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Single-stranded DNA (ssDNA) covered with the heterotrimeric Repli-
cation Protein A (RPA) complex is a central intermediate of DNA
replication and repair. How RPA is regulated to ensure the fidelity
of DNA replication and repair remains poorly understood. Yeast
Rtt105 is an RPA-interacting protein required for RPA nuclear im-
port and efficient ssDNA binding. Here, we describe an important
role of Rtt105 in high-fidelity DNA replication and recombination
and demonstrate that these functions of Rtt105 primarily depend
on its regulation of RPA. The deletion of RTT705 causes elevated
spontaneous DNA mutations with large duplications or deletions
mediated by microhomologies. Rtt105 is recruited to DNA double-
stranded break (DSB) ends where it promotes RPA assembly and
homologous recombination repair by gene conversion or break-
induced replication. In contrast, Rtt105 attenuates DSB repair by
the mutagenic single-strand annealing or alternative end joining
pathway. Thus, Rtt105-mediated regulation of RPA promotes high-
fidelity replication and recombination while suppressing repair by
deleterious pathways. Finally, we show that the human RPA-
interacting protein hRIP-«, a putative functional homolog of Rtt105,
also stimulates RPA assembly on ssDNA, suggesting the conservation
of an Rtt105-mediated mechanism.
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Faithful DNA replication and repair are essential for the main-
tenance of genetic material (1). Even minor defects in replica-
tion or repair can cause high loads of mutations, genome instability,
cancer, and other diseases (1). Deficiency in different DNA repair
or replication proteins can lead to distinct mutation patterns (2-4).
For example, deficiency in mismatch repair results in increased
microsatellite instability, while deficiency in homologous recombi-
nation repair is often associated with tandem duplications or dele-
tions (3-7). Sequence analysis of various cancer types has identified
many distinct genome rearrangement and mutation signatures
(8). However, the genetic basis for some of these signatures re-
mains poorly understood, thus requiring further investigation in
experimental models (8).

In eukaryotic cells, Replication Protein A (RPA), the major
single-stranded DNA (ssDNA) binding protein complex, is essen-
tial for DNA replication, repair, and recombination (9-13). It is
also crucial for the suppression of mutations and genome instability
(14-17). RPA acts as a key scaffold to recruit and coordinate pro-
teins involved in different DNA metabolic processes (14, 15, 17). As
the first responder of ssDNA, RPA participates in both replication
initiation and elongation (10, 12, 13). During replication or under
replication stresses, the exposed ssDNA must be protected and
stabilized by RPA to prevent formation of secondary structures (14,
16). RPA is also essential for DNA double-stranded break (DSB)
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repair by the homologous recombination (HR) pathway (18-21).
During HR, the 5’-terminated strands of DSBs are initially pro-
cessed by the resection machinery, generating 3'-tailed ssDNA (22).
The 3’-ssDNA becomes bound by the RPA complex to activate the
DNA damage checkpoint (23). RPA is subsequently replaced by the
Rad51 recombinase to form a Rad51 nucleoprotein filament
(19, 24). This recombinase filament catalyzes invasion of the 3'-strands
at the homologous sequence to form the D-loop structure, followed
by repair DNA synthesis and resolution of recombination inter-
mediates (18, 19, 24). During HR, RPA prevents the formation of
DNA secondary structures and protects 3'-ssDNA from nucleolytic
degradation (25). In addition, recent work implies a role of RPA in
homology recognition (26).

RPA is composed of three subunits, Rfal, Rfa2, and Rfa3, and
with a total of six oligonucleotide-binding (OB) motifs that mediate
interactions with ssDNA or proteins (14, 17, 27). RPA can asso-
ciate with ssDNA in different modes (28). It binds short DNA (8 to
10 nt) in an unstable mode and longer ssDNA (28 to 30 nt) in a
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high-affinity mode (28-31). Recent single-molecule studies revealed
that RPA binding on ssDNA is highly dynamic (28, 32). It can
rapidly diffuse within the bound DNA ligand and quickly ex-
change between the free and ssDNA-bound states (32-35). The
cellular functions of RPA rely on its high ssDNA-binding affinity
and its ability to interact with different proteins (28). Although
RPA has a high affinity for ssDNA, recent studies have suggested
that the binding of RPA on chromatin requires additional regu-
lations (36). How RPA is regulated to ensure replication and repair
fidelity remains poorly understood.

Rtt105, a protein initially identified as a regulator of the Tyl
retrotransposon, has recently been shown to interact with RPA
and acts as an RPA chaperone (36). It facilitates the nuclear lo-
calization of RPA and stimulates the loading of RPA at replication
forks in unperturbed conditions or under replication stresses (36).

Rtt105 exhibits synthetic genetic interactions with genes encoding
replisome proteins and is required for heterochromatin silencing
and telomere maintenance (37). The deletion of RTT105 results in
increased gross chromosomal rearrangements and reduced re-
sistance to DNA-damaging agents (36, 38). In vitro, Rtt105 can
directly stimulate RPA binding to ssDNA, likely by changing the
binding mode of RPA (36).

In this study, by using a combination of genetic, biochemical,
and single-molecule approaches, we demonstrate that Rtt105-
dependent regulation of RPA promotes high-fidelity genome du-
plication and recombination while suppressing mutations and the
low-fidelity repair pathways. We provide evidence that human
hRIP-a, the putative functional homolog of yeast Rtt105, could
regulate human RPA assembly on ssDNA in vitro. Our study unveils
a layer of regulation on the maintenance of genome integrity that
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Fig. 1.

