis of the both markers tested (Table 2 and 3). The psf1-1 mutation elevated the mutation rate at the CAN1 and his7-2 markers 2.9-fold and 4.4-fold, respectively (Table 2), and the psf1-100 mutation about 2-fold and 11-fold for CAN1 and his7-2, respectively, as compared to the PSF1 strain (Table 3). These results suggest that the both psf1 mutants can be considered spontaneous mutators. To rule out the possibility that the psf1 mutator phenotype is caused by a lack of the mutant Psf1 proteins, we analyzed the expression of the Psf1 forms in question at the permissive temperatures (23°C for Psf1-1p and 30°C for Psf1-100p) by Western blotting using anti-Psf1 antibodies made available by Prof. H. Araki. We found that the wild-type Psf1p and both mutant proteins were synthesized in the cells at a similar level (Figure S2). 

Two-hybrid analysis of protein-protein interactions in the GINS complex and of wild type and mutated Psf1p with the Dpb2 subunit of DNA Pol ( holoenzyme


Appropriate protein-protein interactions between the GINS complex and DNA Pol ( could be crucial for proper functioning of the replisome. Earlier genetic and two-hybrid analyses have suggested that the physical interaction between the GINS complex and DNA Pol ( holoenzyme is maintained through a contact between Psf1p and Dpb2p (Takayama et al., 2003; Sengupta et al., 2013). One may speculate that the observed mutator effects (Table 2, 3, 5) of the psf1-1 and psf1-100 alleles are due to altered interactions between subunits of the GINS complex and/or with Dpb2p. To test this hypothesis we used the yeast two-hybrid system. In order to evaluate the usefulness of this system for studying protein-protein interactions within the GINS complex we first examined interactions between all four GINS subunits (Table 4, Table S5). We cloned the complete coding sequences of the PSF1, PSF2, PSF3 and SLD5 genes, each from the first ATG codon, into both pACT2 and pKF74 vectors, as described in Experimental Procedures. All pairwise combinations were introduced into the Y190 yeast strain and the strength of the interactions was measured as β-galactosidase activity expressed from the GAL4-lacZ reporter gene. Results presented in Table 4 and Table S5 indicate that each of the GINS fusion proteins is able to interact with each of the other GINS proteins. In a next series of experiments we investigated whether interactions between the Dpb2 fusion protein and any of the GINS proteins could be detected. Our data show that Dpb2p interacts specifically with Psf1p and Psf3p (Table 4, Table S5). These interactions were also confirmed by pull-down assay (Fig. 3).


Next, we measured the relative strength of the protein-protein interactions using the Psf1-1 and Psf1-100 fusion proteins. Data presented in Table 4 and Table S5 indicate that at 23°C the interaction of Psf1‑1p with Psf3p is significantly reduced (by up to 95 %) and with Psf2p is 3‑fold weaker compared to the wild‑type Psf1p. Obtained data showed that Psf1-1p mutant protein exhibits similar strength of interaction with the Dpb2 fusion protein as the wild type Psf1p at 23°C and 30°C (Table 4). Psf1-100p did not differ significantly from wild-type Psf1p regarding the strength of its interactions with the other three GINS proteins. However, at neither temperature tested the Psf1‑100 protein interacted with Dpb2p (Table 4). 
Pull down analysis of protein-protein interactions 
Based on the results obtained from the yeast two-hybrid experiments we concluded that Psf1p and Psf3p interact with Dpb2p. To confirm these results by an independent method, we carried out GST pull down experiments. The two GINS subunits were fused to an N-terminal GST and expressed in bacteria. In addition to the wild type Psf1p, we expressed two mutants, Psf1-1p and Psf1-100p, both fused to GST. Dpb2p was synthesized in vitro and labeled with [35S]-methionine using the coupled transcription and translation system (Promega). The reaction yielded a radioactive protein migrating at approximately 78 kDa (Fig.3A, lane 3). This size is consistent with the expected size of Dpb2p. To additionally confirm the specificity of in vitro synthesis, we programmed rabbit reticulocyte lysate with a cDNA encoding luciferase. This reaction generated a protein of the expected size of 61 kDa (Fig.3A, lane 2), whereas unprogrammed lysate, lacking any exogenous cDNA, generated no radioactive protein (Fig.3A, lane 4).  

Each GST-tagged GINS subunit was incubated with 35S-labeled Dpb2p and the complexes immobilized on glutathione beads, separated by PAGE and analyzed by autoradiography. The presence of Psf1p and Psf3p resulted in consistent adsorption of 35S-labeled Dpb2p on GSH beads (Fig.3A, lane 7 and 10). While the amount of the recovered radioactivity was relatively small, no signal was detected in the absence of any GST-tagged protein or in the presence of the unrelated GST-FLASH (Fig. 3A, lane 5 and 6). More importantly, the Psf1-100p mutant compared to the wild type Psf1p showed significantly reduced ability to interact with Dpb2p. Note that compared to the wild type Psf1p, two fold excess of the mutant protein was used in the binding reaction (Fig.3B, lane 8 and 9). This was to assure that any reduction in the amount of Dpb2p recovered from GSH beads resulted from the mutation in Psf1p rather than from underloading the mutant protein. On average, under these conditions the Psf1-100 mutation reduces the interaction with Dpb2p by 50% (Fig. 3C). In contrast, the Psf1-1 mutation had no major effect on the interaction with Dpb2p in both the yeast two-hybrid and GST pull down assays, further indicating that these two assays detect biologically relevant interactions (Fig. 3C). Based on these results, we conclude that Psf1p and Psf3p interact with Dpb2p (Fig. 3).
The mutator effect of the psf1 mutations is dependent on Pol  activity


What mechanisms could lead to the mutator effect of the psf1 mutations? The psf1-1 mutation, which destabilizes interactions within the GINS complex, is likely to prevent proper functioning of the replisome. In turn, greatly impaired interaction between Dpb2p and the Psf1-100p could destabilize Pol ε holoenzyme in the replication fork. Both these defects could in turn lead to an increased frequency of Pol ( dissociation from the DNA template, especially from mispaired 3’OH primer termini, allowing other DNA polymerases to participate in the replication. The error-prone DNA Pol ( is the most likely candidate to be recruited to the replication fork at mispaired 3’OH primer termini as its primary role has been reported to be exactly the extending of such non-perfect primer-template pairs (Johnson et al., 2000; Guo et al., 2001; Haracska et al., 2001; Simhadri et al., 2002; Prakash and Prakash, 2002). Additionally, multiple observations indicate the dependence of mutator phenotype of diverse replication mutants on Pol  activity (Northam et al., 2006, 2010; Suzuki et al., 2009; Aksenova et al., 2010; Kraszewska et al., 2012). Such an effect has been named Defective Replisome Induced Mutagenesis - DRIM (Northam et al., 2010).
To determine to what extent the observed psf1-dependent mutator phenotype relies on Pol the REV3 gene encoding the catalytic subunit of Pol  was deleted in strains carrying the psf1 alleles. In the PSF1 rev3( strain the mutation rate at the CAN1 locus is 50% lower compared to the wild type strain (Tables 2 and 3), confirming the well-documented antimutator effect of the REV3 deletion (Cassier et al., 1980; Quah et al., 1980; Roche et al., 1994; Lawrence, 2002; Sabbioneda et al., 2005; Northam et al., 2010; Kraszewska et al., 2012). The mutation rate at the CAN1 and his7-2 reporter genes was assayed in the psf1-1 rev3( and psf1‑100 rev3( double mutants and compared with the rates for the single psf1 mutants (Tables 2 and 3). In the strain carrying the psf1-1 mutator allele deletion of the REV3 gene decreased the rate of CAN1 mutagenesis about 2.5-fold, from 232x10-8 to 91x10-8 (Table 2). To calculate the rate of mutations attributed to Pol  in the PSF1 strain we subtracted the mutation rate observed in the rev3( strain (43x10-8) from the mutation rate observed in the wild type strain (81x10-8). This calculation shows that in the wild type strain about 40x10-8 mutations are Pol  -dependent. Following the same logic, in the psf1-1 strain 141x10-8 mutations are due to Pol ( activity (232x10-8– 91x10-8) (Table 2). This indicates that the mutagenic effect of Pol  increases3.5-fold in the psf1-1 strain. However, it is worth noting that the rate of mutagenesis in the psf1-1 rev3(mutant (91x10-8) is still 2-fold higher than the rate in the rev3( single mutant (43x10-8), which suggests that only a fraction of mutagenesis in the psf1-1 mutant is Pol (-dependent (Table 2). Interestingly, inactivation of Pol ( does not decrease the mutagenesis at the his7-2 marker in the wild type or the psf1-1 strain, suggesting that the frameshifts detected at this locus are generated in both strains mainly through a Pol  -independent mechanism. Our results indicate that, although Pol  seems to participate in the DNA replication more often in the psf1-1 mutator strain than in the PSF1 strain, still a considerable fraction of mutations in this mutant strain arise by a Pol ( -independent mechanism.
In the psf1-100 strain 149x10-8 CanR mutations are due to Pol ( activity (200x10-8– 51x10-8) (Table 3). In contrast to the effect observed in the psf1-1 strain, deletion of the REV3 gene in the psf1-100 strain decreases the level of mutagenesis at the CAN1 locus to the level observed in the PSF1 rev3 strain (Table 3). Furthermore, frameshift errors (his7-2 marker) are nearly completely eliminated in the psf1-100 strain in the absence of Pol ( (Table 3). Thus, almost 100% of the mutator phenotype in the psf1-100 mutant strain is due to Pol  action.
Characterization of CanR mutations in psf1 strains 

To better understand the role of Psf1p in spontaneous mutagenesis and to confirm that Pol ( is an important factor affecting mutagenesis in the psf1 mutator strains we determined the spectra of CanR mutations in the psf1-1 and psf1-100 strains and their rev3 derivatives in comparison with the control PSF1 and PSF1 rev3( strains (Table 5A, location of mutations in the CAN1 sequence is shown in Supporting Information Fig. S3-S12). We chose the CAN1 forward mutation test due to its sensitivity to a wide range of mutational events (Chen and Kolodner, 1999; Ohnishi et al., 2004). The spectrum of mutagenesis strongly emphasizes the specificity and possible mechanisms of spontaneous mutagenesis occurring in a given strain. For each strain analyzed, 75 to 95 independent CanR mutants were collected and their CAN1 locus was sequenced. The distribution of particular classes of mutations is presented in Table 5A. To provide an informative comparison of the mutational spectra, we calculated both the number of events and the rate of each individual type of mutation in all strains tested. As described above, the overall rate of CanR mutations is 1.9-fold lower in the PSF1 rev3( strain than in the wild-type (Table 5A). The antimutator effect of the REV3 deletion in the PSF1 background is mainly due to the reduction of the rate of base substitutions (2-fold), predominantly transversions (3-fold); the rate of GC → CG transversions drops 4-fold (from 9x10-8 to 2x10-8) and of complex mutations (defined as multiple changes within short, up to 6 nt, DNA stretches) ~10-fold (from 5x10-8 to <0.5x10-8). These values are in good agreement with earlier reports on Pol -dependent mutagenesis (Roche et al., 2004; Zhong et al., 2006; Endo  et al., 2007; Abdulovic et al., 2008; Northam et al., 2010; Kraszewska et al., 2012). 
psf1-1 mutant: The presence of the psf1-1 allele increased the mutation rate for almost all classes of mutations. The rates of base substitutions increased from 51x10-8 in the wild type strain to 157.5x10-8 in psf1-1 and of indels from 25x10-8 to 71.5x10-8, respectively (Table 5A). 
We then determined the types of mutations occurring in the psf1-1 mutant that could be attributed to Pol  by comparing the rates of mutations observed in the presence and in the absence of Pol  (psf1-1 REV3 and psf1-1 rev3(, respectively) (Table 5A). In the psf1-1 background the Pol -dependent mutations were mostly transversions (AT→CG, AT→TA and GC→CG), deletions, and complex mutations; REV3 deletion caused a 9-fold decrease of the rate of AT→CG mutations, 4‑fold of AT→TA, more than 40-fold of GC→CG, and a ~2-fold reduction of indels. 

