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Abstract
Maintaining the integrity of the genome requires the high fidelity duplication of the genome

and the ability of the cell to recognize and repair DNA lesions. The heterotrimeric single

stranded DNA (ssDNA) binding complex Replication Protein A (RPA) is central to multiple

DNA processes, which are coordinated by RPA through its ssDNA binding function and

through multiple protein-protein interactions. Many RPA interacting proteins have been re-

ported through large genetic and physical screens; however, the number of interactions that

have been further characterized is limited. To gain a better understanding of how RPA func-

tions in DNA replication, repair, and cell cycle regulation and to identify other potential func-

tions of RPA, a yeast two hybrid screen was performed using the yeast 70 kDa subunit,

Replication Factor A1 (Rfa1), as a bait protein. Analysis of 136 interaction candidates re-

sulted in the identification of 37 potential interacting partners, including the cell cycle regula-

tory protein and DNA damage clamp loader Rad24. The Rfa1-Rad24 interaction is not

dependent on ssDNA binding. However, this interaction appears affected by DNA damage.

The regions of both Rfa1 and Rad24 important for this interaction were identified, and the re-

gion of Rad24 identified is distinct from the region reported to be important for its interaction

with Rfc2 5. This suggests that Rad24-Rfc2-5 (Rad24-RFC) recruitment to DNA damage

substrates by RPA occurs, at least partially, through an interaction between the N terminus

of Rfa1 and the C terminus of Rad24. The predicted structure and location of the Rad24

C-terminus is consistent with a model in which RPA interacts with a damage substrate,

loads Rad24-RFC at the 5’ junction, and then releases the Rad24-RFC complex to allow for

proper loading and function of the DNA damage clamp.

Introduction
The coordination of processes that duplicate and maintain the genetic information of a cell is
critical for the prevention of mutation and cellular disease. One of the factors necessary for
both DNA replication and DNA repair is the heterotrimeric complex Replication Protein
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A (RPA) [1]. This eukaryotic complex binds to single-stranded DNA (ssDNA) produced from
the unwinding of DNA during synthesis or from the removal or processing of a DNA lesion. In
this fashion, RPA prevents reannealing of ssDNA, promotes nuclease protection of ssDNA in-
termediates, promotes the processing and restoration of DNA to a double-stranded DNA
(dsDNA) form, and acts as a sensor of DNA damage [2–5].

It is clear that RPA functions through physical interactions and recruitment (direct and in-
direct) of other proteins critical for processing ssDNA intermediates. These other proteins in-
clude factors necessary to replicate DNA (e.g., MCM proteins, DNA polymerase α; [6,7]), to
repair DNA (e.g. Sgs1, Dna2, Mre11, Rad52, XPA, XPF; [8–13]), and to establish checkpoint
arrest (e.g., Mec1-Ddc2, Rad24-RFC, Ddc1-Rad17-Mec3; [14–17]). The above represent a few
of the examples where further characterization of an interaction has been performed
beyond identification.

As a sensor of DNA damage, RPA is critical for cell cycle checkpoint establishment [18,19].
Once bound to ssDNA generated during processing of a DNA lesion, RPA can then recruit in
two major factors necessary for checkpoint establishment. One factor that is recruited is yeast
Mec1-Ddc2 (homologous to human ATR-ATRIP) [20,21]. This complex acts as a checkpoint
kinase necessary to activate downstream factors through phosphorylation. Both yeast and
human RPA have been demonstrated to interact with yeast Mec1-Ddc2 and ATR-ATRIP, re-
spectively [14,21]. Another factor that is recruited is the yeast Rad24-RFC complex (homolo-
gous to human Rad17-RFC) [15]. Rad24 substitutes for Rfc1 in the Rfc1-Rfc2-5 complex and is
important in response to DNA damage [22]. Once recruited to these sites, Rad24-RFC can fa-
cilitate loading of the yeast checkpoint clamp Ddc1-Rad17-Mec3 (homologous to human
Rad9-Rad1-Hus1; 9-1-1 complex) [15–17]. The clamp is necessary for downstream signaling
to occur, including phosphorylation (activation) of yeast Mec1 (homologous to human ATR)
and subsequent activation of yeast Rad53 (homologous to human Chk2) [17,23,24]. Once acti-
vated, Rad53 then phosphorylates a number of protein targets, including yeast Dun1, whose
downstream actions result in arrest of the cell cycle [25,26].

One of the candidates identified multiple times in a yeast two-hybrid screen for factors
interacting with yeast Replication Factor A1 (Rfa1) encoded the C-terminal 198 residues of
Rad24. Purified Rad24 is recruited to ssDNA-dsDNA (5’) junctions, but only in the presence
of purified RPA and in the context of a Rad24-RFC complex [15,16]. In the presence of a
mutant form of yeast RPA in which the N-terminus of Rfa1 contains a charge-reversal muta-
tion in the DNA binding cleft of DBD-F (i.e., rfa1-t11), Rad24-RFC could no longer load
onto 5’ junctions [15]. Furthermore, recruitment of the yeast 9-1-1 complex was also ablated
[16]. Taken together, this would indicate that RFA and Rad24-RFC interact with one anoth-
er, and loading onto junction DNA is facilitated through the function of the N-terminus of
Rfa1. However, the interaction had not been mapped within the Rad24-RFC complex, nor
had the N-terminus of Rfa1 been directly identified as the interaction site. In this study, we
provide evidence that the Rfa1 N-terminus is directly responsible for protein interaction,
and that interaction is not dependent on the DNA state. We also map the region of Rad24
important for the interaction to its C-terminus. Furthermore, we demonstrate that interac-
tion between Rfa1-Rad24 occurs during mitotic cell growth, but may be altered in response
to DNA damage. Altered interaction does not appear to be due to post-translational modifi-
cation of the Rad24 C-terminus or the Rfa2 N-terminus. Sequence alignment of Rad24 and
Rfc1, along with the identification of the interacting regions of Rad24 and Rfa1 are indica-
tive of an interaction that is independent of Rfc2-5 (RFC); however, these other subunits
likely also participate through interactions with RFA in loading Rad24-RFC onto damaged
DNA templates.
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Materials and Methods

Strains and plasmids
Yeast strains and plasmids used in these studies are listed in S1 and S2 Tables, respectively. The
strain used to test complementation of rfa1 two-hybrid constructs is RMY122-A, a haploid iso-
genic derivative of RMY122-α [27], which contains both rfa1Δ::TRP1 and rfa2 Δ::TRP1. To test
complementation and DNA damage resistance of rad24mutants, the strain RMY122-A-
rad24Δ was used.

For yeast two-hybrid analysis, the yeast strains EGY188 or EGY48 [28,29] were used. Strains
carrying rfa2 N-terminal mutations were generated in the EGY48 background by two-step
gene replacement. Briefly, plasmids pTMW2, pTMW3, or pTMW4 were digested with SnaBI
to linearize each and target integration. The digested plasmids were transformed into EGY48,
and transformants were selected on synthetic complete media (0.5% ammonium sulfate,
0.34% yeast nitrogen base without amino acids) containing dextrose (2%) and lacking uracil
(SD-Ura). The integrants were then grown overnight in liquid YPD (1% yeast extract, 2% pep-
tone, 2% dextrose) and plated onto media containing 0.8 μg/mL 5-fluoroorotic acid (SD+5-
FOA). Genomic DNA from 5-FOA-resistant cells was isolated and PCR was performed using
primers O-338 and O-339 (S3 Table) to identify candidates with correct integration of the rfa2
mutant gene. Since the mutant forms of rfa2 were cDNA forms, they lack the 108 base pair
(bp) intron and are easily distinguished by size. Also, all PCR fragments were subsequently se-
quenced (Eton Bioscience) to verify proper integration of the rfa2mutant gene.