Rtt105 promotes DSB repair by gene conversion or BIR. (A) Scheme showing an ectopic recombination system. CO: crossover; NCO: noncrossover. (B)

Survival rate for the WT and rtt105A cells repaired by ectopic recombination. (C) Southern blot analysis of the repair kinetics for indicated cells. ** marks the
repair products. DSB was induced by the addition of 2% galactose to log phase cells (~1 x 10’/mL) cultured in liquid YP-Raffinose media. The samples were
taken at indicated time points after DSB induction. The blot was hybridized to the MATa probe. (D) Quantification of repair products in C. The error bars in B
and D represent SD from at least three independent experiments. The asterisk denotes statistical significance. **P < 0.01 (Student'’s t test). (E) Diagram
showing a site-specific BIR system. Repair of DSBs by different mechanisms generates distinct repair products that can be determined by following the markers
on the chromosomes. (F) Repair outcomes in the WT and rtt105A cells. GC: gene conversion, HCO: half-crossover. Cells cultured in the preinduction liquid
media were plated on YEP-Galactose media to induce DSBs. Colonies were then replica plated on Leu™ or Ade™ dropout media. The frequencies of BIR, half-
crossover, gene conversion, and chromosome loss were calculated based on the percentage of colonies carrying markers specific for these repair outcomes. (G)
Graph showing the proportion of each category of repair products in indicated strains. The statistical comparison of different repair outcomes between the
WT and rtt1054 cells in G was performed with »? test. P < 0.01.
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relies on dynamic RPA binding on ssDNA to ensure high-fidelity
replication or recombination.

Results

Rtt105 Promotes DSB Repair by Gene Conversion or Break-Induced
Replication. In light of the role of Rtt105 in regulating RPA (36),
we aimed to define the consequences of the loss of Rtt105 on
DSB repair and on spontaneous mutagenesis. First, we examined
the role of Rtt105 in DSB repair by HR using an ectopic recom-
bination system (39). In this assay, a single DSB is generated by an
HO endonuclease at the MATa sequence inserted on chromo-
some V at the ARGS,6 locus. The DSB is repaired by HR using
the homologous MATa-inc sequence located on chromosome III
(Fig. 14) (39). About 85% of the wild-type (WT) cells completed
the repair and survived. The mt105A mutant cells repaired the break
with lower efficiency (~50% survival) and slower kinetics as monitored
by Southern blot (Fig. 1 B-D). These results indicate an important
role of Rtt105 in promoting efficient DSB repair by gene conversion.

Second, we tested the role of Rtt105 in break-induced replica-
tion (BIR), a unique HR mechanism for repair of one-ended DSBs
that often arise during the collapse of replication forks or erosion
of telomeres (40). We employed a system wherein only one end of
a site-specific DSB has extensive homology to the donor sequence
to coerce ~70% of cells to use BIR to copy over 100 kilobases of
chromosome III for break repair (41, 42). In most of the remaining
cells (>20%), break repair occurs by gene conversion entailing the
capture of the second end of the DSB that harbors short homol-
ogous sequences. BIR and other repair outcomes or chromosome
loss are followed via examination of the loss of genetic markers
(Fig. 1E) (41, 42). We found that BIR repair is significantly de-
creased and progresses with slower kinetics in 7054 cells, while the
gene conversion product is reduced by nearly threefold (Fig. 1 F and
G and SI Appendix, Fig. S1 A-D). Notably, we observed about a
24-fold increase in chromosome loss and significant increase in
sectored colonies (~20-fold) in r#105A cells, indicating partial BIR
repair and partial chromosome loss (Fig. 1 F and G). Therefore, the
loss of Rtt105 has a general impact on DSB repair by gene con-
version or BIR.

Allelic BIR and ectopic recombination tested so far are both
slow processes (8 to 10 h), involving formation of long ssDNA gen-
erated by resection and/or resulting from D-loop migration (42, 43).
Long ssDNA intermediates may increase the need for RPA; there-
fore, we also tested repair by intrachromosomal BIR that is much
faster (3 to 4 h) and likely involves much shorter ssDNA. Similarly,
repair by BIR was also significantly reduced in 71054 cells when
compared to WT cells (SI Appendix, Fig. S2 A-C).

Consistently, the mutant cells have an impaired ability to repair
the damaged chromosomes after short exposure to methyl meth-
anesulfonate (MMS), as measured by pulsed-field gel electropho-
resis (PFGE), and the mutant cells are highly sensitive to the
DNA-damaging agents camptothecin (CPT) or MMS (SI Appen-
dix, Fig. S3 A and B) (36). Therefore, Rtt105 has a broad impact on
the DNA damage response and repair.

Rtt105 Suppresses Spontaneous Large Deletions, Duplications, and
Chromosome Loss. RPA plays important roles in DNA replication
by preventing secondary structure formation within ssSDNA produced
at replication forks. To examine the fidelity of DNA replication in
1054 cells, we used the CANI gene as a mutation reporter (44).
Mutations in the CANI gene result in canavanine-resistant (CanR)
colonies that can be selected on synthetic complete (SD) arginine-
dropout plates containing canavanine. The mutation rate in the
WT cells is ~2 x 1077, whereas it is increased to ~12 x 107’
(~sixfold) in rt105A cells (Fig. 2 A and B). Sequencing of the
CANI gene from the individual CanR colony of the WT (102
colonies) or rt105A (84 colonies) cells revealed that ~83% of the
mutations in WT cells were base substitutions, while the remaining
are single-base pair deletions (~15%) or rare single-base pair
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insertions (~2%) (Fig. 2C). In contrast, the pattern of mutation
was different in rt1054 cells, with ~52.4% base substitutions,
~10.7% single-base pair deletions, and ~4.8% single-base pair
insertions. Notably, ~7% of mutation events in r#t105A cells are
multi-base pair insertions (Fig. 2C). Specifically, these large in-
sertions are all tandem duplications of DNA fragments with sizes
ranging from 17 to 49 base pairs (bps) (Fig. 2D and SI Appendix,
Figs. S4 and S5). Strikingly, 25% of all mutation events in r#t105A
cells harbor large deletions of 4 to 187 bps (Fig. 2 C and D, and SI
Appendix, Figs. S4 and S5). Importantly, these gross deletions or
duplications did not occur in WT cells. Interestingly, they appear to
occur between direct repeats with 4 to 8 bps microhomologies
(Fig. 2 D and E and SI Appendix, Fig. S5).