To evaluate the influence of the mutated Psf1 subunit on spontaneous mutagenesis in cells lacking active Pol ( we compared the rates of mutagenesis in the psf1-1 rev3( and rev3( strains. The presence of the psf1-1 allele increased the rates of base substitutions and indels two-fold. The strongest increase was observed of AT→GC (3.7-fold), AT→TA (2.7-fold) and GC→TA (4.3-fold). Among indels the rates of 1-bp deletions, 2-bp deletions and 1-bp insertions increased 2.1-fold, 5.5‑fold and 1.7-fold, respectively (Table 5A).
Based on the above mutagenesis spectra we conclude that the presence of the psf1-1 allele increases the participation of the error prone Pol ( in DNA replication. However, even with an inactive Pol (, the psf1-1 allele increases the rates of base substitutions and indels.
psf1-100 mutant:  In comparison with the wild type strain, the psf1-100 strain shows a 3.3-fold increase in the rate of base substitutions, a 2.1-fold of indels, and a 4-fold increase of complex mutations (Table 5A, location of mutations in the CAN1 sequence is shown in Supporting Information Fig. S3-S12). Interestingly, among base substitutions only transversions are elevated 5.6-fold (6-fold of AT→TA, 16-fold of GC→TA and 5.7-fold of GC→CG) (Table 5A). Among indels, 1-bp deletions increase 3.9-fold (from 8x10-8 to 31x10‑8).
Interestingly, the rate of mutagenesis and the spectrum in the psf1‑100 strain with an inactive Pol ( is comparable to the rate and spectrum in the PSF1 rev3( strain. This proves that the elevated CAN1 mutagenesis observed in the psf1‑100 strain depends almost entirely on Pol (  activity, in contrast to the psf1‑1 strain where this dependence is only ~ 60%.
Mutator effects of the psf1-1 mutation in Pol ε proofreading-defective strains
Since it is rather unlikely that the psf1-1 allele influences the intrinsic fidelity of Pol (, we wanted to test the functional interactions between the 3’-5’ proofreading activity of Pol  and Psf1p-dependent error correction system. An analysis of possible relationships between two different DNA replication error removal systems has been described in several studies (Morrison et al.,1993; Morrison and Sugino, 1994; Tran et al., 1997; Tran et al., 1999; Kirchner et al., 2000; Kadyrova et al., 2013). The pol2-4 mutation inactivates the intrinsic 3'-5' exonuclease activity of Pol2p and thus Pol ( proofreading does not contribute to error removal in strains carrying this allele (Morrison and Sugino, 1994; Shimizu et al., 2002). Assuming that the Psf1p- dependent error correction system and the Pol  proofreading are non-competing independent mutation prevention pathways acting in parallel, one should observe a simple additive effect of the two defects. Alternatively, if the two mutants have defects in two different mechanisms that act in concert to suppress the same pool of DNA replication errors, a synergistic (higher than additive) relationship of the mutation rates will be observed in the double mutant. Finally, if the psf1-1 defect impairs proofreading by Pol (, the level of mutagenesis in the psf1-1 pol2-4 strain will be the same as in the strain carrying only the pol2-4 allele.     
Therefore, to test the above relationships we constructed the pol2-4 psf1-1 strain. The relative rate of CanR mutations in the psf1-1 strain is 2.9 compared to the PSF1 control strain. The pol2-4 mutation alone increases the mutagenesis rate 2.5-fold compared to the wild type (PSF1 POL2) strain. Finally, for the double psf1-1 pol2-4 strain the rate is enhanced 8-fold relative to the wild type strain (Table 2). 
The observed increase in the relative mutagenesis rate in the psf1-1 pol2-4 strain is rather small. However, the 8-fold stimulation of mutagenesis in the double psf1-1 pol2-4 mutant is rather the product (2.9 x 2.5 = 7.25) than the additivity (2.9 + 2.5 -1 = 4.4) indicating a synergy between  the psf1-1 and the pol2-4 allele. 


To confirm the observed synergy between psf1-1 and pol2-4 alleles, we decided to examine these relationships in the rev3Δ background. In the rev3( series of strains the relative rates of CAN1 mutagenesis are 2.1, 4.4 and 12.9 in the psf1-1, pol2-4 and psf1‑1 pol2‑4 strains, compared to the rev3Δ control strain, respectively. The relative rates for His+ reversion rates are 4.4, 4.5 and 28.9 in psf1-1 rev3(, pol2-4 rev3( and psf1-1 pol2-4 rev3( mutants, respectively (Table 2). The observed effects in the triple mutants are synergistic. Since it is rather unlikely that the psf1-1 allele influences the intrinsic fidelity of Pol (, the observed strong synergy  between  the psf1-1 and the pol2-4 allele, suggests that the proper functioning of GINS and accurate proofreading of Pol ( represent two partly independent mutation prevention mechanisms working on the same errors, such that one may compensate for the absence of the other. 
To examine further the mutator effect of the psf1-1 allele we also analyzed the spectrum of mutagenesis in the triple psf1-1 pol2-4 rev3( mutant strain (Table 5B, 5C and Supporting Informations Fig. S3-S12). The mutation spectrum in the strain lacking the contribution of the error-prone Pol  is an excellent method to investigate the direct influence of the psf1-1 allele on mutagenesis.
In the absence of Pol ( activity the psf1-1 mutator effect was particularly pronounced for transversions. In the rev3( series of strains the relative rates of transversions were 2.6, 12.5 and 40.4 in the psf1-1, pol2-4 and psf1‑1 pol2‑4 strains, respectively. A similar, strong synergistic increase of the relative mutagenesis rates was also observed for 1-bp insertions (1.7, 4.35 and 34.3 in psf1-1 rev3(, pol2-4 rev3( and psf1-1 pol2-4 rev3( mutants, respectively) (Table 5C).
In summary, the overall His+ and CAN1 mutagenesis rates (Table 2) as well as the rates of transversions and insertions (Table 5A and 5B) show that there is a synergistic relationship between the psf1-1 and pol2-4 indicating that Psf1p (GINS) facilitates the error‑free processing of errors made by Pol ( independently of  Pol ( proofreading activity.

Mutator effects of the psf1-100 mutation in Pol ε proofreading-defective strains

The complete Pol -dependence of the psf1-100 mutator effect in Pol proofreading proficient strains suggests that the lack of the Psf1-100p - Dpb2p interaction leads to a more frequent dissociations of Pol ( from the 3’OH termini. Such a situation may occur especially during the synthesis of difficult to replicate regions, e.g., homopolymeric runs (Kroutil et al., 1996). To verify this assumption, we again tested strains bearing the pol2-4 mutant allele, known to decrease the replication fidelity of homopolymeric runs (Kroutil et al., 1996). As mentioned earlier, the his7-2 reporter allele, can revert through 1-bp insertions or 2-bp deletions in a run of seven A.T base pairs resulting in a His+ phenotype. The His+ reversion rate in the psf1-100 strain is 11-fold higher than in wild type strain (Table 3). The pol2-4 allele itself increases the mutagenesis rate 5.3-fold that is, in the PSF1 strain, but in the psf1-100 pol2-4 double mutant the his7-2 mutagenesis rate is as much as 185 higher than in the wild type strain. Again, in the psf1-100 rev3 strain lacking Pol activity, only a 1.4-fold higher rate of mutagenesis relative to PSF1 rev3is observed. The pol2‑4 rev3 strain has a 7.4 increased rate over the rate found in PSF1 rev3but the presence of pol2‑4 psf1‑100 rev3 alleles gives a strong synergistic effect, with the mutagenesis rate exceeding that in rev3 over 96-fold (Table 3). These results indicate that proofreading deficiency strongly enhances the mutability caused by Psf1-100p.
A similar analysis was conducted for the CAN1 mutagenesis, which involves all mutation types, in contrast to the frameshift specific his7-2 marker. In the rev3( background the presence of pol2‑4 allele causes a 4.3 relative increase in the CanR mutation rate, psf1-100 allele gives no increase (0.9) and the two alleles present together cause a 6.6-fold increase. Again, as in the experiment with the psf1-1 pol2-4 strain, the calculated rates of additive (0.9 + 4.3 -1 = 4.2) and synergistic (0.9 X 4.3 = 3.9) relationships between the psf-100 and pol2-4 mutants are difficult to differentiate. However the 6.6-fold stimulation of mutagenesis in the double psf1-100 pol2-4 mutant suggests that a synergistic effect seems more likely. 
Decreased stability of repetitive sequences in the psf1 mutants 
The increased mutability of the his7-2 frameshift marker observed in psf1 strains carrying the pol2-4 allele suggests an increased frequency of rearrangements occurring at the region of the primer-template junction. To measure the stability of repetitive elements we used a plasmid-based frameshift assay developed at Tom Petes’ laboratory (Wierdl et al., 1997). In this assay, repetitive regions are inserted in-frame within the coding sequence of a plasmid-borne URA3 gene. Cells transformed with these plasmids are Ura+. Out-of-frame insertions or deletions are detected by plating the cells on a medium containing 5-fluoroorotic acid (5-FOA), which selects for ura3 mutant cells (Boeke et al., 1984). Rates of alterations within a (GT)49G repeat unit in the psf1 strains are shown in Table 6. Either of the two psf1 mutant allele increased the rate of frameshifts in the (GT)49G tract 2-fold when compared to PSF1.