The plasmid vectors used for two-hybrid screening and analysis in this study are all deriva-
tives of pEG202 (PADH1-lexA-BD; bait) [29], pJG4-5 (PGAL-B42-AD; prey) [29], and pGAL-
lexA (PGAL-lexA-BD; bait) [8]. Yeast Replication Factor A (RFA) subunit genes were cloned
into pEG202 and pJG4-5 using in vivo homologous recombination cloning [30]. All primers
used to amplify the RFA subunit genes are listed in S3 Table. Briefly, RFA1, RFA2, or RFA3
were amplified by PCR using primers with 40 nucleotides (nt) of homologous sequence to the
appropriate cloning vector on the 5’ end and 20 nt of complementary sequence to the desired
RFA subunit gene on the 3’ end. pEG202 or pJG4-5 were digested with NcoI or EcoRI, respec-
tively, to linearize each plasmid. The linearized vectors were co-transformed with the corre-
sponding PCR-amplified RFA subunit gene into EGY48, and transformed cells were plated
onto media lacking histidine (SD-His) or lacking tryptophan (SD-Trp) for cells transformed
with pEG202 or pJG4-5, respectively. The resulting colonies, some containing recombined vec-
tors, were then scraped from the plates, DNA (both genomic and plasmid) was isolated, and
this DNA was electroporated into DH10B bacterial cells. The bacterial cells containing plas-
mids were selected for on LB plate media containing 100 μg/mL ampicillin (LB+Amp). Plasmid
DNA was isolated from individual bacterial colonies and analyzed by diagnostic restriction di-
gests. Plasmids with inserts were sequenced (Eton Bioscience). All bait plasmids containing
RFA1 gene fragments that encode for the individual domains of Rfa1 are derivatives of pGAL-
lexA and were kindly provided by Susan Gasser [8]. Prey plasmids containing RAD24 and
rad24-ΔC were generated and verified in a similar fashion to the RFA-gene containing
prey vectors.

To generate all mutant forms of rad24 used for two-hybrid analysis in this study, the plas-
mid pGP2 (originally isolated in the screen), containing Rad24 amino acid (aa) residues 461-
659, was used as a template. In vitro site-directed mutagenesis was performed using the appro-
priate mutagenic primer (S3 Table) to generate rad24-ΔC1, rad24-ΔC2, rad24-ΔC3, rad24-
650,652,654SSS!DDD, rad24-650,652,654SSS!AAA, rad24-S637D, rad24-S637A, and rad24-
Δcoil. All mutagenesis reactions were performed using Phusion High-Fidelity DNA polymerase
(New England BioLabs), and mutant constructs were verified by diagnostic restriction digests
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and sequencing (Eton Bioscience). The rfa1-t11mutant Rfa1 bait plasmid (pENM21) was gen-
erated by in vitro site-directed mutagenesis as above, except pSJH101 was used as the template
with the rfa1-t11-REV mutagenic primer. To test the biological significance of rad24mutations
that disrupt interaction with Rfa1, in vitro site-directed mutagenesis was performed using
pENM22 as a template. The resulting rad24mutant plasmids were verified by sequencing.

Two-hybrid interaction screen and assay
The DupLEX-A Yeast Two-Hybrid System (Origene) and S. cerevisiaeDupLEX-A Yeast Two-
Hybrid Genomic DNA Library (Origene) were used to perform a yeast two-hybrid screen. Bait
(pEG202) plasmids were constructed as described above. To test for auto-activation of the
6xOlexA-LEU2 reporter gene in the absence of a prey vector (i.e., false-positive), each RFA sub-
unit bait plasmid was transformed into EGY48 cells, and transformants were selected for on
SD-His plates. Four independent colonies were patched onto SD-His plates and subsequently
replica plated onto SD-His-Leu plates. Growth on SD-His-Leu plates indicated auto-activation.

Once the bait constructs were tested for auto-activation, the plasmid pGP1 (lexA-rfa1-
FLAB) was co-transformed with pSH18-34 (8xOlexA-lacZ reporter) into EGY48 cells, and
transformants were selected for by plating onto SD-His-Ura media. One colony was used to
make competent cells, the transformation efficiency of the cells was measured, and the S. cere-
visiae DupLEX-A Yeast Two-Hybrid Genomic DNA Library was transformed into these cells
and selected on SD-His-Trp-Ura (SD-HTU) media. The resulting 1.6x106 independent trans-
formants were collected, titered, and 1.6x107 cells (10-fold excess of original number of trans-
formants) were plated onto diagnostic media containing 2% galactose (SG-His-Trp-Ura-Leu).
Plates were incubated at 30°C, and starting on day four post-transformation, larger colonies
were patched onto SD-HTU plates through day ten. These initial patch master plates were then
replica plated onto both SD-His-Trp-Ura-Leu (SD-HTUL; negative growth control) and SG-
His-Trp-Ura-Leu (SG-HTUL; retest) and grown at 30°C for 3–4 days. Patches that only grew
on the SG-HTUL plates were repicked onto SD-HTU plates as secondary master plates and
maintained for further characterization.

Prey plasmids were isolated from 100 patches and sequenced (Eton Bioscience) using the
primer pJG4-5-UP-Sequence (S3 Table), which sequenced the 5’ end of the fusion junction for
each insert. WU-BLAST2 (http://www.yeastgenome.org/cgi-bin/blast-sgd.pl) was utilized to
determine the identity of each sequence and to determine the fusion junction, with respect to
both base position in the gene and amino acid position in the protein.

To determine if interactions are affected by DNA damage, the SD-HTU secondary master
plates were replica plated onto diagnostic media containing 0.024% methyl methanesulfonate
(SG-HTUL+MMS) and compared to growth on SG-HTUL media. Prey plasmid DNA was iso-
lated from an additional 36 patches that showed decreased growth (i.e., decreased reporter
gene expression). These plasmids were sequenced and their identity determined as
described previously.

Beta-galactosidase activity measurement
Yeast two-hybrid interactions and identification of interacting regions between two proteins
were determined by measuring expression of the 8xOlexA-lacZ reporter on plasmid pSH18-34
in EGY188 cells. Qualitative measurement of β-galactosidase expression was performed using
replica plating of cells onto media containing 40 μg/mL 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (SG-HTU+X-gal).

Quantitative measurements of β-galactosidase activity (dependent on reporter gene expres-
sion levels) were performed by measuring cleavage of o-nitrophenyl-β-D-galactosidase
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(ONPG) to produce o-nitrophenol (ONP). The ONP produced can be quantified by an absor-
bance assay. Briefly, cells were grown in SD-His-Trp-Ura overnight at 30°C. The next day, cells
were subcultured into selective media containing 2% sodium acetate (SNaOAc-His-Trp-Ura)
and grown at 30°C until they reached a concentration of ~1x107 cells/mL. Galactose (2%) was
then added to the media to induce expression of the prey (and in some cases the bait) fusion
protein, and the cells were incubated for 5 hr at 30°C in an air shaker. After incubation, 10 mL
of cells were collected, and β-galactosidase activity was measured using the method described
by Guarente [31]. Quantitation was from at least three independent experiments using at least
three independent colonies for each sample per experiment. The Miller unit values for each ex-
periment were then normalized and reported as relative values compared to the normalizing
control (i.e., the interaction between Rfa1 and the Rad24 C-terminus).

DNA damage spot assays
RMY122-A-rad24Δ cells containing WT RAD24- or mutant rad24-expressing vectors were as-
sayed by a spot assay on media containing various concentrations of different types of DNA
damaging agents. Cells were grown in liquid YPD overnight (16-24 hr) at 30°C at 220 RPM.
The next day, cell concentrations were determined, and an initial dilution of cells to 2.5x105

cells/mL was made. Three-fold serial dilutions were performed, and 5 μL from the initial dilu-
tion and serial dilutions were spotted onto the following plates: YPD, YPD+0.0019-0.015%
methyl methanesulfonate (MMS), YPD+0.5–5 μg/mL camptothecin (CPT), YPD+40–160 mM
hydroxyurea (HU), YPD+4–7 μg/mL phleomycin (PHL), YPD exposed to 20–50 J/m2 ultravio-
let (UV) light, SD-His-Leu-Ura, and YPG. Plates were incubated for 2-4 days at 30°C, and
growth differences between the mutant and wild-type cells were documented.