Microhomology-mediated deletion or duplication events were
also seen in the rfal point mutants and the pol32A or rad27A
deletion mutant (45-50). These events were suggested to result
from polymerase slippage or DSB repair via single-strand anneal-
ing (SSA) (45-50). To test if these mechanisms contribute to the
genome rearrangements in 11054 cells, we first deleted RADS59,
which is required for annealing of complementary single strands in
SSA, in mt105A cells (51, 52). We noted that large deletion events
were reduced by over one-half, and the duplication events were
reduced by sevenfold in this double mutant as compared to that in
the rtt1054 single mutant (Fig. 2 F and G). Thus, the repair by SSA
appears to account for a majority of the duplications and over one-
half of the deletions in rt105A cells. POL32, a nonessential subunit
of the lagging-strand polymerase Pol-5, is important for polymerase
processivity, and the absence of Pol32 increases polymerase slip-
page (46, 53). Consistent with previous studies, we noted that a
high proportion (~22%) of pol32A CanR colonies harbor deletions
flanked by short repeats (Fig. 2F and SI Appendix, Fig. S5) (46, 47).
However, we did not observe duplication events in pol324 cells.
Interestingly, additional deletion of POL32 in rtt105A cells in-
creased the proportion of large deletions among all mutations to
~50%, while it did not alter overall mutation rate, suggesting that
Rtt105 and Pol32 independently suppress large deletions (Fig. 2F).
In contrast, the proportion of duplications was reduced by five-
fold in this double mutant as compared that that of r#t105A cells
(Fig. 2G). Together, these results suggest that ~80% of the du-
plication events observed in r#t105A cells require highly proc-
essive Pol-8 and annealing of microhomologies by Rad59.

Finally, we tested the effect of RTT105 deletion on chromo-
some loss using a system that carries an extra ~320-kb yeast artificial
chromosome (YAC) (54). The deletion of RTT105 causes more than
a 16-fold increase in YAC loss as compared to the WT cells
(Fig. 2H). Thus, we demonstrate that Rtt105 plays important roles in
suppressing chromosome loss and spontaneous mutations with the
signature of microhomology-mediated large duplications or dele-
tions. Our results are consistent with a role of Rtt105 in suppressing
gross chromosomal rearrangements (38).

Rtt105 Promotes RPA and Rad51 Loading at DSB Ends. To probe how
Rtt105 may affect HR, we first tested the initial step of HR, 5’-end
resection, where RPA plays an important role in the Sgs1/Dna2-
and Exol-dependent pathways (25, 55, 56). We used an assay
where a single nonrepairable DSB is induced per genome by HO
endonuclease at the MAT locus, and the donor sequences HML
and HMR are deleted (Fig. 34) (57, 58). The Southern blot results
revealed that both the initial and the long-range resection are
normal in #1054 cells (SI Appendix, Fig. S6 A and B). Therefore,
the role of Rtt105 in RPA regulation is not important for resec-
tion. Next, we tested the recruitment of RPA and Rad51 to DSB
ends by chromatin immunoprecipitation (ChIP). In the WT cells,
RPA was robustly recruited and spread over 10 kb at both sides of
the break. In rtt105A cells, the loading of RPA was significantly
reduced (Fig. 34). RPA binding helps to melt secondary structures
formed on ssDNA and directly stimulates the Rad51-mediated
strand exchange reaction (59). Accordingly, we noted that Rad51
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loading was reduced in r#t105A cells (Fig. 3B). The defect is not
due to any changes in RPA or Rad51 levels since they are expressed
at a similar level between the WT and the mutant cells (S Appendix,
Fig. S6C). These results indicate that Rtt105 is required for proper
loading of RPA and Rad51 at DSBs.

Defective RPA Loading in rtt105A Cells Is Not Solely due to Altered
RPA Localization. Rtt105 regulates the nuclear import of RPA (36, 60).
Indeed, RPA is localized to the nucleus in WT cells, while it is
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present in both the nucleus and cytoplasm in rtt7054 cells
(Fig. 3C). The fusion of a prototypical nuclear localization signal
(NLS) peptide (PKKKRKYV) to the N terminus of Rfal in the ge-
nome fully restored RPA nuclear localization in 71054 cells (Fig. 3C
and ST Appendix, Fig. S7). However, it can only restore RPA loading
very little at DSBs in the mutant cells (Fig. 3D). This was not due
to the inability of NLS-RPA in binding ssDNA, as it loaded almost
normally at the DSB in WT cells (Fig. 3D). Accordingly, Rad51
loading and HR repair remained largely defective in 71054 cells
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with NLS-RPA (Fig. 3 E and F). These results imply that Rtt105
plays additional roles in promoting RPA loading besides facili-
tating its nuclear import.