Mismatch repair correction of errors in psf1 strains

Our results show that the psf1 mutations affect the level of mutagenesis. In normal conditions replication errors are tackled by the mismatch repair (MMR) system (reviewed in Schaaper and Dunn 1987; Kunkel and Erie, 2005; Iyer et al., 2006; Jiricny, 2006; Boiteux and Jinks-Robertson, 2013). Thus, strains deficient in MMR enable a straightforward assay of replication errors. In yeast, Msh2pMsh3p and Msh2pMsh6p heterodimers form initiation complexes for two partially redundant repair pathways engaged in the correction of replication errors. In our study, to avoid a possible error catastrophe (Schaaper and Radman, 1989), an msh6::kanMX4 strain was used. The strain displays a partial defect in MMR that does not affect cell viability, and msh6 strains exhibit a moderate increase in spontaneous mutagenesis compared to msh2 strains, which show a very strong mutator phenotype (Flores-Rozas and Kolodner, 1998). Msh6 mainly corrects mispairs and to a lesser extent single base insertion/deletion mutations (Marsischky et. al., 1996). To evaluate bona fide replication errors in the psf1 mutants we introduced the psf1-1 or psf1-100 allele into the mismatch-repair-defective strain I(-2)I-7B-YUNI300 msh6::kanMX4 and then measured the rate of mutagenesis at the CAN1 locus (Table 7). Our assumption was that if a psf1 mutation impairs the fidelity of replication, a significant increase in the mutation rate should be observed in the psf1 msh6::kanMX4 background. The rate of spontaneous mutagenesis at the CAN1 locus in the PSF1 msh6::kanMX4 strain is 8-fold higher than that observed in the control strain, as expected for strain deficient in mismatch repair (Table 7). The psf1-1 allele alone causes a 2-fold increase in the mutation rate. Remarkably, in the psf1-1 msh6::kanMX4 double mutant the relative spontaneous mutation rate is 31-fold higher than in the wild type strain (Table 7). These results indicate that the vast majority of errors produced in psf1-1 strains are subject to correction by the mismatch repair system.

By contrast, the psf1-100 allele alone causes a 3.2-fold increase in the mutation rate and the rate of mutagenesis in the psf1-100 msh6::kanMX4 double mutant is only 6‑fold higher than that in the wild-type strain (Table 7). This suggests that the psf1-100 allele does not lead to an enhanced generation of replication errors that are normally corrected by the mismatch repair system. 

The psf1-1 mutator activity is not related to impaired repair of ROS-derived lesions
The observed increase of spontaneous mutagenesis in the psf1 mutants could be due to a defect in error-free processing of cryptic DNA lesions. The strong elevation of GC→TA transversions observed in the psf1-1 mutant suggested an impaired repair of lesions introduced by oxidative damage. To examine this hypothesis we tested the mutator effect of the psf1-1 allele in a strain lacking 8-oxoguanine DNA glycosylase (Ogg1), which is responsible for removing 8-oxo-deoxyguanosine (8-oxo-dG), one of the most abundant oxidative DNA lesions (D’Errico, 2008). An elevated number of GC →TA transversions in the ogg1 mutant strain has been reported (Grollman and Moriya, 1993). In the psf1-1 single mutant strain, with an active Ogg1p, the CanR mutation rate increased 2-fold relative to the wild type (Table 8). The ogg1 allele causes a 2.2-fold increase in the CanR mutation rate. In the psf1-1 ogg1 double mutant the rate was 4.9-fold higher than in the wild type. These numbers do not allow to distinguish between additive and synergistic relationships of the psf1-1 and ogg1 alleles with confidence. Therefore, we analyzed the rate of mutagenesis in the PSF1 control strain and the psf1-1 mutant after treatment with 0.1 mM H2O2 as an exogenous oxidative stress inducing factor (Table 9). To calculate the rate of mutations related to lesions introduced by oxidative damage in the PSF1 strain we subtracted the mutation rate observed under control conditions (98x10-8) from the mutation rate observed after H2O2 treatment (169x10-8). In the wild type background 71x10-8 mutations were caused by H2O2. Following the same logic, in the psf1-1 strain, 79x10-8 mutations were related to H2O2 treatment (275x10-8 – 196x10-8). Thus the level of mutations generated by H2O2 in the PSF1 and psf1-1 strains is comparable, indicating that the psf1-1 mutator activity is not related to an impaired repair of ROS-derived lesions.
Discussion 
GINS is composed of four essential subunits, Psf1, Psf2, Psf3 and Sld5 (reviewed in Labib and Gambus, 2007; MacNeill, 2010). The discovery of the GINS complex (Kanemaki et al., 2003; Kubota et al., 2003, Takayama et al., 2003) raised questions about its role in the functioning of the replisome in S. cerevisiae. GINS has been proposed to function as a platform synchronizing the collaboration of replisome proteins. Therefore, its role in spontaneous mutagenesis, in the control of genetic stability, and in the interplay between different DNA polymerases, both the high- and the low-fidelity ones, deserves thorough investigation. In this study, we investigated the role of the GINS complex in the maintenance of DNA replication fidelity in S. cerevisiae. To explore this issue, we employed a mutant bearing the psf1-1 allele isolated by Hiroyuki Araki’s group (Takayama et al., 2003), and a novel temperature-sensitive mutant carrying the psf1-100 allele constructed in our laboratory.
It should be noted that even though the two psf1 alleles studied have mutations in different regions of the gene, they both cause a delay in S-phase progression and an increase in spontaneous mutagenesis for both base substitutions and frameshifts, as we observed for CanR and His+ mutation events. The question then arises as to the mechanism by which the impaired GINS complex in strains carrying mutant alleles of the PSF1 gene causes the mutator phenotype. 
It was previously shown that Psf1p can interact with Dpb2p, a non-catalytic subunit (Takayama et al., 2003; Handa et al., 2012; Sengupta et al., 2013) of DNA Pol (. Interestingly, the two psf1 mutants exhibit different defects in GINS.The psf1-1 allele changes interactions within the GINS complex while psf1-100 weakens the interaction with Pol Table 4, Fig. 3
psf1-100 defect
Using the yeast two-hybrid assay we show in this study that the interactions between the Psf1‑100 subunit and other GINS subunits remain unchanged. Instead, our two-hybrid data (Table 4) and pull down experiments (Figure 3) demonstrate that the psf1-100 defect results in decreased interaction between Psf1-100p and Dpb2p. An altered interaction between these two subunits may compromise the functioning of Pol  HE, leading to more frequent recruitment of Pol  to the primer terminus. It has been shown that numerous replication machinery defects lead to an increased contribution of Pol  in spontaneous mutagenesis (Northam et al., 2006, 2010; Suzuki et al., 2009; Aksenova et al., 2010; Kraszewska et al., 2012). This Pol  -dependent spontaneous mutator phenotype has been named DRIM (Defective Replisome Induced Mutagenesis) (Northam et al., 2010). 

We show in this study that deletion of the REV3 gene, inactivating Pol   nearly completely abolishes the mutator phenotype of the psf1-100 mutant (Table 3). Almost 100% of the CanR and His+ mutations scored in the psf1-100 mutant appeared to be REV3- dependent (Table 3). To study the Pol (-dependent mutator phenotype of the psf1-100 mutant more thoroughly we analyzed the mutagenesis spectra. The psf1-100 allele increases the rate of both base substitutions (3-fold) and frameshifts (2-fold) within the CAN1 locus, but the inactivation of Pol  reduces the rate of mutagenesis to the level observed in the PSF1 rev3( strain (Table 5A). This indicates that the error-prone Pol  is responsible for virtually the whole psf1-100 mutator effect.

On the other hand, a strong synergistic interaction between psf1-100 and pol2-4 is observed for His+ reversion in psf1-100 pol2-4 strains (Table 3), both in Pol ( ‑proficient and -deficient backgrounds. Since the pol2-4 allele facilitates the frequency of frameshift formation due to the lack of the Pol  proofreading function (Bebenek and Kunkel, 1990, Kroutil et al., 1996; Tran et al., 1997, Greene and Jinks-Robertson 2001; Nick McElhinny et al., 2006), this synergism suggests that the defective Psf1-100p facilitates primer-template rearrangements and frameshift formation. 
Dissociation of replicase from the growing point of replication has been proposed to cause misaligned reassociation of primer with the template (Streisinger et al., 1966). Studies exploring the mechanisms of genetic control of microsatellite stability in bacteria and yeast (reviewed in Sia et al., 1997) and analysis of mutations generated during DNA replication in vitro (reviewed by Kunkel, 1986; Kunkel and Bebenek 2000) have revealed that changes in the number of repeats in simple repetitive tracts are very often a consequence of DNA polymerase dissociation, slippage and/or reduced processivity. Our experiments with yeast strain harboring a plasmid with a repetitive element [(GT)49G inserted into the URA gene] show a 2-fold decreased stability of this sequence in the psf1-100 mutant (Table 6), supporting the hypothesis that the psf1-100 allele increases the frequency of primer-template rearrangements. 

Interestingly, we did not observe a synergistic interaction between psf1-100 and msh6::kanMX4 (Table 7). Such a result suggests that the psf1-100-dependent mutations are not subject to mismatch repair. This is an interesting issue, considering the general believe that the mismatch repair system acts in proximity of the replication fork (Kunkel and Erie, 2005). Recently, a “two-zone mutagenesis” model has been proposed (Aksenova et al., 2010). According to this model one region of mutagenesis is at the replication fork; mutations in this region are due to true replication errors committed by replicative polymerases, and they can be corrected by the mismatch repair system. The second zone of mutagenesis lies functionally outside the replication fork, where Pol ( carries out the post-replication synthesis. According to this model, the mismatch repair system does not operate efficiently in the second mutagenesis zone. Indeed, the psf1-100 mutator effect is almost fully Pol ( -dependent and is refractory to the mismatch repair system. This implies that the frequency of gaps left behind the replication fork is increased in the psf1-100 strain and they are processed by Pol (.   
In summary, our analysis of the psf1-100 mutator phenotype suggests that a proper interaction of GINS with Pol HE counteracts the recruitment of Pol  and also prevents primer-template rearrangements.   
psf1-1 defect
In contrast to the Psf1-100 mutant protein, Psf1-1p compromises protein-protein interactions within the GINS complex (Table 4). Since it has been shown previously that not only Psf1 but also the Psf3 subunit of the GINS complex interacts with the Dpb2 subunit of DNA Pol ( (Takayama et al., 2003; Gomez et al., 2005, Handa et al., 2012; Sengupta et al., 2013 and this work – Table 4 and Figure 3), we cannot exclude the possibility that the altered interaction between Psf1-1p and Psf3p could, in turn, affect their cooperation with Dpb2p in vivo. 
The psf1-1 mutant, similarly to psf1-100, exhibits a mutator phenotype. However, in the psf1-1 mutant which shows a ~3-fold increase in the rate of CanR mutations, only 60% of the mutations are Pol -dependent (Table 2). Consequently, even when the activity of Pol  is abolished in the psf1-1 rev3( mutant strain, a 2-fold increase in CAN1 mutagenesis is observed (rev3( versus psf1-1 rev3(, P value < 0.05) (Table 2). The comparison of the mutation spectra of these two strains showed increased rates for most types of mutations. This suggests that, besides Pol  also other factors are responsible for the psf1-1 mutator phenotype. Therefore, the question arises as to the origin of the remaining 40% of mutations.
In order to further test the impact of the psf1-1 mutation on the fidelity of DNA replication we used the pol2-4 strain deficient in the Pol  proofreading activity (Table 2). This strain is a mutator and allows a direct measurement of uncorrected errors made by Pol . A strong synergistic effect is observed for CanR and His+ mutations in the psf1-1 pol2-4 rev3( strain comparing with the psf1-1 rev3( and pol2-4 rev3( strains (Table 2). The spectrum data show an elevated rate of insertions and all transversions, except GC→CG, in the psf1-1 pol2-4 rev3( strain comparing with the psf1-1 rev3( and pol2-4 rev3( strains (Table 5A, 5B, 5C).
Psf1p is unlikely to affect the intrinsic fidelity of Pol (. Instead, it is more likely that its action involves processing of Pol (-derived mismatches. Synergistic increase in mutagenesis in the psf1-1 pol2-4 rev3( strain suggests that both gene products are part of a replication-mutations avoidance pathway. The importance of GINS in the avoidance of replication mutations comes from the observation that the psf1‑1 allele has a synergistic effect on the spontaneous mutation rate with msh6::kanMX4, which compromises the mismatch repair system. This result indicates that mismatch repair efficiently corrects the mistakes arising spontaneously due to the psf1-1 defect (Table 7). Therefore, we conclude that the psf1-1 dependent mutations are replication errors. The above data indicate that the mutator effect of the psf1-1 allele has two components. One is due to defects in the processing of the DNA replicase errors which are normally efficiently corrected by the mismatch repair system, and the other depends on Pol ( activity. 
Additionally, we found that the psf1-1 mutator effect is not related to ROS-derived cryptic lesions (Table 8, 9).
Role of Psf1p in mutation avoidance