Sequence alignments and structure prediction
All sequence alignments shown were examined using T-COFFEE (http://tcoffee.crg.cat/apps/
tcoffee/do:regular; [32]) with default settings. All known protein interactions with Rfa1, Rfa2,
or Rfa3 were obtained using BioGRID (http://www.thebiogrid.org; [33,34]). All currently re-
ported phosphorylation sites for Rad24 were obtained using PhosphoGRID (http://www.
phosphogrid.org; [35,36].

Secondary structure predictions for Rad24 were obtained using Jpred3 (http://www.
compbio.dundee.ac.uk/www-jpred/; [37,38]) and COILS (http://embnet.vital it.ch/software/
COILS_form.html; [39]). Briefly, the amino acid sequence for Rad24 (YER173W) was retrieved
from the Saccharomyces Genome Database (SGD; http://www.yeastgenome.org) and used as
the input sequence for Jpred3 and COILS, and the default parameters were used for each pro-
gram. Human Rad17 (NP_002864.1) was retrieved from NCBI and yeast Rad24 and Rfc1
(YOR217W) from SGD. The sequence alignment was displayed using T-COFFEE output in
Clustal format or using ALINE (http://crystal.scb.uwa.edu.au/charlie/software/aline/; [40]).
Structural modeling of Rad24 was performed using Phyre2 [41], HHpred [42], I-TASSER [43],
and Raptor X [44].

Results

Rfa1 protein interactions identified by a yeast two-hybrid screen
A commonmeans for understanding the function of a protein in a pathway or the mechanism of
a protein’s function is to identify the factors with which it associates. This has been done for nu-
merous factors, including yeast RPA, called Replication Factor A (RFA). Examination of known
protein interactors with yeast Rfa1, Rfa2, or Rfa3 via BioGRID (http://www.thebiogrid.org)
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reveals 625 reported interactions, 380 of which are unique to a single subunit, and 59 of which
show interaction with two or more subunits of the RFA complex. These interactors were identi-
fied through global mass spectrometry, two-hybrid analysis, and synthetic genetic screens. Most
have not been further characterized beyond the identification of interaction. A two-hybrid assay
was used to identify RFA-interacting factors and to help gain a consensus on which factors to
further characterize. Bait plasmid constructs in which the lexA DNA binding domain (BD) is
fused to the N-terminus of each RFA subunit (Rfa1, Rfa2, or Rfa3) were generated. Upon exami-
nation of each construct for auto-activation of our reporter gene (LEU2), only the BD-Rfa1 fu-
sion did not activate transcription of the reporter gene on its own. This is not unexpected, as
both human and mouse lexA-BD-Rpa2 and lexA-BD-Rpa3 constructs also show auto-activation
in previous independent studies [6,45]. Because both BD-Rfa2 and BD-Rfa3 showed expression
of the reporter gene and growth on diagnostic media even in the absence of an interacting part-
ner, BD-Rfa1 was chosen to perform a yeast two-hybrid screen for interactors with RFA.

The yeast strain EGY48 containing six lexA operators (6xOlexA) upstream of the LEU2 re-
porter gene was co-transformed with the BD-Rfa1 bait (pGP1), pSH18-34 (a plasmid contain-
ing 8xOlexA-lacZ reporter), and the S. cerevisiae DupLEX-A Yeast Two-Hybrid prey library
(Origene). Transformants were collected, titered, and plated out onto SG-HTUL plates to select
for cells expressing the LEU2 reporter gene (i.e., putative interaction). These colonies were col-
lected and patched onto SD-HTU plates and replica plated to SD-HTUL and SG-HTUL plates
to verify that expression of the LEU2 reporter gene only occurred in the presence of galactose.
Upon retesting, prey plasmids were isolated from 100 independent colonies and sequenced to
reveal each insert. Thirty-one unique interactions were identified initially. Of these, 23 were
novel interactions (S4 Table) and 8 interactions had been previously reported (Table 1) and are
accessible from BioGRID [33,34].

Interestingly, none of the 100 sequenced candidates contained the other RFA subunits, Rfa2
or Rfa3. We generated prey (B42 activation domain; AD) constructs expressing AD-Rfa2 and
AD-Rfa3 fusions. Tests of interactions between BD-Rfa1 and AD-Rfa2 or AD-Rfa3 revealed
no expression of the reporter gene, indicating that these proteins did not interact (Fig. 1A;

Table 1. Proteins identified in two-hybrid screen to interact with Rfa1-FLAB and previously identified to interact with RFA.

Rfa1
Interactor

Times Identified in
Initial Screen

Times Identified in
Damage Screen

lexA Fusion Junction
(aa Residue #)

Previously
Reported

Reported
Interacting Subunit

Assay(s) Useda

Dna2 21 5 122 Yes Rfa1, Rfa2, Rfa3 AC-MS; CoLoc; DR;
PE; RC; SL; 2H

Sgs1 4 2 421 Yes Rfa1 AC-WB; PE; RC; 2H

Ptc1 3 1 185 Yes Rfa2 NG

Mph1 2 867 Yes Rfa1 AC-MS; AC-WB

Rad24 1 12 461 Yes Rfa1 NG

Mcm5 1 108 Yes Rfa1 Co-Loc

Rfa1 1 65 Yes Rfa1, Rfa2, Rfa3 2H; AC-MS; AC-WB;
Co-Pur; RC

Sac6 1 202 Yes Rfa1 AC-MS

Pol32 1 139 Yes Rfa1, Rfa2 NG; PE

a All assays previously used to identify RFA interactors are listed in BioGRID (http://thebiogrid.org).

Assay designations are as follows: AC-MS = Affinity Capture-Mass Spectrometry; AC-WB = Affinity Capture-Western Blotting; Co-Loc = Co-localization;

Co-Pur = Co-purification; DR = Dosage Rescue; NG = Negative Genetic; PE = Phenotypic Enhancement; RC = Reconstituted Complex; SL = Synthetic

Lethality; 2H = Two-Hybrid.

doi:10.1371/journal.pone.0116512.t001
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BD-Rfa1-FLAB (pGP1), see below). Upon resequencing of the BD-Rfa1 construct (and rese-
quencing of the AD-Rfa2 and AD-Rfa3 constructs), it was revealed that the BD-Rfa1 construct
contained a G!A base substitution at base position +1239 of Rfa1, generating a TGG!TAG
nonsense mutation (leading to a truncated Rfa1 protein at tryptophan 413). This position lies
very near the junction between DNA binding domain B (DBD-B) and DNA binding domain
C (DBD-C) of Rfa1. Because the region missing (DBD-C) is normally responsible for RPA het-
erotrimerization, this truncated bait protein does not interact with the endogenous Rfa2 and
Rfa3 subunits, and no functional RFA complex can be formed. In addition, we tested the com-
plementation of this construct using plasmid shuffle and determined that the BD-Rfa1 fusion
protein used for the screen (henceforth, referred to as BD-Rfa1-FLAB) was defective for cellu-
lar function (S1A Fig.). Although interactions identified using BD-Rfa1-FLAB cannot be in the
context of an RFA complex, this tool was useful, because it indicates that an interaction with
Rfa1-FLAB is not mediated through Rfa2 or Rfa3. Furthermore, this construct prevented over-
saturation of our identified prey candidates with Rfa2 or Rfa3, which we have observed using
full-length human BD-Rpa1 in an equivalent two-hybrid screen with an MCF7 cDNA library.