Rtt105 Is Recruited to DSB Ends in a Manner Dependent on ssDNA
Formation. To test whether Rtt105 plays a direct role in HR, we
examined the recruitment of Rtt105 at DSBs. We detected robust
enrichment of Rtt105-3xFLAG at DSB ends that spreads up to 10
kb at each side of the break by 4 h after break induction (Fig. 3G).
The recruitment of Rtt105-3xFLAG is normal in the checkpoint-
deficient meclA tellA smlIA cells but is nearly abolished in mrel 1A
or sgsIA exolA mutant (Fig. 3H) that are deficient in resection.
Thus, the recruitment of Rtt105 appears to rely on ssDNA forma-
tion but not checkpoint signaling. This is consistent with the result
that Rtt105 directly interacts with RPA via the two residues E171
and L172 of Rtt105 (36). Indeed, disruption of their interaction by
mutating both residues to alanine (1##105-EL2A) impaired Rtt105
loading at DSBs, indicating that the recruitment of Rtt105 partially
depends on its association with RPA (Fig. 3G).

Rtt105 Interacts with RPA and Stimulates the Dynamic Binding of RPA
on ssDNA. Consistent with previous studies, we found that yeast
Rfal strongly interacts with Rtt105 but not the rtt105-EL2A mutant
protein in vitro, as revealed by GST pull-down assays (SI Appendix,
Fig. S84) (36). Accordingly, Rtt105 interacts with Rfal in vivo, and
this interaction appears to increase upon MMS treatment. As
expected, the association is greatly impaired in the £L.24 mutant
cells (SI Appendix, Fig. S8B).

It has been shown that Rtt105 directly stimulates the binding
of the yeast RPA complex (ScRPA) on ssDNA in vitro by changing
the binding mode of SCRPA (36). Indeed, the addition of Rtt105
(50 nM) moderately stimulates SCRPA (5 to 50 nM) binding on
ssDNA (30 nt, 20 nM) as measured by an electrophoretic mo-
bility shift assay (EMSA), while Rtt105 itself does not bind ssDNA
(SI Appendix, Fig. S8 C and D). Next, we monitored the real-time
assembly of SCRPA with ssDNA by single-molecule analysis using
magnetic tweezers (MT). We labeled 12.5 kilo nucleotides ssDNA
molecules with digoxigenin and biotin at the 5’- and 3’-ends,
respectively, and stretched ssDNA molecules using MT at 8 pN,
20 °C, and pH 7.5 (SI Appendix, Fig. S8E). As RPA-ssDNA nucleo-
protein filaments are longer than naked ssDNA, we can examine the
dynamic assembly of RPA on ssDNA via monitoring the elongation of
ssDNA at a constant force (61, 62). For each solution condition, we
calculated the average values from multiple sSDNA molecules over
time-extension courses and plotted them as a time-extension curve.

As expected, neither Rtt105 nor rtt105-EL2A associates with
ssDNA, as indicated by the constant extension of ssDNA before
or after the addition of the protein (SI Appendix, Fig. S8F). As
expected, elongation of ssDNA occurred upon the addition of
ScRPA (50 nM, green) (SI Appendix, Fig. S8G). When Rtt105
(20 nM) was added together with SCRPA, we detected a faster
and larger scale of elongation of ssDNA, indicating that Rtt105
enhances the speed of SCRPA assembly with ssDNA (magenta).
Notably, the mutant protein EL2A (navy) was unable to do so
(8I Appendix, Fig. S8G). Single exponential fitting yielded a
binding rate constant (K,,) of ~1 uM™1 - s™' for SCRPA in our
experimental condition (SI Appendix, Fig. S8H). Notably, the
addition of Rtt105 increases the K, value of SCRPA by fivefold.
In contrast, the addition of rtt105-EL2A mutant protein can only
marginally increase the K, value of SCRPA (SI Appendix, Fig.
S8I). Together, these results indicate that Rtt105 increases the
binding speed and binding rate (K,,) of SCRPA for ssDNA in a
manner dependent on their physical interaction.

Interestingly, Rtt105 can also interact with human RPA (hRPA)
and stimulates its assembly on ssDNA (SI Appendix, Fig. S9 A and
C). Similarly, Rtt105 interacts with the ssDNA-binding protein SSB
from Escherichia coli (SI Appendix, Fig. S9B). In contrast to RPA,
the assembly of E. coli SSB with ssDNA resulted in the shortening
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of ssDNA, as noted previously (SI Appendix, Fig. SOD) (63). The
inclusion of Rtt105 further accelerated the shortening of ssDNA
bound with SSB (SI Appendix, Fig. SOD), implying a stimulation
effect of Rtt105 on SSB assembly with ssSDNA. These results
suggest the conservation of this mechanism on RPA regulation.