What is the role of the Psf1 protein in preventing replication mutations? It is unlikely that the GINS complex directly affects the insertion fidelity of Pol (. Instead, we propose that proper functioning of GINS is important for processing of terminal mismatches created by Pol (. Most of them are expected to be removed by the proofreading activity of Pol (, but a fraction of errors may be refractory to this mechanism. Interestingly, a comparison of the estimated base substitution mutation rates obtained in vitro for a proofreading deficient Pol  (3.0 × 10-2) and in vivo for a pol2-4 msh6strain (7.4 × 10-6) suggests the existence of an additional mechanism operating in vivo to improve the fidelity of DNA replication (Morrison and Sugino, 1994; Shcherbakova et al., 2003). The proper functioning of the GINS complex may facilitate such an error removal pathway. How GINS is involved in the mutation avoidance is not yet known. One possibility is that it may facilitate channeling of the mismatch toward other exonucleases present in the cell (e.g., the proofreading exonuclease of Pol ). When the Psf1p function is impaired this mechanism may not work properly. The lack of the Psf1p-dependent error removal pathway is more visible in strains where the proofreading of Pol  does not operate. We observe a strong mutator effect in the psf1-1 pol2-4 rev3( strain (particularly pronounced for transversions and 1-bp insertions) compared with the psf1-1 rev3( and pol2-4 rev3( strains (Table 5A, B, C). 

The Psf1p‑dependent error removal pathway proposed here is hypothetical and has to be investigated extensively in the future. Mechanisms by which different DNA polymerases are engaged in the DNA replication are still under investigation (reviewed by Kunkel, 2011; McHenry, 2011; Fijalkowska et al., 2012 and Sale et al., 2012). It has previously been shown that various DNA polymerases can substitute for certain functions of the other polymerases in the replication fork (Morrison and Sugino, 1994; Pavlov et al., 2004).

A role of Pol  proofreading in Pol  error removal has been discussed (Morrison and Sugino, 1994; Pavlov and Shcherbakova, 2010) but remains unclear. A defect in Psf1p may hamper the accessibility of Pol  to the primer terminus of the leading strand. Therefore, psf1 mutations are likely to affect the involvement of particular polymerases in replication. 

The major replicative polymerases have difficulties with the extension of mispairs (Pham et al., 1998; 1999; Beard and Wilson, 2003) and upon committing a misinsertion error a polymerase may temporarily stall or dissociate. Additionally, the fork stalling at mismatches, which are difficult to extend, may increase the formation of misaligned intermediates. In fact, the mutator effect of the psf1-1 allele on indels is noticeable in the spectrum of CanR mutants in both a proofreading proficient and deficient background. Furthermore, increased frameshift mutagenesis and decreased stability of dinucleotide repeats are observed in strains carrying the psf1 alleles (Table 5A, B and 6). 
The functioning of the GINS complex can be, to some degree, compared to the role of the DnaX protein in Escherichia coli, which serves as a platform connecting replication proteins. E.coli dnaX36 mutant exhibits a mutator effect, which suggests that the dnaX-encoded subunit of DNA polymerase III holoenzyme (Pol III HE) has a function in ensuring fidelity (Pham et al., 2006; Gawel et al., 2008; 2011). This subunit is a full-length product of the dnaX gene, with several functions in bacteria cells, e.g. loading and unloading of β-processivity clamps or interacting with the DnaB helicase, which positively regulates the speed of the replication fork (reviewed by O'Donnell, 2006 and McHenry, 2011). It also contains a -α interaction site (α – catalytic subunit of replicase) that enables Pol III HE to form dimers or even trimers in the replisome. It has been proposed that  does not affect the insertion fidelity of the α subunit but is involved in facilitating error-free processing of terminal mismatches created by Pol III (Gawel et al., 2011). 
We cannot rule out another possibility that the psf1-1 and psf1-100 mutations may decrease the accessibility of DNA Pol  to the replisome. It was previously described that a reduced level of DNA Pol  could enhance slippage events and elevate the rates of deletions (Lemoine et al., 2005; 2008). An impaired replisome may slow down the speed of replication and lead to an increase in single-stranded regions in the replication fork. ssDNA regions promote post-translational modifications of PCNA and result in a switch of DNA polymerase. Additionally, a reduced processivity, stability or level of Pol  could influence the frequency of reinitiations on the leading strand and in this way extend the size of single stranded regions. It has been shown that inactivation of the Psf1 subunit fused to a steroid hormone-binding domain leads to a loss of chromatin binding of DNA Pol ( in fission yeast (Pai et al., 2009). Such behavior could explain the observed increase of indels formation and enhanced participation of Pol ( in psf1 strains. However, it does not explain the strong mutator effect observed in the psf1-1 strain for Pol (-independent base substitutions.
In summary, we postulate that proper functioning of GINS is crucial for accurate DNA replication. We propose that GINS can influence the replication fidelity in S. cerevisiae cells by several mechanisms: i/ GINS is involved in facilitating error-free processing of terminal mismatches created by Pol , ii/ mutations in Psf1p destabilize interactions within the GINS complex or impair communication with Dpb2p, an essential subunit of Pol whichresults in increased spontaneous mutagenesis iii/ defects in Psf1p increase the participation of the error prone Pol  and frequency of primer-template misalignments, thus increasing frameshifts formation. 
The data obtained in this work have important implications for our understanding of the sources of genetic instability in all eukaryotes. The most important outcome of this study is the demonstration that psf1 mutants exhibit a mutator phenotype, which indicates that defects in the GINS complex correlate positively with genomic instability and the risk of diseases and carcinogenesis. This conclusion is in agreement with previously published data showing that GINS complex components are upregulated in cancer and may serve as prognostic biomarkers (Nagahama et al., 2010; Hokka et al., 2013) and that reduced expression of the GINS subunits induces hallmarks of pre-malignancy in primary untransformed human cells (Barkley et al., 2009).
Experimental Procedures
Strains, media and general methods

 Yeast and bacterial strains used in this study are listed in Table 1. Yeast strains were grown in standard media (Amberg et al., 2005). YPD medium (1% bacto-yeast extract, 2% bacto-peptone, 2% glucose, 2% bacto-agar) was used when nutrition selection was not required. For yeast transformation and mutagenesis assays, SD medium (0.67% yeast nitrogen base without amino acids, 2% glucose) supplemented with appropriate nucleotides and amino acids was used. To select for CANR phenotype, SD medium was additionally supplemented with L-canavanine (60 μg∙ml-1). Plates containing SD medium supplemented with 1 mg∙ml-1 5-fluoroorotic acid (5‑FOA) were used for selection of URA3 mutants (Boeke et al., 1984).
Yeast strains were transformed by the lithium acetate/single-stranded carrier DNA/PEG method (Gietz and Woods, 1998). Isolation of chromosomal DNA from yeast was performed using the method described by Amberg et al., (2005).

Cloning of the PSF1 gene

 Construction of plasmids carrying the PSF1 gene or its alleles was three-step. First, the promoter region of PSF1 was PCR-amplified using genomic DNA of SC240 strain as a template and the primers pair 5’‑GCGTCTAGATGCTCACTCCGACTTG-3’ and 5’‑GGAGGATCCGATTCTCTGTGAGCATGG-3’ containing XbaI and BamHI sites, respectively (underlined). The resulting PCR product was XbaI/BamHI-digested and the 784-bp fragment ligated into pRS313 (Sikorski and Hieter, 1989), resulting in the pUW1 construct. Then, the PSF1 terminator region was PCR-amplified using primers 5’-GCGGATCGATGCTTTCAAGCTGGTCTTC-3’ (ClaI) and 5’-CGTCTCGAGGTTTCGTTTTGCGAT-3’ (XhoI), ClaI/XhoI-digested and the 229-bp fragment was ligated into pUW1. The resulting plasmid, pUW2, was used for further cloning of the coding sequence. Plasmid pUW3 (PSF1, HIS3) was constructed by subcloning the 639-bp BamHI/EcoRI fragment of the PSF1 gene from pKF143 [a derivative of pKF75 (Jaszczur et al., 2008)] into pUW2. 

Directed mutagenesis of the PSF1 gene

The psf1-100 mutation in the 3’-terminal region of the PSF1 gene was created using plasmid pUW7 (Stratagene pBluescript II KS(+) with the PSF1 gene) as a template. The following substitutions: V161A, F162A, I163A and D164A were introduced using the QuikChange XL Site Directed Mutagenesis Kit (Stratagene) and the coding - strand mutagenic oligonucleotide 5’‑CCTCCGAGCGATGCTGCAGCAGCTGTTAGAGTGCTC-3’. DH5α cells were transformed with the resulting PCR product. To screen for plasmids carrying the psf1-100 mutation PstI digestion was used, as the psf1-100 mutation changed the sequence: GTATTTATTGAT to GCTGCAGCAGCT, creating a PstI site (underlined). Selected plasmids were digested with BamHI/EcoRI and the resulting fragment of the mutated PSF1 was subsequently cloned into pUW2, resulting in pUW10.
Reconstruction of the psf1-1 allele

A fragment of the psf1-1 ORF was PCR-amplified on genomic DNA of the psf1-1 yeast strain YYT1 [kindly provided by H. Araki (Takayama et al., 2003)] using primers 5’-CGCGGATCCATGTATGGAGATTTAGGTAA-3’ (BamHI) and 5’-CCGGAATTCTTAATCGCTCGGAGGC-3’ (EcoRI). The product was cut with BamHI/EcoRI and the resulting 493-bp fragment was cloned into pUW2, creating pUW1-1.
Construction of the psf1::CaURA3 integration cassettes 

Plasmids with integration cassettes to replace the genomic copy of PSF1 with its mutated alleles were constructed in several steps. A 1676-bp fragment containing the PSF1 promoter, wild-type or psf1-100 or psf1-1 coding region and the PSF1 terminator was excised with XhoI/XbaI from pUW3, pUW10 or pUW1-1, respectively. The three obtained fragments were filled with Klenow and ligated into EcoRV-linearized and SAP-treated pBluescript II KS(+), resulting in a set of pKUW plasmids. Further, a fragment of PSF1 terminator (601-bp) was PCR-amplified using genomic DNA of the BY4742 strain and primers 5’-GTTGCGGCCGCTGAGGAGGCTTT-3’ (NotI) and 5’‑TACCCGCGGTTGTGCATTGTAATGCTGTCTT-3’ (SacII). The PCR product was digested with NotI and SacII and cloned into the pKUW plasmids, resulting in pUt plasmids. Finally, the 1803-bp PstI/SmaI fragment from pGJ100 plasmid containing CaURA3 gene (Kraszewska et al., 2012) was ligated into PstI/SmaI-linearized pUt plasmids, resulting in pIN plasmids: pIN1 with PSF1, pIN1-1 with psf1-1, and pIN1‑100 with psf1-100. The 4149-bp fragments containing PSF1 promoter, PSF1 wild-type or mutated coding region, PSF1 terminator, CaURA3 gene and fragment of PSF1 terminator were cut out from the pIN plasmids with SalI/SacI and used for yeast transformation.
Integration of psf1::CaURA3 alleles into the PSF1 locus 
The psf1 alleles were introduced into the chromosome by transplacement. Suitable integration cassettes were released from the pIN plasmids by SalI/SacI digestion and used for transformation of the ΔI(-2)-7B-YUNI300 strain (Pavlov et al., 2002) or its derivatives deficient in Pol ε proofreading exonuclease (pol2-4), and/or Pol  catalytic activity (rev3Δ), or strains deficient in the mismatch repair protein Msh6 (msh6::kanMX4) (all strains are listed in Table 1). 