In addition to BD-Rfa1-FLAB, we generated two and acquired one full-length, sequence-
verified BD-Rfa1 for all further characterization of identified BD-Rfa1-FLAB interactors. The

Fig 1. Two-hybrid screen, characterization of bait constructs used, and initial characterization of Rfa1-Rad24 interaction. [A] Interactions with Rfa2
and Rfa3. EGY48 (6xOlexA-LEU2) cells were co-transformed with pGP1 (BD-Rfa1-FLAB) or pSJH101 (BD-Rfa1) and pENM10 (B42-Rfa1), pENM11 (B42-
Rfa2), or pENM12 (B42-Rfa3) and pSH18-34 (8xOlexA-lacZ). Nine independent transformants (three are shown) were subjected to replica plating onto SD-
HTUL, SG-HTUL, YPD, and SG-HTU+X-gal plates. Growth on SG-HTUL and/or blue cells on SG-HTU+X-gal plates indicates interaction between the
subunits. [B] Determining if an interaction is DNA-damage dependent. Colonies that indicated protein interaction with Rfa1 were patched to a SD-HTU plate,
and this master plate was replica plated to SG-HTUL and SG-HTUL+MMS (methyl methanesulfonate), which induced DNA damage. Candidates that
displayed dramatically reduced growth are denoted by white arrows. [C] Initial characterization of the interaction between Rfa1 and Rad24. The prey
plasmids pGP2, encoding a Rad24 peptide (Rad24-ΔN) containing the C-terminal 198 amino acids (residues denoted in parentheses) or pGP3, encoding an
Sgs1 peptide containing central amino acids 421-792 (denoted in parentheses), were co-transformed with pSJH101 (BD-Rfa1) and pSH18-34. Three
independent colonies (two shown) were examined for interaction by measuring growth on SG-HTUL and blue color on SG-HTU+X-gal plates. The colonies
were also examined for growth on SG-HTUL+MMS to indicate a damage-affected interaction. Sgs1 is a known interactor with Rfa1 [8].

doi:10.1371/journal.pone.0116512.g001

Rad24 Interaction with Yeast RPA

PLOSONE | DOI:10.1371/journal.pone.0116512 February 26, 2015 7 / 24



full-length constructs are pPM07 [8], pSJH101, and pENM17 (S2 Table; pENM17 was not fur-
ther utilized for interaction characterization due to very slight auto-activation). These con-
structs were tested for interaction with AD-Rfa2 and AD-Rfa3, and all three showed
interactions with the other RFA subunits (Fig. 1A; S1B Fig.). Additionally, each was tested for
complementation of rfa1Δ. Interestingly, pSJH101 and pENM17 were unable to complement
the genomic deletion of RFA1 (S1A Fig.), despite showing interactions with Rfa2 and Rfa3.
However, the vector pPM07 did complement the deletion, but only in media containing dex-
trose, where expression of BD-Rfa1 is minimal due to leaky expression from the GAL promoter
(S1A Fig.). pPM07 and pSJH101 encode otherwise identical lexA-fusion constructs, whereas
pENM17 encodes for a lexA-fusion where the amino acid immediately upstream of the start
codon is a leucine, instead of a histidine (Table 2). It appears that either constitutive expression
from the ADH1 promoter or overexpression from the GAL promoter is detrimental to BD-
Rfa1 cellular function (i.e., it does not complement rfa1Δ). Additionally, overexpression of BD-
Rfa1 from the GAL promoter prevents cell growth in cells that also express endogenous RFA1
from its native promoter (i.e., dominant negative phenotype; S1A Fig., SG-HTU+X-gal when
pPM07 is used). Therefore, pPM07 could not be used for a two-hybrid screen where growth of
colonies is used to indicate interaction. The phenotypes of each bait construct are summarized
in Table 2.

Abrogated interactions by treatment of cells with DNA damaging agents
The goal of the screen was not only to identify factors that interact with the RFA complex, but
also to determine if these interactions are condition-dependent. In human cells, the RPA com-
plex is post-translationally modified in response to DNA damaging agents, primarily in the
form of hyper-phosphorylation of the N-terminus of Rpa2 on multiple serine/threonine resi-
dues [46,47]. It has been demonstrated that hyper-phosphorylation can lead to differential pro-
tein interaction with RPA [48], presumably to regulate RPA’s function in DNAmetabolism in
unstressed vs. stressed cells. To determine if our interactors displayed differential interactions
with Rfa1 in response to DNA damage, we replicated our candidate patch master plates to
media diagnostic for protein interactions in the absence (SG-HTUL) or presence of the DNA
damaging agent methyl methanesulfonate (MMS). Because most of the interactors already dis-
played moderate-to-strong growth on diagnostic media, we could only confidently identify in-
teractions that were reduced/eliminated, as determined by an inability to grow on diagnostic
media containing MMS. Replica plating revealed that while most candidates retain their inter-
action on MMS-containing media, there were a noticeable number that do not (Fig. 1B). Upon
prey DNA isolation and sequencing of 36 MMS-sensitive interaction candidates, it was identi-
fied that one-third (12/36) contained DNA encoding for the C-terminal 198 amino acids of
Rad24 (Table 1). From the previous 100 randomly-selected candidates, we had only identified

Table 2. Summary of BD-Rfa1 bait constructs.

Rfa2/Rfa3 Interaction

Plasmid
Name

Promoter Genotype aa Adjacent to Rfa1 Start
Codon

Complements rfa1Δ SG-HTUL
Growth

Color on
X-gal

Rad24-ΔN460
Interaction

pGP1 ADH1 rfa1-FLAB leucine No No White Yes

pPM07 GAL RFA1 histidine Yes (when not
induced)

No Dark Blue Yes

pSJH101 ADH1 RFA1 histidine No Yes Light blue Yes

pENM17 ADH1 RFA1 leucine No Yes Blue Yes

doi:10.1371/journal.pone.0116512.t002
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one candidate that encoded for Rad24. Furthermore, six additional candidates were identified,
five of which were novel interactors (Table 1; S4 Table). The physiological relevance of each
novel interactor has not yet been determined.

As the above was performed using originally identified interactors in the context of BD-
Rfa1-FLAB, we tested the Rad24 interaction with a full-length BD-Rfa1 (pSJH101) in the con-
text of unstressed or stressed (i.e., MMS-treated) cells. We also tested a candidate (pGP3) we
had isolated independently from our screen that contained the region of Sgs1 that was charac-
terized to interact with Rfa1 [8]. The C-terminal region of Rad24 identified also interacted with
BD-Rfa1 in the context of an RFA complex, and this interaction was also reduced in the pres-
ence of methyl methanesulfonate (Fig. 1C). This is in contrast to Sgs1, where the interaction is
not obviously negatively affected in the presence of DNA damage. Based on this result, we sug-
gest that the Rfa1 and Rad24 interaction is strongly affected in response to DNA stress.

Identifying the regions of Rfa1 and Rad24 that interact
Although there is previous evidence that RFA and Rad24-RFC interact, this evidence is primar-
ily through the ability of purified recombinant RFA (or human RPA; all three subunits) to load
purified recombinant Rad24-RFC (or human Rad17-RFC; five subunits) onto various DNA
substrates in vitro [15,16,49]. Furthermore, it has been demonstrated that a purified recombi-
nant mutant RFA complex containing rfa1-t11 does not allow for Rad24-RFC loading onto
DNA in vitro [15]. Also, Ddc1 (part of the yeast 9-1-1 complex) does not have the ability to
localize to broken DNA in an rfa1-t11 yeast strain [49]. Since the ability of Ddc1-Rad17-Mec3
to localize to a DNA break is dependent on Rad24-RFC, and the rfa1-t11mutation is localized
to DBD-F of RFA/RPA, it was concluded that the N-terminus of Rfa1 is important to load
Rad24-RFC (and subsequently, Ddc1-Rad17-Mec3) onto DNA. The importance of the Rpa1
N-terminus was also demonstrated using human proteins [17]. This suggests that Rfa1-Rad24-
RFC interact or possibly that RFA/RPA binds the 5’ junction DNA and alters the substrate in a
way that makes it more accessible to Rad24-RFC, although these may not be mutually exclu-
sive. This also does not rule out the possibility that Rad24-RFC interacts with another region of
Rfa1 or with the other RFA subunits. The two-hybrid assay provides a way to help make this
distinction, because the two-hybrid assay is measuring the ability of proteins to interact inde-
pendent of either the context of the DNA substrate (with the obvious exception that the lexA
operator is on double-stranded DNA itself) or the context of the RFA complex. Although inter-
actions with Rfa2 and Rfa3 could not be distinguished due to auto-activation and association
with Rfa1, Rfa1 fragments could be used as bait, allowing for the identification of the region(s)
of Rfa1 important for the interaction (assuming that interaction is not dependent on a particu-
lar DNA substrate).