The Residue V106 of Rfa1 Is Essential to Mediate the RPA-Rtt105 Association.
To test whether the observed phenotypes for rtt105A cells are
due to lack of the Rtt105-mediated regulation on RPA, we sought
to delineate the region in Rfal that mediates the RPA-Rtt105
interaction. We generated a series of GST- or His-tagged forms
of truncated Rfal and examined their association with Rtt105 via
pull-down assay. We found that the N-terminal fragment (1 to 440
amino acid) of Rfal is sufficient to bind Rtt105 in vitro (Fig. 4 4
and B). Further analysis revealed that the N-terminal fragment
harboring residues 1 to 121 or more retained the ability to bind
Rtt105, while the one harboring residues 1 to 101 lost the ability
(Fig. 4C, lane 1 to 6). Thus, the motif from residue 101 to 120 is
critical for mediating the association. We then located the sites in
a short region between residues 104 and 108 (Leucine-Valine-
Glutamine-Serine [LVQS]) (Fig. 4C, lane 7 to 11). Indeed, si-
multaneous mutation of the four residues or the two residues LV
but not QS to alanine completely ablated the association (Fig. 4D,
lane 1 to 5). Finally, we found that the mutation of single amino
acid, V106, to alanine is sufficient to ablate the RPA-Rtt105 as-
sociation in vitro (Fig. 4D, lane 6 to 10). Consistently, the inter-
action was also abolished in the t105-V106A4 (V106A) mutant cells
(Fig. 4E). Thus, the residue V106, which is located at the junction
between a f-fold and a disordered region of the N-terminal OB-F
domain of Rfal (Fig. 4F) (64), is essential to mediate RPA-Rtt105
interaction.

The Rtt105-RPA Interaction Facilitates RPA Loading and HR Repair.
Next, we assessed the importance of RPA-Rtt105 interaction on
RPA loading. We found that RPA loading at DSBs was impaired
in both rt105-EL2A and rfal-V106A4 point mutants, as seen in
rtt105A cells (Fig. 5A4). Since the absence of Rtt105 does not impair
ssDNA generation (S Appendix, Fig. S6 A and B), we reasoned
that the defect of RPA loading in rt105-EL2A or rfal-VI106A4
cells is due to an inability to regulate RPA binding on ssDNA.
Accordingly, the repair by ectopic recombination in both point
mutants was reduced to a similar level, comparable to that of 71t105A
cells, indicating that Rtt105 promotes HR repair by regulating RPA
(Fig. 5B). Notably, the impaired RPA loading or HR repair was not
due to any changes in RPA localization since RPA localizes properly
in the nucleus in both point mutants (Fig. 3C). Consistently, the two
mutants are sensitive to CPT and MMS (Fig. 5C). In addition, DSB
repair by gene conversion in the allelic BIR system was also signif-
icantly reduced in the rt105-EL2A mutant (SI Appendix, Fig. S2D).
However, the repair by BIR was slightly increased in this point
mutant, which was likely resulted from decreased efficiency of
the second end capture that is required to complete gene conversion.

Rtt105-RPA Interaction Suppresses Large Spontaneous Deletions or
Insertions. Similarly, mutation rate is increased in both r1105-EL2A
and rfal-V106A mutants as compared to WT cells (Figs. 24 and 5D).
Notably, the CanR colonies derived from both mutants carry a high
proportion of the microhomology-mediated large duplications and
deletions, as seen in rt105A cells (Fig. 5 E-G and SI Appendix, Figs.
S4 and S5). Consistently, a similar type of gross deletion was also
seen in other rfal mutants (45). Collectively, these phenotypes re-
semble that of the rt105A mutant, indicating that the role of Rtt105
in avoidance of mutation, duplication, or deletion requires its direct
interaction with RPA.

Rtt105-Mediated RPA Assembly on ssDNA Suppresses DSB Repair by
SSA. SSA is a conserved pathway that can repair DSBs formed
between long direct repeats (65). During SSA, the ssDNA revealed

Wang et al.
Rtt105 promotes high-fidelity DNA replication and repair by regulating the single-
stranded DNA-binding factor RPA


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106393118/-/DCSupplemental
https://doi.org/10.1073/pnas.2106393118

A B C
Rfa1 GST pull down
F OB-A OB-B OB-C P GST pull down GST pull down
1-132  187-290 301-422 436-621 aa A W NN NN D
[ — — — P F N L& P WS L PN
O N N N N N O'N N NN
(N — — 1440 -
1-175 Rfa - - = | 6xHis- — -
1-161 Rtt105 .
1-141 GsT- ST wpe—
14121 Rit105 £ g %‘?’ﬂ
1-111 a o o5
1-108 GST GST
1-104 .
[ preerenessersnssrnssansnnassnssnnsssnsnnasensans 1-101 inputP -— ) ‘ input *‘ m.
-
1 23 4 5 6 78 910 11
D GSTpulldown  GSTpulidown  E F
¥ &
\y AR i
P ¥ ¥ & & \Q‘o&& 3 &8 RFA1 F domain
SLSLP Y G S QO °
FIT T F PNV L134
6xHis- - Rfa1-3xFLAG
rer 9 @ @ @ P g e | Ri105-3xHA
GST-
Rtt105 anndiiipe = Rf31-3xFLAG
GST Input || == e o105 3,HA /
Input | EHEHES 9 --“-| S o V106 LB_Q LCD1
1 23 45 6 7 8 910
Fig. 4. Identification of the RPA residue that mediates the interaction with Rtt105. (A) Graph showing the full-length and truncated Rfa1. The key motifs in Rfa1

are indicated. (B and D) GST pull-down assay showing the interaction between GST-Rtt105 and 6xHis-tagged full-length, truncated, or mutated Rfa1. The amount
of GST-tagged proteins was indicated by Coomassie blue staining. (C) GST pull-down assay examining the association between 6xHis-Rtt105 and truncated GST-
Rfa1 proteins. The amount of GST-tagged proteins was indicated by Coomassie blue staining. * denotes degraded protein fragments. The bracket marks trun-
cated GST-Rfa1 proteins. (E) Immunoprecipitation analysis the interaction between Rtt105-3xHA and the WT or mutated Rfa1-3xFLAG. (F) A model showing the
structure of the F domain of yeast Rfa1, adapted from Deshpande et al. (64). The initiation residue V4, the last residue L134, and the location of V106 are marked.