Transformants were selected for uracil prototrophy at permissive temperature (23°C for psf1-1 and 30°C for psf1-100). The Ura+ colonies of psf1-1 mutant were screened for temperature-sensitive phenotype at 37°C. As psf1-100 mutant exhibited cold-sensitivity screen was performed at 18°C. The correctness of the resulting strains was verified by two PCR amplification reactions on their genomic DNA: (1) amplification of a 968-bp fragment encompassing the region of the psf1-1 and psf1-100 mutations with primers 5’-AGCTAGGTTCCAAGAAGGCT‑3’ and 5’-CCAGCTTGAAAGCATCGATA-3’, and its sequencing to confirm the presence of desired mutations, (2) amplification of a 995-bp fragment with primers 5’‑TGAGCTGCGCACGTCAAGACT-3’ and 5’‑CAGTATATCATCGTCAGCTCTCGGTAG‑3’, which confirmed the presence of the CaURA3 marker in the PSF1 locus.
Construction of psf1::LEU2 integration cassettes
Integration cassettes with the LEU2 marker for the PSF1 and psf1 alleles were created based on pIN1, pIN1-1 and pIN1-100 plasmids. Plasmid pGJ101 (Jaszczur et al., 2008) was used as the donor of the LEU2 marker, which was excised by PstI/SmaI digestion. Ligation of PstI/SmaI-linearized pIN vectors (5228-bp) with the LEU2 cassette (2724-bp) resulted in the integration plasmids: pEG27 with PSF1, pEG28 with psf1-1 and pMA1 with psf1-100.
Integration of psf1::LEU2 alleles
Strains carrying the PSF1 and psf1 alleles with the LEU2 marker were constructed in the (I(-2)I-7B-YUNI300 genetic background (resulting in SC801-803 and SC819-820 strains, Table1). Yeast cells were transformed with 5068-bp SalI/SacI fragments of pEG27, pEG28 and pMA1 (described above) and selected on SD medium without leucine. Integration of the psf1 alleles into the PSF1 chromosomal locus was confirmed by two PCR reactions: (1) amplification of a 2265-bp fragment with primers 5’-AGCTAGGTTCCAAGAAGGCT-3’ and  5’‑GCCGCCATGATCCTAGTTAAGAACC-3’ and its sequencing to confirm the presence of the psf1 mutations. In the case of psf1-100 mutant, additional PstI digestion was performed to confirm the presence of psf1-100 mutation, (2) amplification of a 1757-bp fragment with primers 5’‑AACCTTAATGGCTTCGGCTG‑3’ and 5’-CAGTATATCATCGTCAGCTCTCGGTAG-3’ to confirm the presence of the LEU2 marker in the PSF1 locus. Additionally, the known mutant phenotypes of the psf1 strains were verified (lack of growth at 37°C for psf1-1 strain and at 18°C for psf1‑100 strain).
Construction of the rev3Δ strains
The psf1 strains (SC539-540 and SC545-546) and the PSF1 control strains (SC538 and SC544), derivatives of the ∆I(-2)I-7B-YUNI300 strain (listed in Table 1), were transformed with the rev3::LEU2 disruption cassette (described in Kraszewska et al. 2012). Transformants were selected for leucine prototrophy at 23°C (psf1-1 strain) or 30°C (psf1-100 strain) for up to 7 days. The integration of the rev3::LEU2 cassette into the REV3 locus was confirmed by two PCR reactions using the following pairs of primers: 5'-CATAGAGATATACATCACGAC-3' and 5'-GAATGGAAATCTATTCCTATC-3', 5’-GATAAGTATTCACTAACACC-3’ and 5’‑CTTAGAGGATACGAAGATTC-3’. The presence of the 1854-bp and 4912-bp products, respectively, indicated that the rev3::LEU2 cassette integrated into the chromosomal REV3 gene.
Construction of the pol2-4 strain

The integration of the pol2-4 allele into the POL2 chromosomal locus was performed as described by Morrison et al., (1991). Strain carrying the pol2-4 allele was constructed in the (I(-2)I-7B-YUNI300 genetic background (SC763, Table 1) and was further used for integration of psf1::CaURA3 alleles (as described above). The presence of the pol2-4 allele was verified by PCR amplification using primers 5’-GTAACGATGAATCAAGAG-3’ and 5’-CAGTGGGTCGTACATCTC-3’ and by sequencing of the 690-bp product. 
Construction of the msh6::kanMX strain
To disrupt the MSH6 gene, a fragment containing the msh6::kanMX4 cassette was PCR-amplified using genomic DNA of the BY4741 msh6::kanMX4 strain (Open Biosystems) and primers 5’-GGTCATCGCCATATAGAG-3’ and 5’-CTCAGCTATTAATGTTCAAC-3’. The derivative of the ∆I(-2)I-7B-YUNI300 strain with the KanMX4 marker disrupted by hisG (SC765) was transformed with the msh6::kanMX4 cassette. Transformants were grown on YPD medium supplemented with geneticin (350 µg∙ml-1) at 30°C for 3 days. The correctness of the resulting strain was verified by two PCR reactions: (1) amplification of a 2187-bp fragment encompassing the MSH6 locus with primers 5’-GTCTCCATTTCCAACTAATGGTATG‑3’ and 5’-AGCTGAATCATAGGTCAAGAAAATG-3’, (2) amplification of a 604-bp fragment with primers 5’-GTCTCCATTTCCAACTAATGGTATG‑3’ and 5’‑CTGCAGCGAGGAGCCGTAAT‑3’, which confirmed the presence of the kanMX4 marker in the MSH6 locus. The obtained strain (SC770, Table 1) was further used for integration of psf1::CaURA3 alleles (as described above).
Construction of plasmids for two-hybrid analysis
Genes coding for the GINS subunits were cloned into two vectors for two-hybrid system: pACT2 (Clontech) containing a sequence encoding Gal4 transcription activation domain (ADGAL4,) and pKF74 containing a sequence encoding Gal4 DNA-binding domain (BDGAL4). Plasmid pKF74 was constructed by inserting a 80-bp fragment of a polylinker (Jaszczur et al., 2008) into EcoRI/PstI-digested pAS2-1 vector (Clontech). The newly constructed polylinker is compatible with common bacterial and bacteria/yeast shuttle vectors, e.g., pBluescript (Stratagene) and pRS series (Sikorski and Hieter, 1989). The coding sequences of the genes to be tested by the two-hybrid method were amplified with primers containing appropriate restriction sites for an in-frame fusion with the sequences encoding the Gal4p domains. Empty pACT2 and pKF74 vectors were tested for their ability to activate the GAL4 reporter gene. All plasmids with the coding sequence inserted were also tested for their ability to activate the GAL4 reporter gene independently of the presence of the second plasmid with a potential partner sequence. The two-hybrid DPB2 construct in pACT2 used in our analysis was kindly provided by J. Campbell. Primers used for cloning of the GINS subunit were as follows: 

PSF1 – 5’-AGCGGATCCAAatgTATGGAGATTTAGGTA-3’ (BamHI) and 

5’-GATGTCGACGAATTCATTTTAtcaTATCTTCTGCAA-3’ (SalI),

PSF2 – 5’-CCGGGATCCGACTGCAGatgTCACTACCGGCACATT-3’ (BamHI, PstI) and  5’-CCGCTCGAGTCAttaAATATTGAATTCTTCTTCATCAT-3’ (XhoI),

PSF3 – 5’-CCGGGATCCGACTGCAGatgGGTTACTATGACATTGA-3’ (BamHI, PstI) and  5’-CCGCTCGAGTCAttaTTTTTTAAACATCCACCT-3’ (XhoI),

SLD5 – 5’-CAAGGATCCGACTGCAGatgGACATTAACATAGACGA-3’ (BamHI) and 

5’-CGCCTCGAGtcaAATAAGAGCAACTTTGT-3’ (XhoI). 

STOP codons are marked with dotted line, with native STOP codons marked as lower-case letters. The obtained PCR products were digested with BamHI and SalI/XhoI or alternatively with PstI and SalI/XhoI and inserted into pACT2 and pKF74, respectively. Genomic DNA isolated from the BY4742 strain (Euroscarf) was used as a template for PCR amplifications. The PSF1 gene and the mutant psf1-1 and psf1‑100 alleles (cloned into pKF74 for two-hybrid analysis) were cut out from pUW3, pUW1-1 and pUW10, respectively, using BamHI and SalI restriction enzymes.
Two-hybrid analysis was performed according to Fields and Song (1989) with the Y190 strain as a host (Harper et al., 1993). Interactions were assessed using plate assay with 5-bromo-4-chloro-3-indolyl--D-galactopiranoside (X-gal) and a quantitative in vitro -galactosidase assay with o-nitrophenyl β‑galactoside (ONPG) as substrate (Rose et al., 1990). For β-galactosidase assays yeast strains were grown for 1 day at 23°C in SD medium supplemented with required amino acids and nucleotides. Cultures were diluted 10-fold with fresh SD medium and incubated for additional 36 hours. In the case of the interaction between Dpb2 and Psf1 variants, β-galactosidase activity was determined additionally for yeast strains grown at 30°C.
Measurement of spontaneous mutation frequency and calculation of mutation rates

To determine spontaneous mutation frequencies, 10 to 20 independent cultures of individual clones were inoculated in 3-20 ml of liquid SD medium supplemented with required amino acids and nucleotides. Cultures were grown at 23°C or 30°C to the stationary phase, cells were collected by centrifugation, washed and resuspended in NaCl. Aliquots of undiluted cultures and appropriate dilutions were plated on nonselective and selective media. After 3-7 days at 23°C or 3-5 days at 30°C growth the colonies were counted. The frequency of forward mutations was measured at the CAN1 locus, and the reversion frequency at his7-2. For strains with the p99GT plasmid carrying a poly(GT) tract inserted in-frame in the URA3 marker, the frequency of alterations in this tract was measured. Each experiment was repeated at least three times. The mutant frequency was determined by dividing the mutant count by the total cell count. The mutation rates were calculated using the equation: μ = ƒ/ln(Nμ) (where μ is the mutation rate per replication, ƒ is the mutant frequency and N is the total population size), which was solved by iteration (Drake, 1991). The median values of the mutation rates and 95% confidence intervals for the medians presented were calculated with the use of STATISTICA 6.0 software. To determine the p-values for significance of differences of the mutation rates between the respective strains the Mann–Whitney–U non-parametric test was used. 