Hegnauer et al. [8] divided the Rfa1 protein into its individual DNA-binding domains
(DBDs; based on human Rpa1 structural studies) and its intrinsically disordered region (linker)
and cloned these into the bait vector pGAL-lexA (Fig. 2A; schematic for bait constructs). Using
these constructs, we characterized the interaction region of Rfa1 with the Rad24 fragment we
isolated from our screen by liquid beta-galactosidase assays. In addition to BD-Rfa1-FLAB in-
teracting with the Rad24 C-terminus (S1 Fig.), full-length BD-Rfa1 (pPM07) also showed obvi-
ous beta-galactosidase activity when co-expressed with the Rad24 C-terminus (pGP2; Fig. 2A).
Of the partitioned Rfa1 constructs, only Rfa1 protein fragments containing DBD-F (i.e., BD-
Rfa1-DBD-F or BD-Rfa1-DBD-F+linker) showed beta-galactosidase activity (Fig. 2A). This is
consistent with the previous observations that the Rfa1 N-terminus is necessary to load Rad24-
RFC [15,49], but also provides evidence that Rfa1 can interact with Rad24 independent of
single-stranded or junction DNA binding. This also indicated that other regions of Rfa1 do not
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Fig 2. Mapping the regions important for the Rfa1-Rad24 interaction. [A] Rad24 interacts with the N-
terminus of Rfa1. Rfa1 was divided into its major subdomains (DNA binding domains F, A, B, and C and/or
the unstructured linker region between DBD-F and DBD-A) and expressed from a galactose-inducible
promoter. The pGAL-lexA derivative bait plasmids were co-transformed into EGY188 (2xOlexA-LEU2) with
pGP2 (AD-Rad24-ΔN) and pSH18-34. Liquid β-galactosidase assays were performed in at least three
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play a significant role in the interaction. Because this interaction was identified outside of the
context of an RFA complex, it also indicates that the association with DBD-F and does not re-
quire the other RFA subunits (although they might affect the strength of interaction). Although
this interaction may be direct, bridging through proteins that interact with DBD-F cannot be
ruled out by this assay.

By virtue of identifying Rad24 through a yeast two-hybrid genomic library, we already limit-
ed the interaction to the C-terminal 198 amino acids (aa 461-659) of Rad24. However, this
does not preclude other regions of this protein from being important for interaction with Rfa1.
To determine this, we cloned the full-length RAD24 gene, as well as a rad24 gene fragment that
encoded for the first 460 aa (rad24-ΔC) into prey vectors (Fig. 2B). Beta-galactosidase activity
was observed for BD-Rfa1 and the full-length AD-Rad24 or AD-Rad24-ΔN construct originally
isolated, but not the AD-Rad24-ΔC protein fragment containing the N-terminal 460 aa of
Rad24 (Fig. 2B). Therefore, we conclude that interacting region lies specifically within the
C-terminal 198 aa of Rad24.

The RFA-Rad24 interaction is affected by the context of the N-terminus
of Rfa1, but not Rfa2
Given that the Rad24 C-terminus interacts with the Rfa1 N-terminus, and that in vitro, rfa1-
t11 prevents association of Rad24-RFC with a DNA substrate representing damaged DNA, we
predicted that the rfa1-t11mutation should abrogate interaction between Rfa1 and Rad24. To
test this, we generated BD-Rfa1-t11 (pENM21) and examined interaction with the C-terminus
of Rad24 (Fig. 2C). Two observations were made. First, cells display a slight growth defect
(Fig. 2C; SG-HTU), but only in the context of cells that express both BD-Rfa1-t11 and AD-
Rad24-ΔN. This also shows as less growth on SG-HTUL and SG-HTU+X-gal. The second ob-
servation was that readily observable growth occurred on SG-HTUL and cells were still very
light blue on SG-HTU+X-gal. To verify that β-galactosidase activity was indeed observable for
cells expressing BD-Rfa1-t11 and AD-Rad24-ΔN, a quantitative liquid assay was performed.
Fig. 2D demonstrates that the interaction is reduced, but still detectable between Rfa1-t11 and
the Rad24 C-terminus. Again, this reduced interaction is consistent with the observed lack of
loading of Rad24-RFC by RFA containing the Rfa1-t11 subunit [15,16]

independent experiments using at least three independent transformants for each. β-galactosidase activity
was normalized relative to the activity measured for the interaction between BD-Rfa1 (pPM07) and AD-
Rad24-ΔN (pGP2). Empty bait or prey vectors were used as controls to ensure that BD-Rfa1 and AD-Rad24-
ΔN did not display auto-activation. Standard error bars are shown. [B] Rfa1 interacts with the C-terminus of
Rad24. Full-length AD-Rad24 and the N-terminal region (Rad24-ΔC; containing aa 1–460) not identified in
the screen were examined to determine if the interaction is exclusively with the C-terminus of Rad24. The
plasmids pGP17 (AD-Rad24), pGP18 (AD-Rad24-ΔC), or pGP2 (AD-Rad24-ΔN) were co-transformed with
pPM07 (BD-Rfa1) and pSH18-34. β-galactosidase assays were performed and activity measured as in [A].
Again, values are normalized to the interaction between BD-Rfa1 and AD-Rad24-ΔN. [C] Examination of the
Rfa1-t11 and Rad24 interaction. EGY48 cells were co-transformed with pSH18–34, pSJH101 (BD-Rfa1) or
pENM21 (BD-Rfa1-t11), and pGP2 or pJG4–5 (empty prey vector). Nine independent transformants (three
shown) were examined by replica plating on media diagnostic for interactions as in Fig. 1C. [D] Quantitation
of the Rfa1-t11 and Rad24 interaction. The cells examined in [C] were also examined via a liquid
β-galactosidase assay as described in [A], except that four independent transformants were examined in one
experiment. Again, values were normalized relative to the activity measured for the interaction between BD-
Rfa1 (pPM07) and AD-Rad24-ΔN (pGP2). [E] Examining whether the state of the Rfa2 N-terminus affects the
Rfa1-Rad24 interaction. The endogenous RFA2 in EGY48 was replaced with N-terminal rfa2mutations. rfa2-
Dx and rfa2-Ax represent mutation of all serines/threonines contained within the first 34 amino acids of Rfa2 to
aspartic acids or alanines, respectively, to mimic or prevent phosphorylation of the Rfa2 N-terminus.
Phenotypes of these mutants in other strain backgrounds are described elsewhere [58] and are shown in
S2 Fig. for the EGY48 background. Co-transformations into rfa2mutant strains were performed as
designated, and interactions were assessed via replica plating. Three independent colonies are shown
for each.

doi:10.1371/journal.pone.0116512.g002
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Originally, we had wished to identify RFA interactors and determine if they were dependent
on the state of the Rfa2 N-terminus. As the phospho-state of the human Rpa2 N-terminus ap-
pears to coordinate protein interactions with the human RPA complex, we predicted that the ap-
parent “phospho-state” of the yeast Rfa2 N-terminus might also regulate yeast RFA interactions
in response to DNA damage. Because all Rfa2 bait constructs auto-activate the reporter gene, a
different approach was used. The native RFA2 gene in EGY48 cells was replaced with one of two
mutant forms of rfa2, making each mutant form the only form of Rfa2 protein expressed in the
cell. These mutant forms have all of the serine/threonine residues in the N-terminus of Rfa2 mu-
tated to aspartic acids (rfa2-Dx) to mimic hyper-phosphorylation or alanines (rfa2-Ax) to prevent
phosphorylation. The phenotypes of these two mutant forms of rfa2 are as follows: rfa2-Dx dis-
plays sensitivity to DNA damaging agents, whereas rfa2-Ax cells are resistant to DNA damage
similar to WT RFA2 cells (S2 Fig.). Interactions were then assessed in these strains to determine
if the N-terminus might play a role in regulating the Rfa1-Rad24 interaction. There was no dis-
cernible lack of growth observed on SG-HTUL (Fig. 2E), regardless of the RFA2 strain back-
ground in which the interaction was examined. This would indicate that the state of the Rfa2
N-terminus does not play an obvious role in regulating the Rfa1-Rad24 interaction in yeast cells.