GENETICS

by DNA end resection anneals at the repeats, leading to loss of the
intervening sequence (65). RPA can suppress the annealing of
complementary ssDNA and inhibit Rad52-mediated annealing (14,
17, 33, 66, 67). We tested the impact of Rtt105 and Rtt105-RPA
interaction on SSA by employing an SSA assay in which two partial
leu2 repeats separated by a 25-kb intervening sequence on chro-
mosome III can anneal to repair the HO-induced DSB (Fig. 5H).
Rad51, which is dispensable for SSA, was deleted to prevent repair
by alternative pathways (58, 68). Approximately 54% of WT cells
repaired the break and survived. Repair by SSA was higher (~80%)
in 1111054 cells (Fig. 5I). This is not due to any increase in resection
or Rad52 loading since resection remains unchanged, while Rad52
loading is decreased in the mutant as compared to WT cells (S
Appendix, Fig. S6 A, B, and D). Similarly, an increased survival rate
(~80%) for repair by SSA was seen in the mt105-EL2A4 or rfal-
V106A point mutant (Fig. 5I). Thus, the Rtt105-mediated regula-
tion of RPA is required to promote DSB repair by gene conversion
or BIR, while attenuating the deleterious SSA pathway.

Rtt105-Mediated RPA Nuclear Import Suppresses DSB Repair by
Alternative End Joining. RPA is also known to suppress DSB repair
by alternative end joining (alt-EJ), a Ku-independent error-prone
process involving pairing of short homologies at DSBs (33, 69, 70).
We tested the effect of Rtt105 on alt-EJ in the Yku70-deficient
JKM139 strain wherein the donor sequences HML and HMR are
deleted. Thus, the DSB can only be repaired by the alt-EJ pathway.
Notably, alt-EJ rate is increased over 30-fold when RTTI05 is
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deleted, but it remains unaffected in the nt105-EL2A or rfal-V106A4
point mutant where RPA nuclear localization is normal. Inter-
estingly, the elevated alt-EJ could be suppressed by forced RPA
nuclear import (NLS-RPA) (Fig. 5/). Thus, proper RPA nuclear
import is critical to prevent alt-EJ. Interestingly, alt-EJ and SSA
exhibit distinct requirements for the Rtt105-RPA interaction. This
difference could be due to the fact that SSA repair involves much
longer ssDNA than alt-EJ, so it requires a higher amount or more
efficient RPA loading.

Human hRIP-a Interacts with RPA and Stimulates RPA Assembly on
ssDNA. It has been suggested that the RPA-interacting protein
alpha (RIP-a) in higher eukaryotes is the putative functional ho-
molog of yeast Rtt105 (36). In Xenopus, XRIP-a is complexed with
RPA and importin-f and serves as a carrier for RPA nuclear import
(71). In humans, hRIP-a also functions as a nuclear transporter of
RPA, and it has several splice isoforms among which hRIP-a and
hRIP- are the predominant variants (Fig. 64) (72). We found
that GST-hRIP-a but not GST-hRIP-f interacts with 6xHis-RPA70
in vitro (Fig. 6B). By an EMSA assay, we observed that the ad-
dition of human RPA (hRPA, at 1, 10, or 20 nM) caused a retarded
mobility of ssDNA (20 nM) on a gel, indicating the assembly of
hRPA with ssDNA (Fig. 6C, lane 3 to 5 and Fig. 6D). Notably,
the inclusion of hRIP-a (20 nM) together with hRPA further
stimulated hRPA assembly on ssDNA (Fig. 6C, lane 6 to 8 and
Fig. 6D). As a control, hRIP-a itself does not bind ssDNA (Fig. 6C,
lane 2). Consistently, in a ssSDNA pull-down assay, we detected an
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increased amount of ssDNA-bound hRPA (at 100 nM) in the pres-
ence of hRIP-a (at 20 nM) using a biotin-labeled ssDNA (30 nt, 100
nM) coupled to streptavidin-coated magnetic beads (Fig. 6 E-G).
Thus, like yeast Rtt105, hRIP-o interacts with hRPA and stimulates
its assembly on ssDNA, suggesting that Rtt105 or hRIP-o—mediated
regulation on RPA is conserved across species.

Discussion

High-fidelity DNA replication and repair are essential for main-
tenance of genome stability and avoidance of cancer. RPA plays
important roles in suppressing mutations and genome instability
(14-17). Here, we found that Rtt105 functions as an important
regulator of RPA to promote high-fidelity replication and repair
(Fig. 6H). Specifically, the deletion of RTT105 results in elevated
mutations with microhomology-mediated large duplications or
deletions that likely stem from replication slippage or repair by
SSA (47, 49, 73). Rtt105 also stimulates RPA loading at DSBs
and the repair by gene conversion or BIR, while it suppresses the
deleterious SSA and alt-EJ pathway (Fig. 6H). We identified the
residue within Rfal needed for its interaction with Rtt105 and
revealed that the mutants deficient in the interaction exhibited
similar phenotypes as observed in rt105A cells. Interestingly, we
found that Rtt105 can also interact with human RPA70 and E. coli
SSB to stimulate their assemblies on ssDNA in vitro (SI Appendix,
Fig. S9). Finally, we showed that hRIP-a, the putative human ho-
molog of Rtt105, interacts with human RPA70 and stimulates hRPA
assembly on ssDNA (Fig. 6 A-G). Thus, we propose that Rtt105-
mediated regulation of RPA likely represents a conserved mecha-
nism channeling ssDNA intermediates to the high-fidelity replication
and repair processes.