CanR mutation spectra

Single CanR colonies were selected randomly from plates with canavanine used to determine spontaneous mutation frequencies at the CAN1 locus (see above). Then, chromosomal DNA was isolated from each selected CanR colony (Amberg et al., 2005), the CAN1 locus was PCR-amplified and sequenced using primers described by (Kraszewska et al., 2012). CANR mutation spectra for pairs of strains were compared with the use of Pearson chi-square analysis. CanR colonies for the wild type and rev3( strains were collected at 23oC or at 30oC. The spectra obtained at the two temperatures showed no statistical differences and are combined in Table 5A. CanR colonies for the psf1-1 and pol2-4 derivatives were collected at 23oC, for the psf1-100 derivatives at 30oC.
Stability of repetitive sequences 

To determine the level of microsatellite instability, p99GT plasmid (kindly provided by T. Petes) carrying a poly(GT) tract inserted in-frame into the URA3 marker was used as described by (Henderson and Petes, 1992; Wierdl et al., 1997).


Strains with the psf1 alleles (SC802 and SC803) and the control strain (SC801) were transformed with p99GT plasmid. Transformants were selected on solid SD medium lacking tryptophan and then cultured at 23°C for 60 hours (psf1-1 mutant and control) or at 30°C for 48 hours (psf1-100 mutant and control) in SD medium supplemented with appropriate amino acids and nucleotides. Then, appropriately diluted cell suspensions were plated on SD medium containing 1 mg∙ml-1 5-FOA and the control medium without 5-FOA and incubated at 23°C for 5-7 days (psf1-1 mutant and control) or at 30°C for 3-5 days (psf1-100 mutant and control). Alterations in the poly(GT) tract that led to "out-of-frame" changes were detected as 5-FOA resistant colonies (Boeke et al., 1984). The rates in poly(GT) tract were determined as described above.
Determination of mutation rate after exposure to oxidative stress
To determine the CanR mutation rates after induction of oxidative DNA base damage, yeast cells were treated with H2O2. Cells of the psf1-1 mutant and the control strain were grown at 23°C to the mid-logarithmic phase (5x106 - 1x107 cells∙ml-1). Cultures were separated into two parts, centrifuged, one part was resuspended in SD medium (control), the other with 0.1 mM H2O2. Cultures were incubated at 23°C for 1 hour, cells were collected by centrifugation, washed and resuspended in NaCl. Appropriately diluted cell suspensions were plated on nonselective and selective (supplemented with canavanine, 60 μg∙ml-1) SD media, and incubated at 23°C for 5-7 days. The mutation rates were determined as described above.

Purification of GST-tagged Psf1, Psf1-1, Psf1-100 and Psf3 proteins 

Escherichia coli BL21(DE3) cells were transformed with pET41a plasmid constructs encoding glutathione-S-transferase (GST) fused in frame with C-terminally positioned Psf1p, Psf1-1p, Psf1-100p and Psf3p. Liquid cultures were induced in the presence of 0.5 mM IPTG for 3 h at 37°C. Bacterial cell pellets were resuspended in 20 ml lysis buffer (50 mM Tris-HCl, pH 7.2, 1% Triton X-100, 0.5% NP-40) and briefly sonicated on ice. The GST-tagged proteins were purified on Ni-NTA agarose (Qiagen) via a His tag attached to each protein, as recommended by the manufacturer. 

In vitro translation 
[35S]-labeled Dpb2p and luciferase were generated in rabbit reticulocyte lysate containing [35S]-methionine using the coupled transcription and translation (TnT) system (Promega). A control reaction was carried out in the absence of any exogenous DNA. The TnT reactions were separated on an SDS/polyacrylamide gel and the generated radioactive proteins were tested by autoradiography for the quality of synthesis and strength of the signal. An appropriate aliquot of [35S]-labeled Dpb2p was subsequently used for GST pull down experiments with the GST tagged GINS subunits Psf1p and Psf3p. 

GST-pull down experiments

Pull down assay was performed essentially as described by Burch et al, 2011. Each GST-tagged GINS subunit was incubated with [35S]-labeled Dpb2p at room temperature for 30 min and the complexes formed under these conditions were immobilized on glutathione (GSH) sepharose beads and extensively washed with a buffer containing 20 mM HEPES (pH 7.9), 100 mM KCl, 0.5 mM DTT and 0.2 mM EDTA. Proteins bound to GSH beads were eluted by boiling in SDS-loading buffer and analyzed by SDS/PAGE. The amount of bound GST-tagged proteins was monitored by staining of SDS/polyacrylamide gels with Coomassie Blue and the amount of [35S]-labeled Dpb2p present in each lane was measured by autoradiography.
Preparation of samples for flow cytometry analysis
PSF1 (SC766) and psf1-100 (SC778) strains were cultured in 50 ml of SD medium supplemented with required amino acids and nucleotides at 30°C until OD600nm reached 0.2. A 1-ml aliquot of cell suspension was withdrawn from the culture for further processing. The remaining cells were treated with α-factor (4 µg∙ml-1) and incubated at 30°C for 2 h (PSF1 strain) or 3 hours (psf1-100 strain). Cells were harvested and released from α-factor by washing three times with SD medium, resuspended in 50 ml of fresh SD medium at the permissive (30°C) or restrictive (18°C) temperature, and samples of 1 ml were immediately collected for processing. The remaining cultures were further incubated at 30°C or 18°C and subsequent samples were collected every 40 minutes for 5 hours. All collected samples were immediately fixed in 70% ethanol and prepared for flow cytometry as described previously (Boronat and Campbell, 2007). DNA content analysis was performed using FACS Calibur (Becton-Dickinson, USA).
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	Strains
	Genotype
	Source

	DH5α
	endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG Φ80d lacZ∆ M15∆ (lacZYA‑argF ) U169, hsdR17 (r K -, m K + ), λ-
	Invitrogen

	SC 240
	MAT a his3∆1 leu2∆ lys2∆ ura3∆ MET15
	Our laboratory

	YYT1
	MAT a ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 bar1 psf1-1
	Takayama et al. (2003)

	BY 4741
	MAT a his3∆1 leu2∆ met15∆ ura3∆
	Euroscarf

	BY 4741 msh6
	MAT a his3∆1 leu2∆ met15∆ ura3∆ msh6::kanMX4
	Open Biosystems

	BY 4742
	MAT α his3∆1 leu2∆ lys2∆ ura3∆
	Euroscarf

	SC 415
	BY4741 [pKF11-PSF1 (URA3)]
	This work

	SC 428
	as BY4741, but PSF1::LEU2 [pKF11-PSF1 (URA3)]
	This work

	SC 448
	as BY4741, but PSF1::LEU2 [pKF11-PSF1 (URA3)] [pUW3-PSF1 (HIS3)]
	This work

	SC 426
	as BY4741, but PSF1::LEU2 [pKF11-PSF1 (URA3)] [pUW1-1-psf1-1 (HIS3)]
	This work

	SC 479
	as BY4741, but PSF1::LEU2 [pKF11-PSF1 (URA3)] [pUW10-psf1-100 (HIS3)]
	This work

	SC 451
	as BY4741, but PSF1::LEU2 [pUW3-PSF1 (HIS3)]
	This work

	SC 463
	as BY4741, but PSF1::LEU2 [pUW1-1-psf1-1 (HIS3)]
	This work

	SC 480
	as BY4741, but PSF1::LEU2 [pUW10-psf1-100 (HIS3)]
	This work

	∆I(-2)I-7B-YUNI300
	MAT a CAN1 his7-2 leu2∆::kanMX4 ura3∆ trp1-289 ade2-1 lys2∆GG2899-2900
	Pavlov et al. (2002)

	SC 763 
	as ∆I(-2)I-7B-YUNI300, but pol2-4
	This work

	SC 538
	as ∆I(-2)I-7B-YUNI300, but (PSF1, CaURA3)
	This work

	SC 539
	as ∆I(-2)I-7B-YUNI300, but (psf1-1, CaURA3)
	This work

	SC 540
	as ∆I(-2)I-7B-YUNI300, but (psf1-100, CaURA3)
	This work

	SC 544
	as ∆I(-2)I-7B-YUNI300, but pol2-4 (PSF1, CaURA3)
	This work

	SC 545
	as ∆I(-2)I-7B-YUNI300, but pol2-4 (psf1-1, CaURA3)
	This work

	SC 546
	as ∆I(-2)I-7B-YUNI300, but pol2-4 (psf1-100, CaURA3)
	This work

	SC 655
	as ∆I(-2)I-7B-YUNI300, but (PSF1, CaURA3) rev3∆::LEU2
	This work

	SC 656
	as ∆I(-2)I-7B-YUNI300, but (psf1-1, CaURA3) rev3∆::LEU2
	This work

	SC 808
	as ∆I(-2)I-7B-YUNI300, but (psf1-100, CaURA3) rev3∆::LEU2
	This work

	SC 658
	as ∆I(-2)I-7B-YUNI300, but pol2-4 (PSF1, CaURA3) rev3∆::LEU2
	This work

	SC 659
	as ∆I(-2)I-7B-YUNI300, but pol2-4 (psf1-1, CaURA3) rev3∆::LEU2
	This work

	SC 660
	as ∆I(-2)I-7B-YUNI300, but pol2-4 (psf1-100, CaURA3) rev3∆::LEU2
	This work

	SC 801
	as ∆I(-2)I-7B-YUNI300, but (PSF1, LEU2)
	This work

	SC 802
	as ∆I(-2)I-7B-YUNI300, but (psf1-1, LEU2)
	This work

	SC 803
	as ∆I(-2)I-7B-YUNI300, but (psf1-100, LEU2)
	This work

	SC 765
	MAT a CAN1 his7-2 leu2∆::hisG ura3∆ trp1-289 ade2-1 lys2∆GG2899-2900
	This work

	SC 770
	as SC 765, but msh6::kanMX4
	This work

	SC 766
	as SC 765, but (PSF1, CaURA3)
	This work

	SC 767
	as SC 765, but (psf1-1, CaURA3)
	This work

	SC 771
	as SC 765, but msh6::kanMX4 (PSF1, CaURA3)
	This work

	SC 772
	as SC 765, but msh6::kanMX4 (psf1-1, CaURA3)
	This work

	SC 778
	as SC 765, but (psf1-100, CaURA3)
	This work

	SC 779
	as SC 765, but msh6::kanMX4 (psf1-100, CaURA3)
	This work

	SC 696
	as ∆I(-2)I-7B-YUNI300, but ogg1::TRP1 (DPB2, URA3)
	Kraszewska et al. (2012)

	SC 819
	as ∆I(-2)I-7B-YUNI300, but ogg1::TRP1 (DPB2, URA3) (PSF1,  LEU2)
	This work

	SC 820
	as ∆I(-2)I-7B-YUNI300, but ogg1::TRP1 (DPB2, URA3) (psf1-1,  LEU2)
	This work

	Y190
	MAT a trp1-901 his3-200 leu2-3,112 ura3-52 ade2-101 lys2-801 gal4 gal80 cyh2 LYS2::GAL1UAS-HIS3-TATA box-HIS3 URA3::GAL1UAS-GAL1TATA box-lacZ
	Harper et al. (1993)


Table 1. Yeast and bacterial strains used in this study. 