Putative phosphorylation of the Rad24 C-terminus is not regulating the
Rfa1-Rad24 interaction
It is clear that treatment of cells with DNA damaging agents leads to disruption of the Rfa1-
Rad24 two-hybrid interaction. However, this disruption is not easily explained by the potential
post-translational modification of the Rfa2 N-terminus, based on the observation that the Rfa2
N-terminus phospho-mimetic mutant (rfa2-Dx) has little effect on the Rfa1-Rad24 interaction in
the context of an RFA complex (Fig. 2E). A plausible explanation is that Rad24 (specifically the
C-terminus), not Rfa2, is post-translationally modified in response to DNA damage, resulting in
the observed disruption of interaction with Rfa1. Because post-translational modification, partic-
ularly phosphorylation, of Rad24 is not well characterized, and phosphorylation of this region in
human Rad17 occurs in response to DNA damage [50,51], we utilized PhosphoGRID (http://
www.phosphogrid.org) to identify putative phosphorylation sites of Rad24 (Fig. 3A). This search
revealed three sites that were identified through global mass spectrometry screens. These sites
were serines located at amino acid positions 650, 652, and 654 of the 659 aa protein [52,53]. We
also examined the importance of another serine located at amino acid position 637, as this is an
SQmotif that is in a similar position to one of two SQmotifs (S635 and S645) in human Rad17
that have been demonstrated to be phosphorylated in response to DNA damage (Fig. 3A) [51].
Rad17 phosphorylation in vitro also requires that it is in the context of Rad17-RFC, and that
ssDNA, human RPA, TopBP1, and ATR are present [17]. An alanine/aspartic acid mutagenesis
approach was used to determine the importance of these serines for protein interaction with
Rfa1. Fig. 3B reveals that β-galactosidase activity was not significantly altered, regardless of
whether the Rad24 C-terminal fragment was mutated to phosphorylation mimetic (aspartic
acid) forms or non-phosphorylatable (alanine) forms, indicating that none of these mutations
led to significant disruption of interaction in the absence of DNA damage. This would indicate
that post-translational modification of these residues is not accounting for the observed reduc-
tion in interaction between Rfa1 and Rad24 in DNA-damaged cells.

Examining the role of a predicted coiled region and “conserved” RPA
interaction motif for Rfa1-Rad24 interaction
The yeast two-hybrid screen allowed us to not only isolate candidates, known and novel, that
interact with Rfa1, but also to narrow down the interaction to a specific region of the protein
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due to the fact that the genomic library did not contain whole genes, but gene fragments. As
mentioned previously, the Rfa1-Rad24 interaction was narrowed down to the C-terminal
198 amino acids. Since there is no known structure for Rad24, we arbitrarily divided this
C-terminal region into three subregions (~66 aa) to narrow this region further (Fig. 3C). We
constructed a set of gene deletions that removed each of the three subregions individually.
These deletion constructs were then examined for their ability to interact with Rfa1 by two-
hybrid analysis. It was determined that deleting the first third (aa 461-527; Rad24-ΔC1) did not
disrupt the interaction (Fig. 3C). However, deletion of either aa 528-594 (Rad24-ΔC2) or aa
595-659 (Rad24-ΔC3) resulted in disruption of the interaction as observed by a reduction in
beta-galactosidase activity (Fig. 3C; white patches on SG-HTU+X-gal). Furthermore, less
growth is observed for BD-Rad24-ΔC3 on SG-HTUL, indicating stronger disruption of the

Fig 3. Determining the region of the Rad24 C-terminus required for Rfa1-Rad24 interaction. [A] T-COFFEE alignment of the C-termini of yeast Rad24
and the human homolog Rad17. Residues (S635 and S645) known to be phosphorylated [51] in human Rad17 (HsRad17) and their corresponding SQmotifs
are highlighted. Residues (S650, S652, and S654) that have been reported by mass spectrometry to be phospho-targets [52,53] are highlighted for Rad24. In
addition, a putative phosphorylation site (S637) is also denoted for Rad24 by highlighting the SQmotif. Asterisks indicate sequence identity, colons and
periods indicate strongly and weakly similar residues, respectively. Rad24 contains an additional 70 aa region, which is denoted. [B] Phospho-mutant forms
of the Rad24 C-terminus do not affect interaction. Interactions between Rfa1 and the C-terminal peptide of Rad24 containing mutations of putative
phosphorylation sites were measured by liquid β-galactosidase assays. Values were normalized as in Fig. 2A. The mutant form of the Rad24 C-terminus is
shown above each schematic. [C] Mapping the Rfa1 interaction region on Rad24. The C-terminus was divided into three subregions (~66 aa per subregion),
and each subregion was deleted (ΔC1, ΔC2, ΔC3). Interaction with each subregion deletion peptide was examined by replica plating as described in Fig. 1A.
[D] Secondary structure prediction of the Rad24 C-terminus. Jpred3 and COILS reveal a high probability for the formation of a coiled structure that overlaps
subregions 2 and 3. The graph represents the COILS output file, and the red shading is the region predicted by Jpred3 to contain a coiled domain. Vertical
red dashed lines denote the boundaries of the three subregions.

doi:10.1371/journal.pone.0116512.g003
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interaction. This implies that either the interaction region overlaps both missing regions, or
that deleting one subregion disrupts structure of the adjacent subregion. The interaction was
affected similarly whether or not Rfa1 was in the context of a complete RFA complex (see
Rfa1-FLAB; S3 Fig.).

To determine if there is any potential structure in these subregions, we utilized two second-
ary structure prediction programs. The program Jpred3 (http://www.compbio.dundee.ac.uk/
www-jpred/) predicted that the C-terminal region of Rad24 contains a coil from aa 581-601.
The program Coils (http://embnet.vital it.ch/software/COILS_form.html) corroborated this
prediction by also predicting a coil in the region of aa 568-604 (Fig. 3D). This predicted coil
overlaps the subregions deleted above that resulted in reduced protein interaction. We also uti-
lized these programs to examine human Rad17, the homolog of yeast Rad24. However, human
Rad17 does not contain an obvious coil domain in the C-terminal region, and the predicted
coil of Rad24 is located in the least conserved region between the two proteins, specifically
within the ~70 additional amino acids found only in the yeast Rad24 C-terminus (Fig. 3A).

Examination of a putative Rfa1 N-terminal interaction motif found in the
predicted coil of Rad24
Sequences or peptides that interact with DBD-F of Rpa1 were compared by Patrick and Oakley
[1,54], and a putative consensus motif that is important for proteins to interact with the Rpa1
N-terminus was proposed. Using the sites of interaction for p53, ATRIP, Mre11, and Rad9, the
proposed consensus amino acid sequence was DD(L/I)(E/D/M) [1,54], where the first two neg-
atively charged residues appear to be most important. This sequence motif was then used to
predict sites of other known RPA interactors that might be important for the interaction. One
of these predicted sites was located from amino acids 8-20 (the N-terminus) of human Rad17
(isoform 1), with aa 13-16 containing the sequence DDFL [1] (Fig. 4A). Secondary structural
predictions have already shown that this is not a region where a coil is predicted for either the
yeast or human protein. Also, this region is located in the N-terminus of Rad17, and although
we cannot rule out that this region is important for interaction with human RPA with these
studies, we can definitively say that our identified interaction lies in the C-terminal region of
Rad24 (Figs. 2B, 3B, and 3C).