Notably, the r¢105A mutant cells exhibit increased spontane-
ous mutations with large deletions or duplications mediated by
short repeats. These types of rearrangements were also observed
in cells with mutations in DNA replication genes such as RFAI,
RAD27, POL3, and POL32 and were proposed to result from
replication slippage or mutagenic repair by SSA (45, 47-50). In
the rt105A mutant, the large deletions are partially attributed to SSA
since they depend on Rad59, which mediates annealing of ssDNA
(51, 52). This observation is consistent with the general increase of
DSB-induced SSA in mt105A cells. The residual deletions are likely
generated by polymerase slippage. Interestingly, Rtt105 and Pol32
appear to have an additive effect in preventing deletions, suggesting
that they function by distinct mechanisms in suppressing these events.

The duplication events in rtt105A cells appear to be related to
lagging-strand DNA synthesis and SSA repair since these events
were markedly reduced when component of the lagging-strand
polymerase Pol32 was eliminated or when RADS59 was deleted in
rtt105A cells (Fig. 2 F and G). The importance of Pol32 implies
the need for a highly processive polymerase for the duplications
observed in rtt105A cells. Notably, a similar type of duplications,
but with a much higher frequency, was observed in cells lacking
Rad27, an Okazaki fragment—processing enzyme (48). It was pro-
posed that during lagging-strand synthesis, Pol-5 extends DNA into
the downstream Okazaki fragment and displaces it, resulting in a
5’-flap structure that needs to be cleaved by Rad27. In the ab-
sence of Rad27, unprocessed flaps are likely extended by strand
displacement synthesis, resulting in short duplication of DNA
sequences. These 5'-ssDNA overhangs produced can potentially
be filled in by DNA synthesis and subsequently resected to ex-
pose the short repeats at the 3’-end for SSA (48). Pairing of the
repeats out of register can generate either duplication or deletion
events (48). RPA is known to control the coordinated actions of
Dna2 and Rad27 in processing Okazaki fragments and to melt
DNA secondary structures (9). Reduced RPA levels or impaired
RPA assembly on ssDNA in 121054 cells may directly or indirectly
cause aberrant processing or displacement of Okazaki fragments
or misalignment of short homologies, eventually leading to the
observed duplication or deletion events. Recently, it was reported
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that high GC content can cause such types of deletions or dupli-
cations by polymerase slippage (73). However, we did not find any
correlation between GC content and these rearrangement events
(SI Appendix, Fig. S5).

RPA undergoes rapid diffusion and microscopic dissociation
on ssDNA (14, 32). It was proposed that Rtt105 can change the
binding mode of RPA with ssDNA (36). Here, we found that
Rtt105 alters the binding rate (K,,) of RPA on ssDNA, allowing
for a faster and more efficient assembly of RPA on ssDNA. Each
RPA OB motif has a distinct footprint and binding dynamics on
ssDNA (28). Interestingly, Rad52 appears to selectively reduce
the engagement of the OB-D motif with ssDNA, providing access
to the 3’-end of the occluded ssDNA (28). Here, we identified that
RPA interacts with Rtt105 via the residue V106 that is located in
the F domain. It remains to be determined which RPA domain is
specifically modulated by Rtt105.

ssDNA is perhaps one of the most ubiquitous and important
biological intermediates formed throughout the life of cells (74, 75).
Due to the broad functions in DNA metabolism, RPA is tightly
associated with carcinogenesis (74, 76-79). In ovarian cancer cells,
RPA exhaustion leads to instability of replication forks and de-
ficiency in nucleotide excision repair, and RPA availability repre-
sents a major determinant of cisplatin sensitivity (80). Similarly, RPA
depletion or chemical inhibition impairs the survival and self-renewal
of glioma cancer stem-like cells and sensitizes these cells to ionizing
radiation (74). Therefore, both the nuclear import and proper
binding of RPA on ssDNA are essential for avoidance of mutations
or cancer. It will be of great interest to assess the roles of hRIP in
regulating RPA and in preserving genome stability in normal hu-
man cells and in cancer cells. Targeting hRIP could be a potential
cancer therapy strategy.

In many human cancers and germline mutations, base substi-
tutions and large DNA duplication or deletion events have often
been observed (2-4, 8, 48). The genetic basis for some of the
mutations remains unknown. Our results suggest that ineffective
loading or assembly of RPA on ssDNA could be a mechanism leading
to the genome rearrangements accompanied by large duplications or
deletions in cancer.

Materials and Methods

Yeast Strains and Plasmids. The yeast strains used in this study are presented in
SI Appendix, Table S1.

DNA Damage Sensitivity Assay. The yeast cells were grown in yeast extract
peptone dextrose (YEPD) medium overnight to saturation. Undiluted cell
culture and 1/10 serial dilutions of cell cultures were spotted onto YEPD plates
containing indicated concentrations of camptothecin or MMS. Plates were
incubated at 30 °C for 3 d before taking pictures.

Fluorescence Microscopy. Rfa1-YFP (yellow fluorescent protein) subcellular
localization in live cells were examined using a ZEISS LSM 880 fluorescence
confocal microscope carrying an Airyscan with a 63x oil immersion objective
lens and a YFP or RFP (red fluorescent protein) filter. Fluorescent images
were captured and processed using ZEISS Blue Lite2 software.

PFGE. Analysis of yeast chromosome integrity by PFGE was carried out as
described by Maringele et al. (81). Chromosomal DNA plugs were prepared
and separated on a 1% agarose gel at 6 V/cm for 30 h (initial time = 10 s,
final time = 35 s) by using the CHEF DRIl apparatus (Bio-Rad).