Table 2. Spontaneous mutation rates measured at 23°C in psf1-1 and psf1-1 pol2-4 strains
	Relevant genotypeb
	CanR (x10-8) 
	Relative ratebb
	His+(x10-8)
	Relative ratebb

	Pol ( - proficient strains

	PSF1
	81 (50 - 100)      
	1
	2.2 (1.4 – 3.2)
	1

	psf1-1
	232 (200 - 270)
	2.9
	9.6 (8.7 – 13.2)
	4.4

	PSF1 pol2-4
	201 (200 - 280)
	2.5
	9.9 (8.4 – 10.8)
	4.5

	psf1-1 pol2-4
	649 (580 - 720)
	8.0
	56.0(38 – 67)
	25.5

	Pol ( - deficient strains

	PSF1 rev3(
	43 (30 - 50)        
	1
	2.0 (1.5 – 2.4)       
	1 

	psf1-1 rev3(
	91 (80 - 110)      
	2.1
	8.8 (6.9 – 11.5)   
	4.4

	PSF1 pol2-4 rev3(
	191 (170- 210)
	4.4
	8.9 (8.2 – 12.7) 
	4.5

	psf1-1 pol2-4 rev3(
	555 (490 -640) 
	12.9
	57.7 (47 - 62)
	28.9


b – 
psf1-1 allele was integrated into the PSF1 genomic locus of ∆I(-2)I-7B-YUNI300 strain or of its pol2‑4 derivative. To obtain the rev3( strains, the chromosomal copy of the REV3 gene was deleted as described in Experimental Procedures;
bb – 
the relative rate is the fold-increase in mutability (the rate of mutagenesis in the respective mutant is divided by the rate of mutagenesis in the wild type strain or PSF1 rev3( ); 
95% confidence intervals are shown in parentheses. 

P values for mutant strains data vs. PSF1 wild-type are shown in Supporting Information Table S1 and Table S2. 

Table 3.
Spontaneous mutation rates measured at 30°C in psf1-100 and psf1-100 pol2-4 strains
	Relevant genotypec
	CanR(x10-8)
	Relative ratecc
	His+(x10-8)
	Relative ratecc

	Pol ( - proficient strains

	PSF1
	102 (90 - 120)
	1
	1.7 (0.7 - 2.6)
	1

	psf1-100
	200 (160 - 280)
	2.0
	18.7 (11.8 - 27.0)
	11.0

	PSF1 pol2-4
	223 (180 -280)
	2.2
	9.0 (8.3 - 12.0)
	5.3

	psf1-100 pol2-4
	655 (520 - 840)
	6.4
	314.2 (179.1- 364.8)
	185.0

	Pol ( - deficient strains

	PSF1 rev3(
	55 (50 - 70)
	1
	1.3 (0.6 – 2.6)
	1

	psf1-100 rev3(
	51 (40 - 70)
	0.9
	1.8 (1.4 - 2.7)
	1.4

	PSF1 pol2-4 rev3(
	238 (180 - 290)
	4.3
	9.6 (8.2 - 12.1) 
	7.4

	psf1-100 pol2-4 rev3(
	364 (280 - 450)
	6.6
	125.0 (102.1 - 150.0)
	96.1


c – 
psf1-100 allele was integrated into the PSF1 genomic locus of ∆I(-2)I-7B-YUNI300 strain or of its pol2‑4 derivative. To obtain the rev3( strains, the chromosomal copy of the REV3 gene was deleted as described in Experimental Procedures;
cc – 
the relative rate is the fold-increase in mutability (the rate of mutagenesis in the respective mutant is divided by the rate of mutagenesis in the wild type strain or PSF1 rev3( );     
95% confidence intervals are shown in parentheses. 

The P values between corresponding strains are shown in Supporting Information Table S4 and Table S5.
Table 4. Protein-protein interactions between Dpb2p and/or GINS subunits 
	Two-hybrid plasmids (GAL4 fusion)
	(- galactosidase activity (in vitro assay)*

	BD#
	AD#
	23°C

	PSF1
	PSF2
	65 (±8)

	PSF1
	PSF3
	128 (±21)

	PSF1
	SLD5
	120 (±19)

	PSF2
	SLD5
	32 (±6)

	PSF3
	PSF2
	76 (±7)

	PSF3
	SLD5
	52 (±4)

	
	
	

	psf1-1
	PSF2
	21 (±7)

	psf1-1
	PSF3
	4 (±1)

	psf1-1
	SLD5
	156 (±10)
	

	psf1-100
	PSF2
	44 (±8)
	

	psf1-100
	PSF3
	88 (±2)
	

	psf1-100
	SLD5
	165 (±10)
	

	
	
	23°C
	30°C

	PSF1
	DPB2
	341 (±23)
	402 (±21)

	psf1-1
	DPB2
	329 (±10)
	416 (±13)

	psf1-100
	DPB2
	<2 (±1)
	<2 (±1)

	

	PSF2
	DPB2
	<2 (±1)
	

	PSF3
	DPB2
	64 (±18)
	


^ – Y190 strain was transformed with plasmids carrying DPB2 and the GINS subunits coding sequences. Interactions between Dpb2p and/or the GINS subunits were determined using the lacZ genetic reporter. In vitro -galactosidase assay was performed as described by Rose et al. (1990). Data for control experiments with empty vectors are shown in Supporting Information Table S5; 

* –
(-galactosidase specific activities were calculated as nmols of o‑nitrophenyl ‑galactoside (ONPG) hydrolyzed per min. per mg of protein. The values given present averages of 3-6 yeast transformants; (±) – standard deviations are given in parentheses; 

# – 
AD - Gal4p transcriptional activation domain; BD - Gal4p DNA-binding domain. 

Table 5A.
CAN1 forward mutation spectrum for psf1-1 and psf1-100 strains and their rev3 derivatives
	Strain/type of mutations
	WT
	rev3
	psf1-1
	psf1-1 rev3
	psf1-100
	psf1-100 rev3

	Base substitutions
	51 (60/62.5%)d
	24 (52/56.5%)
	157.5 (55/68%)
	56 (46/61.5%)
	166 (58/70%)
	22 (43/51%)

	Transitions
	27 (32/33.5%)
	16 (34/37%)
	54.5 (19/23.5%)
	35 (29/38.5%)
	31.5 (11/13%)
	16 (31/36.5%)

	AT→GC
	8 (9/9.5%)
	3.5 (8/9%)
	11.5 (4/5%)
	13 (11/14.5%)
	11.5 (4/5%)
	4 (7/8%)

	GC→AT
	19 (23/24%)
	12.5 (26/28%)
	43 (15/18.5%)
	22 (18/24%)
	20 (7/8%)
	12 (24/28.5%)

	Transversions
	24 (28/29%)
	8 (18/19.5%)
	103 (36/44.5%)
	21 (17/23%)
	134.5 (47/57%)
	6 (12/14.5%)

	AT→CG
	8 (9/9.5%)
	1 (2/2%)
	9 (3/4%)
	1 (1/1.5%)
	3 (1/1%)
	1 (2/2.5%)

	AT→TA
	3.5 (4/4%)
	1.5 (3/3%)
	17 (6/7%)
	4 (3/4%)
	23 (8/10%)
	< 0.5 (<1)

	GC→TA
	3.5 (4/4%)
	3.5 (8/9%)
	34 (12/15%)
	15 (12/16%)
	57 (20/24%)
	5 (10/12%)

	GC→CG
	9 (11/11.5%)
	2 (5/5.5%)
	43 (15/18.5%)
	1 (1/1.5%)
	51.5 (18/22%)
	< 0.5 (<1)

	Indels (insertions/deletions)
	25 (30/31.5%)
	18.5 (40/43.5%)
	71.5 (25/31%)
	35 (29/38.5%)
	52 (18/22%)
	21 (42/49%)

	Insertions
	8.5 (10/10.5%)
	6.5 (14/15%)
	20 (7/9%)
	8.5 (7/9.5%)
	14.5 (5/6%)
	6 (12/14%)

	1
	6.5 (8/8.5%)
	3 (7/7.5%)
	14 (5/6%)
	5 (4/5.5%)
	8.5 (3/4%)
	2.5 (5/6%)

	2
	1 (1/1%)
	< 0.5 (<1)
	< 3 (<1)
	< 1 (<1)
	3 (1/1%)
	0.5 (1/1%)

	≥ 3
	1 (1/1%)
	3 (7/7.5%)
	6 (2/2.5%)
	3.5 (3/4%)
	3 (1/1%)
	3 (6/7%)

	Deletions
	16.5 (20/21%)
	12 (26/28%)
	51.5 (18/22%)
	26.5 (22/29%)
	37.5 (13/16%)
	15 (30/35%)

	1
	8 (10/10.5%)
	7 (15/16%)
	25.5 (9/11%)
	14.5 (12/16%)
	31.5 (11/13%)
	9 (18/21%)

	2
	6 (7/7.5%)
	2 (4/4.5%)
	20 (7/9%)
	11 (9/12%)
	6 (2/3%)
	3.5 (7/8%)

	≥ 3
	2.5 (3/3%)
	3 (7/7.5%)
	6 (2/2.5%)
	1 (1/1%)
	< 3 (<1)
	2.5 (5/6%)

	Complex****
	5 (6/6%)
	< 0.5 (<1)
	3 (1/1.5%)
	<1 (<1)
	20 (7/8%)
	< 0.5 (<1)

	Total##
	81 (96/100%)
	42.5 (92/100%)
	232 (81/100%)
	91 (75/100%)
	238 (83/100%)
	43 (85/100%)


d – Rates [CanR (x10-8)] for particular types of mutation were calculated according to the equation: MRi = (Mi/MT) × MR, where Mi is the number of mutations of particular type, MT is the total number of mutations, and MR is the overall rate of CanR mutations in the strain determined by fluctuation analysis (Table 3, Table 4); Numbers of mutations of particular type are shown in parentheses; percentage is shown in boldface; P values between corresponding strains/types of mutations are presented in Supporting Information Tables S1 and S3 (CAN1 mutagenesis, non-parametric Mann-Whitney-U test) and Tables S6, S7 and S8 (Pearson Chi-square test for comparison of strains spectra);