Interestingly, Rad24 does contain a motif that looks similar to that reported among proteins
that interact with the Rpa1 N-terminus. This motif is DDLE, and is located at aa 593-596,
which overlaps the junction between the two subregion deletions that show disrupted interac-
tions (Fig. 4A). To assess if this is the site of interaction, we generated amino acid substitution
mutants where two adjacent negatively charged amino acids were mutated to alanines either at
this site (593,594DD!AA) or at a nearby region (598,599EE!AA), both of which lie in the
predicted coil. Examination of these mutants revealed no apparent disruption of interaction
(growth of SG-HTUL and light blue color on SG-HTU+X-gal) compared to the unaltered
Rad24 C-terminal fragment (Fig. 4B).

It is possible that structure of the coil is what is important. To assess this, the predicted coil
region was deleted (Rad24-Δcoil) and interaction with BD-Rfa1 was measured. Replica plating
demonstrated reduced β-galactosidase activity (white on the SG-HTU+X-gal plate); however,
growth still occurred on the SG-HTUL plate (Fig. 4C). This indicated a reduced, but not
completely disrupted interaction. However, this reduced interaction is similar to that observed
for Rfa1-t11 or Rad24-ΔC2 constructs.

Given that interactions between Rfa1 and the Rad24 C-terminus are reduced when subre-
gion 2 (ΔC2), subregion 3 (ΔC3), or the predicted coil region (Δcoil) are deleted, it was impor-
tant to address whether these mutations resulted in physiologically-significant phenotypes,
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particularly in response to DNA damage. To do this, these mutations were introduced into a
RAD24 gene expressed from its native promoter on a low-copy centromeric vector. The full-
length RAD24-expressing vector complements the rad24Δ defect when cells are exposed to
camptothecin (CPT) or ultraviolet (UV) radiation (Fig. 4D; row 3 compared to row 2).

Fig 4. Examination of a putative interaction motif and the predicted coiled region of Rad24 and their role in the Rfa1-Rad24 interaction and cellular
response to DNA damage. [A] Sequence display of Rad24 C-terminal region and the residues predicted to form a coiled structure. Jpred3 prediction
probabilities are denoted below each residue, where the single digit represents the probability on a scale of 0-10 (e.g., 9 = 90%), rounded to the nearest digit.
Probability approaching 100% is denoted by an asterisk. COILS examined the region in windows of 14, 21, and 28 amino acid residues (denoted for each).
The denoted coil (C) from Jpred3 was predicted using Lupas [39] and was only predicted for a window of 21 aa. The predicted coil region is denoted by black
highlighting. Junction represents the region that was deleted in ΔC2 (2) or ΔC3 (3). Above the amino acid sequence for Rad24 are “interaction motifs”
predicted by Oakley and Patrick based on known interaction regions for these human proteins and human Rpa1 [1]. [B] Mutation of a predicted Rfa1
interaction motif does not disrupt interaction. The aspartic acid residues (D593 and D594) in the motif DDLE were mutated to alanines in the Rad24 C-
terminal peptide, and interaction with Rfa1 was assessed via two-hybrid analysis as in Fig. 1C. Also examined was a mutant form where two glutamic acid
residues (E598 and E599) in the predicted coil were mutated to alanines. Both mutant forms display growth on SG-HTUL and blue color on SG-HTU+X-gal
that is as robust as the Rfa1-Rad24-ΔN interaction. [C] Deletion of the coil partially disrupts interaction. The predicted coil region was deleted and interaction
between Rfa1 and the Rad24 C-terminus was assessed by replica plating as in [B]. Blue color on SG-HTU+X-gal is reduced compared to that for Rfa1-
Rad24-ΔN. [D] Physiological consequences of deleting or mutating the Rad24 C-terminal region. DNA damage spot assays were performed, and the entire
range of testing is shown in S4 and S5 Figs. rad24Δ cells (denoted vertically on left) containing an empty vector (EV) are sensitive to camptothecin (CPT) and
ultraviolet radiation (UV). This can be complemented by a plasmid expressing the wild-type RAD24 gene from its endogenous promoter. The following
mutations were made in this plasmid and examined for sensitivity to CPT or HU: DD!RR = charge reversal mutant for D593 and D594; Δcoil = deletion of
amino acids (aa) 575–601 containing the predicted coil; ΔC2 or ΔC3 = deletions of aa 528–594 or 595–659, respectively. WT denotes an isogenic strain
containing the wild-type copy of RAD24 in the chromosome.

doi:10.1371/journal.pone.0116512.g004
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Deletions of amino acids (aa) 528–594 (rad24-ΔC2) or 595–659 (rad24-ΔC3) do not have a
negative effect on Rad24 physiological function. It was shown in Fig. 4B that a mutation of as-
partic acids in the predicted interaction motif to alanines at aa 593 and 594 of Rad24 did not
disrupt interaction with Rfa1. To examine whether or not these residues might have a physio-
logical role in Rad24 function, they were mutated to arginines (rad24-DD!RR; charge rever-
sal) instead of alanines; however, Rad24 function was not compromised when cells contain this
mutation (Fig. 4D and S5 Fig.). Finally, a rad24mutant encoding Rad24 with a deletion of aa
575–601 (rad24-Δcoil) showed a damage-sensitive phenotype indistinguishable from that of
rad24Δ cells (Fig. 4D and S5 Fig.). Taken together, these data suggest that although Rfa1-
Rad24 interaction is disrupted when the Rad24 C-terminus is deleted, there is not a significant
physiological effect in the DNA damage response. It also appears that deleting the predicted
coil region has a different effect than deleting subregion 2 or subregion 3. We cannot rule out
that the deletion of the putative coil region may have significant effects on Rad24 protein struc-
ture; however, we can say that deletions of 66 aa (subregion 2 or 3) in the C-terminus have little
effect on Rad24 function in response to DNA damage.

Discussion

The Rfa1-Rad24 interaction appears to be independent of interaction
with Rfa2-3 or Rfc2-5
It is clear that RPA is necessary for Rad24-RFC recruitment, and our studies suggest a number
of features of this recruitment. First, the interaction between Rfa1 and Rad24 is likely either a
direct one, or at least does not require any of the other RFA or RFC subunits. This conclusion
is based on the observation that the Rad24-Rfa1 interaction occurred in the absence of Rfa2,
Rfa3, Rfc2, Rfc3, Rfc4, and Rfc5, as the original identification was identified between BD-Rfa1-
FLAB and AD-Rad24 that only contained the C-terminal 198 amino acid residues. Further-
more, BD-Rfa1-DBD-F can also interact with the Rad24 C-terminal peptide. BD-Rfa1-FLAB
does not interact with Rfa2 or Rfa3 (S1A Fig.), and we predict that neither does BD-Rfa1-
DBD-F based on previous work [55,56].

The region of Rad24 necessary for interaction mapped to the C-terminal 132 residues
(aa 528-659). Based on a sequence alignment between Rad24 and Rfc1 (Fig. 5A), the Rad24
C-terminus is a good candidate for a regulatory region as it lies outside of the region identified
as necessary for Rfc1 crystallization with Rfc2-5 as an RFC complex [57]. This would seem to
preclude an interaction with another RFC subunit as necessary for the interaction between
Rfa1 N-terminus and the Rad24 C-terminus to occur. This does not preclude other RFC sub-
units from contributing to the stability of an RFA-Rad24-RFC interaction, as a previous study
has demonstrated genetic and physical interactions between Rfa1 and Rfc4 [18]. These data
merely suggest that interaction of Rfa1-Rad24 does not require Rfc4 (or other RFC subunits).