Mutation Rate and Spectra. The rate of accumulation of CanR mutations was
determined as previously described (44). Yeast cells from single fresh colonies
were plated on SC arginine-dropout plates containing 60 mg/L canavanine.
Mutation rate was determined by fluctuation analysis using the median
method. CanR mutation spectra were characterized by PCR amplification of
the CANT gene from independent CanR isolates, followed by DNA sequencing.

Analysis of Ectopic Recombination, SSA, and Alt-EJ. To test the viability of DSB
repair by ectopic recombination, SSA, or alt-EJ, cells were cultured in the pre-
induction medium YEP-raffinose (Yeast extract peptone raffinose) overnight to
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Fig. 6. Human hRIP-x interacts with RPA and promotes RPA assembly on ssDNA. (A) Scheme showing the structure of different hRIP isoforms. (B) GST pull-down assay
examining the interaction between 6xHis-hRPA70 and GST-tagged hRIP isoforms. GST was used as a control. hRIP isoforms used for experiments were indicated by Coo-
massie blue staining. (C) EMSA showing the stimulating effect of hRIP-a« (20 nM) on hRPA (1, 10, or 20 nM) assembly on ssDNA (20 nM). (D) Quantitation of the RPA-bound
ssDNA in C. (E) Scheme indicating a ssDNA pull-down assay. Biotin-labeled ssDNA (30 nt) coupled to streptavidin-coated magnetic beads was used to capture hRPA in the
absence or presence of hRIP-o.. We used 50 nM hRIP-o, 100 nM ssDNA, and a gradient amount of hRPA (20, 50, or 100 nM) for the experiment. (F) Western blot analysis of
the ssDNA pull-down products from E. hRIP-« and hRPA used for the pull-down experiment were indicated by Coomassie blue staining. (G) Quantitation of the RPA-bound
ssDNA in F. (H) A wok model for the roles of Rtt105 in preserving genome stability. The error bar denotes the SD from at least three independent experiments. **P < 0.01.

log phase. Cells were then diluted and plated on YEPD and YEP-Gal (Yeast
extract peptone galactose) plates, respectively, followed by incubating at 30 °C
for 3 to 5 d. Survival rate was calculated using the following formula: (Number
of colonies grown on YEP-Gal)/(Number of colonies on YEPD X dilution fold) x
100%. At least three independent experiments were performed for each strain.
The repair kinetics for ectopic recombination were monitored by Southern blot
analysis as described (58).
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Analysis of DSB Repair by BIR. Analysis of allelic BIR was carried out as pre-
viously described (41, 42). The frequencies of BIR, gene conversion, BIR/loss,
half crossovers, and chromosome loss were estimated based on the per-
centage of colonies carrying markers specific for these repair outcomes, as
reported previously (41, 42). To analyze BIR in the H-0 system, cells were
collected 0, 1, and 6 h after DSB induction with 2% galactose. Isolated DNA
was digested with Bsp1286l and separated on 0.8% agarose gels. MATa-distal
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DNA fragment was used for Southern blot, and ACT7 fragment served as
loading control probe. Repair efficiency at 6 h after DSB induction was cal-
culated as the percentage of normalized pixel intensity of the BIR product
band at 6 h compared to the normalized parental bands at 0 h. Quantitative
densiometric analysis was completed with ImageQuant TL 5.2 software
(GE Healthcare Life Sciences), and statistical analysis was conducted using
Welch’s unpaired t test.

Analysis of 5'-End Resection by Southern Blot. Analysis of DSB resection was
analyzed using Southern blotting as reported (58).

ChIP. Log phase yeast cells (~1 x 107 cells/mL) grown in YEP-Raffinose me-
dium were subject to DSB induction by the addition of 2% galactose.
Chromatin DNA was sheared to an average size of ~300 bp using a Dia-
genode Bioruptor. ChIP and qPCR assays were carried out as previously
described (57).

Expression of Recombination Protein and GST Pull-Down Assay. Yeast RFAT or
RTT105 gene was cloned into the vector pGEX-4T-3 or pET30a with proper
restriction enzymes. The recombinant plasmid was transformed into BL21
(DE3). Protein expression and GST pull-down assay was conducted as de-
scribed by Li et al. (36).

Protein Purification. Purification of yeast RPA complex was performed as
described by Binz et al. (82). The full-length human RPA composed of three
subunits Rfa1, Rfa2, and Rfa3 was expressed and purified according to the
protocols described previously (83). For purification of 6xHis-Rtt105 protein,
please see SI Appendix, Materials and Methods for details.

EMSA. ssDNA substrate (30 nt, 2 nM) was incubated with various amounts of
ScRPA or Rtt015 for 1 h at 4 °C in 1x binding buffer (25 mM Tris HCl, pH 7.5,
5 mM MgCl,, and 5% glycerol). The reaction mixture was then loaded with
4x loading dye and resolved in either a 6% native polyacrylamide gel or 2%
agarose gel in cold 0.3x Tris-boric acid-EDTA (TBE) buffer. The native PAGE
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or agarose gels were stained with GelRed. Signals were detected on a G-Box
imager (Syngene), and band intensities were quantified by ImageJ.

Immunoprecipitation and Western Blotting. Immunoprecipitation was carried
out as previously described (57). Anti-HA or anti-FLAG antibody was pur-
chased from MBL. Protein G-agarose beads were ordered from GE health-
care. Western blot was performed as described in S/ Appendix, Materials and
Methods. Anti-mouse or rabbit IgG horseradish peroxidase-conjugated sec-
ondary antibodies were ordered from Santa Cruz Biotechnology.
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