**** -
Complex mutations are defined as multiple changes within short (up to 6 nt) DNA stretches;
## - 
indicates total rate of spontaneous CAN1 mutagenesis for a strain (x 10-8) (see Table 3, Table 4) and total number of sequenced can1 mutants (in parentheses).
Table 5B. CAN1 forward mutation spectrum for pol2-4 strain and its psf1-1 and rev3(   derivatives  
	Strains/types of mutations
	pol2-4
	pol2-4 rev3
	psf1-1 pol2-4
	psf1-1 pol2-4 rev3

	Base substitutions
	166 (101/83%)d
	148 (100/77.5%)
	531 (72/82%)
	394 (61/71%)

	transitions
	51 (31/25.5%)
	48 (32/25%)
	177 (24/27%)
	71 (11/13%)

	AT→GC
	18 (11/9%)
	15 (10/8%)
	44 (6/7%)
	32 (5/6%)

	GC→AT
	33 (20/16.5%)
	33 (22/17%)
	133 (18/20%)
	39 (6/7%)

	transversions
	115 (70/57.5%)
	100 (68/52.5%)
	354 (48/55%)
	323 (50/58%)

	AT→CG
	10 (6/5%)
	4 (3/2%)
	66 (9/10%)
	77 (12/14%)

	AT→TA
	30 (18/15%)
	25 (17/13%)
	81 (11/13%)
	65 (10/11.5%)

	GC→TA
	64 (39/32%)
	69 (47/36.5%)
	192 (26/30%)
	181 (28/32.5%)

	GC→CG
	11 (7/5.5%)
	2 (1/1%)
	15 (2/2%)
	< 6 (<1)

	Indels (insertions/deletions)
	34.5 (21/17%)
	43 (29/22.5%)
	118 (16/18%)
	161 (25/29%)

	Insertions
	16.5 (10/8%)
	13 (9/7%)
	59 (8/9%)
	103 (16/19%)

	1
	15 (9/7%)
	13 (9/7%)
	59 (8/9%)
	103 (16/19%)

	2
	1.5 (1/1%)
	< 2 (<1)
	< 7 (<1)
	< 6 (<1)

	≥  3
	< 1.5 (<1)
	< 2 (<1)
	< 7 (<1)
	< 6 (<1)

	Deletions
	18 (11/9%)
	30 (20/15.5%)
	59 (8/9%)
	58 (9/10%)

	1
	11.5 (7/5.5%)
	18 (12/9%)
	37 (5/6%)
	52 (8/9%)

	2
	5 (3/2.5%)
	10 (7/5.5%)
	22 (3/3%)
	6 (1/1%)

	≥  3
	1.5 (1/1%)
	2 (1/1%)
	< 7 (<1)
	< 6 (<1)

	Complex****
	< 1.5 (<1)
	< 2 (<1)
	< 7 (<1)
	< 6 (<1)

	Total##
	201 (122/100%)
	191 (129/100%)
	649 (88/100%)
	555 (86/100%)


d – Rates [CanR (x10-8)] for particular types of mutation were calculated according to the equation: MRi = (Mi/MT) × MR, where Mi is the number of mutations of particular type, MT is the total number of mutations, and MR is the overall rate of CanR mutations in the strain determined by fluctuation analysis (Table 3, Table 4); Numbers of mutations of particular type are shown in parentheses; percentage is shown in boldface; P values between corresponding strains/types of mutations are presented in Supporting Information Tables S1 and S3 (CAN1 mutagenesis, non-parametric Mann-Whitney-U test) and Tables S6, S7 and S8 (Pearson Chi-square test for comparison of strains spectra);

**** -
Complex mutations are defined as multiple changes within short (up to 6 nt) DNA stretches;
## - 
indicates total rate of spontaneous CAN1 mutagenesis for a strain (x 10-8) (see Table 3, Table 4) and total number of sequenced can1 mutants (in parentheses).
Table 5C.
Relative rates of mutagenesis for particular types of mutations calculated from CAN1 forward mutation spectrum for psf1-1, pol2-4 and psf1-1 pol2-4 strains in rev3 background
	Strains/Types of mutations
	rev3
	psf1-1 rev3
	pol2-4 rev3
	psf1-1 pol2-4 rev3

	Base substitutions
	1.0a
	2.3
	6.2
	16.4

	Transitions
	1.0
	2.2
	3.0
	4.4

	AT→GC
	1.0
	3.7
	4.3
	9.1

	GC→ AT
	1.0
	1.8
	2.6
	3.1

	Transversions
	1.0
	2.6
	12.5
	40.4

	AT→CG
	1.0
	1.0
	4.0
	77.0

	AT→TA
	1.0
	2.7
	16.7
	43.3

	GC→TA
	1.0
	4.3
	19.7
	51.7

	GC→CG
	1.0
	0.5
	1.0
	< 6.0

	Indels 
	1.0
	2.0
	2.5
	8.7

	Insertions
	1.0
	1.3
	2.0
	15.8

	+1
	1.0
	1.7
	4.3
	34.3

	Deletions
	1.0
	2.2
	2.5
	4.8

	-1
	1.0
	2.1
	2.6
	7.4

	Total
	1.0
	2.1
	4.5
	13.1


a – the relative rate presents the increase of mutability [the rate of mutagenesis of particular type in a given strain] (Table 5A and 5B) is divided by the rate of mutagenesis in PSF1 POL2 rev3].  
Table 6. 5-FOA resistant mutation rates in psf1 mutants and the wild type strain 
	Strains
	5-FOAR (x10-6)h
	P values^^

	
	230C
	300C
	

	WT [p99GT]
	53 (35 – 68)
	113 (92 – 146)
	

	psf1-1 [p99GT]
	124 (74 – 346)
	-
	0.0018

	psf1-100 [p99GT]
	-
	240 (182 – 318)
	0.0004


h - 
5-FOAR mutation rates were determined at 23oC (permissive for the psf1-1 mutant) and 30oC (permissive for the psf1-100 strain) for yeast cells carrying plasmid p99GT; Values are medians calculated from data for 20 independent cultures of each strain during single experiment;
^^ -
P values for psf1 mutants vs. WT strain were calculated using non-parametric Mann-Whitney-U statistical test.

Table 7.
Impact of MSH6 disruption on mutation rates in yeast strains with different PSF1 alleles 
	Relevant genotypef
	CanR(x10-8)*
	 Relative rateff

	230C     PSF1
	76 (60 - 90)
	1.0

	            PSF1 msh6(
	641 (580 - 750)           
	8.4

	            psf1-1
	145 (130 - 180)           
	1.9

	            psf1-1 msh6(
	2340 (1920 - 2580)     
	30.8


	300C   PSF1
	84 (50 - 110)             
	1.0

	          PSF1 msh6(
	483 (280 - 600)           
	5.8

	          psf1-100
	265 (200 - 340)            
	3.2

	         psf1-100 msh6(
	517 (380 - 680)            
	6.2


* - 
levels of spontaneous mutation rates were determined at 23ºC (permissive for the psf1-1 mutant) or at 30ºC (permissive for psf1-100). For PSF1 strains values obtained at 23ºC and 30ºC are shown; 

f – 
psf1 alleles were integrated into PSF1 genomic locus of ∆I(-2)I-7B-YUNI300 strain with msh6::KanMX4 disruption (see Experimental Procedures);
ff – 
the relative rate is the fold-increase in mutability (the rate of mutagenesis in the respective mutant is divided by the rate of mutagenesis in the wild type strain);              
95% confidence intervals are shown in parentheses.

P values are <0.05 for all tested pairs of strains (e.g., WT vs. PSF1 msh6(, P=0.001). 

Table 8. Impact of OGG1 disruption on mutation rates in strains carrying the psf1-1 allele
	Relevant genotypex
	CanR(x10-8)
	P valuesk

	PSF1
	113 (105 – 133)
	-

	psf1-1
	221 (216 - 283)
	<0.0001

	PSF1 ogg1
	247 (223 - 276)
	<0.0001

	psf1-1 ogg1
	555 (478 - 627)
	<0.0001


x – PSF1 alleles were integrated into chromosome of the ogg1 strain; construction of the ogg1 strain is described in (Kraszewska et al., 2012); levels of spontaneous mutation rates were determined at 23ºC (permissive for the psf1-1 mutant);
95% confidence intervals are shown in parentheses.
k – P values were calculated for psf1-1 and PSF1 ogg1 strain vs. wild type strain and for psf1-1 ogg1 vs. PSF1 ogg1 strain using non-parametric Mann‑Whitney‑U statistical test. 
Table 9. H2O2 induced CAN1 mutation rates in PSF1 and psf1-1 strains 

	Relevant genotypem
	H2O2 concentration
	CanR(x10-8)


	PSF1
	0
	98 (77 - 116)

	psf1-1
	0
	196 (161 - 261)

	PSF1
	0.1 mM 
	169 (91 - 236)

	psf1-1
	0.1 mM 
	275 (217 - 319)


m – PSF1 alleles were integrated into PSF1 genomic locus of ∆I(-2)I-7B-YUNI300 strain; levels of spontaneous mutation rates were determined at 23ºC (permissive for the psf1-1 mutant);

95% confidence intervals are shown in parentheses.
Figure Legends
Figure 1.
Temperature sensitivity of the psf1 mutants. The ∆I(‑2)I-7B-YUNI300 strains bearing the individual PSF1 alleles were grown at 23ºC (psf1-1) or 30ºC (psf1-100) for 72 hours in the SD medium supplemented with required amino acids and nucleotides. Cultures were suspended in H2O to identical initial cell count and 10-fold serial dilutions were spotted in 7 μl portions and incubated at 18ºC, 23ºC, 30ºC or 37ºC for 48 - 60 hours.
Figure 2.
Cell-cycle analysis of yeast cells carrying the PSF1 and psf1-100 alleles. Cells carrying PSF1 or psf1-1 alleles integrated into the PSF1 chromosomal locus were synchronized in the G1 phase of the cell cycle with α-factor and then released into the cell cycle. DNA content analysis was done at time points indicated by flow cytometry (FACS) as described in Experimental Procedures. 1C and 2C indicate DNA content of G1 and G2/M cells, respectively. 

Figure 3.
The interaction between GINS subunits and Dpb2p analyzed by the GST pull down assay. 35S-labeled Dpb2p was incubated with the indicated GST-tagged GINS subunits (lanes 7-10) and the complexes immobilized on glutathione (GSH) beads. The amount of 35S-labeled Dpb2p and GST-tagged proteins collected on GSH beads was determined by autoradiography (panel A) and Coomassie staining (panel B), respectively. Lanes 5 and 6 show binding of 35S-labeled Dpb2p to GSH beads in the absence of any GST protein and in the presence of GST fused to an unrelated protein, respectively. A fraction of the TnT reaction containing 35S-labeled Dpb2p used in the pull down experiment (10% input) is shown in lane 3. Lane 2 (35S-labeled luciferase) and 4 (no DNA) show two independent TnT reactions for comparison. Size markers were resolved in lane 1. Quantitative illustration of binding of Dpb2p to the Psf1 mutant proteins or Psf3p compared to that of the wild type Psf1p is shown in panel C. The data represent three independent experiments and error bars indicate the standard deviation. The P values were determined using the nonparametric Mann-Whitney criterion (P< 0.0495) and indicate that the differences in interactions between Dpb2p and Psf1p or Psf1-100p are statistically significant.
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