The Rfa1-Rad24 interaction occurs in undamaged cells, is not DNA
context dependent, and is disrupted upon DNA damage induction
Rad24-RFC is a clamp loader required to load the damage clamp Ddc1-Rad17-Mec3 onto
damaged DNA templates and requires functional RFA for loading [15,16,49]. Therefore, it is of
note that the Rfa1-Rad24 interaction observed occurs in unstressed cells, and that the interac-
tion does not appear to be DNA context-dependent. This would imply that Rad24-RFC present
in mitotically-growing cells potentially could be associated with a population of RFA prior to
association with DNA, and that RFA might load Rad24-RFC as it binds to damaged DNA tem-
plates. This remains an open question, as previous demonstrations of damage clamp loader
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Fig 5. Sequence alignment and structural modeling support an Rfa1 interaction with Rad24-RFC that does not require Rfc2–5. [A] Consensus-
based analysis of the Rad24 and Rfc1 protein sequence alignment and secondary structure predictions. Sequence alignment of Rad24 and Rfc1 from
Saccharomyces cerevisiaewas determined by T-COFEE [32]. The sequence alignment was edited using ALINE [40]. Sequence conservation is indicated as
follows: green for invariant residues, blue for moderately conserved residues, and purple for weakly conserved residues. The NTP-binding motif [60] is
outlined in black. The Rfa1-Rad24 interacting region (Rad24 aa 528–659) is outlined in blue. Secondary structure predictions were made using the online
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(yeast Rad24-RFC or human Rad17-RFC) loading always involved pre-incubation of DNA
templates with RFA (or human RPA) before addition of Rad24-RFC (or human Rad17-RFC)
onto a ssDNA-dsDNA junction [15,17].

One feature that was readily apparent with the Rfa1-Rad24 interaction was upon induction
of DNA damage, the interaction, as measured by yeast two-hybrid assay was abrogated. This
strongly indicates that the interaction is dependent on the DNA damage state of the cell. We
propose three possibilities to explain this phenomenon. One possibility is that once Rad24-
RFC is loaded onto the damaged template, the interaction between Rfa1 and Rad24 must be
abolished to facilitate downstream loading of Ddc1-Rad17-Mec3 and/or release of RFA from
the substrate in order for the substrate to be processed properly. Thus far, in vitro studies have
only investigated the loading of the clamp loader and damage clamp. This is supported by a
structural modeling of Rad24-RFC (Fig. 5B), in which the Rad24 C-terminus appears to extend
towards the interface of RFC that would normally interact with PCNA [57]. If this same inter-
face is necessary for Ddc1-Rad17-Mec3 loading, then continued RFA interaction might steri-
cally inhibit its loading. Since RFA would be interacting with the ssDNA at or near the
junction, this would potentially necessitate RFA removal (or at least Rad24-RFC sliding, re-
quiring release from RFA) before Ddc1-Rad17-Mec3 could be loaded. A second, and not
mutually-exclusive, possibility is a handoff mechanism in which upon DNA damage and load-
ing of Rad24-RFC, Rad24 interaction with the N-terminus of RFA is actively replaced by yeast
Ddc1 (human Rad9) of the damage clamp. Support for this possibility lies in the similarity in
amino acid sequence of putative interaction motifs proposed for human Rad9 and yeast Rad24.
In fact, it has been suggested that a number of factors required for the DNA damage response
interact with the Rfa1 N-terminus, and that these interactions may occur through similar mo-
tifs (e.g., DDLE) and at similar locations with Rfa1 (e.g., basic cleft of DBD-F in the Rpa1
N-terminus). It is difficult to imagine how these factors could simultaneously interact due to
steric hindrance, unless Rfa1 uses a “catch and release”mechanism to coordinate association
with these factors. This would most likely require post-translational modification of RFA and/
or the associating factor. We have demonstrated that mimicking post-translational modifica-
tion of the Rfa2 N-terminus or Rad24 C-terminus does not have an apparent effect on Rfa1-
Rad24 interaction; however, it has been shown in vitro that a human Rpa2 phospho-mimetic is
less efficient at loading Rad17-RFC and displays a decrease in phosphorylation of Rad17 by
ATR [17]. As this assay is performed in yeast cells exposed to a DNA damaging agent, it is pos-
sible that other factors might be regulating the Rfa1-Rad24 interaction. A third possibility is
that upon DNA damage, the Rfa1 and AD-Rad24 interaction actually gets stronger. In this al-
ternative scenario, AD-Rad24 is recruited away from the lexA operator sequence and onto the
damaged DNA substrate bound by either BD-Rfa1 or endogenous Rfa1, resulting in a reduc-
tion in reporter gene expression and the appearance of a disrupted interaction. Finally, we can-
not rule out that the Rad24 C-terminal fragment might have reduced stability when cells are

server PSIPred [61,62]. Alpha helical regions are indicated by red cylinders; beta strands are displayed using yellow arrows. The secondary structure
prediction is displayed above and below the sequences for Rad24 and Rfc1, respectively. Black cylinders indicate sequences likely to adopt a coiled-coil
conformation, as predicted by COILS/PCOILS [39,63] with residues of coiled-coil score distribution probabilities>50%. [B] Overview of the RFC complex
incorporating a predicted Rad24 structure. A side-view of the crystal structure of the RFC complex (PDB ID: 1SXJ; left half) reveals a truncated Rfc1 protein
in red (aa 295–785 of 861) in complex with Rfc5 (cyan), Rfc2 (yellow), Rfc3 (blue), Rfc4 (green), and ATP derivatives (not displayed) [57]. Structure
predictions for Rad24 by Phyre2 [41], HHpred [42], I-TASSER [43], and RaptorX [44] each identified the core Rfc1 structure as a conserved structural motif
shared by Rad24 (RaptorX: P-value score for this domain = 3.31e-07, where less than 10e-03 is considered a good model for mostly alpha helical proteins).
Raptor X also modeled a C-terminal coiled-coil region in Rad24, corresponding to residues 473–652 (RaptorX: P-value score = 1.00e-02, indicating a
moderate model). Although this region is greater than 35 residues, the estimated maximum length of a standard coiled-coil, this region overlaps with the
PCOIL prediction (aa 572–601). When modeled in place of Rfc1 (red), the C-terminal region (denoted as Rfa1-Interacting Region) of Rad24 (magenta) lies
outside of the 1SXJ crystal structure (right half). The sides representing the PCNA interface [57] and the predicted Ddc1-Rad17-Mec3 interface are denoted.

doi:10.1371/journal.pone.0116512.g005

Rad24 Interaction with Yeast RPA

PLOSONE | DOI:10.1371/journal.pone.0116512 February 26, 2015 18 / 24



treated with MMS. These possibilities cannot be distinguished easily using the two-
hybrid assay.

Interaction with Rad24 and loading of Rad24-RFCmay be separable
functions of RFA
One observation was that a form of Rfa1 protein that contained a charge-reversal mutation
(K45E; Rfa1-t11) still interacted with the Rad24 C-terminus, at least above background. This
was supported by the appearance of growth on SG-HTUL plates, a very faint blue color ob-
served on SG-HTU+X-gal plates, and by quantitative β-galactosidase measurement. Our data
are consistent with deficient loading Rad24-RFC onto a damaged DNA template by Rfa1-ΔN
(DBD-F removal) being due to lack of interaction with Rad24-RFC [15]. However, given that
Rfa1-t11 shows interaction with Rad24, we propose that the lack of Rad24-RFC loading by
Rfa1-t11 could also be explained by either reduction of interaction with another RFC subunit
(Rfc4; [18]) or an inability of Rfa1-t11 to recognize and/or interact with the damaged DNA
template properly. It is clear that yeast RFA (or human RPA) containing the t11 or ΔNmuta-
tion bind these templates; it is not clear that they are bound in the exact same fashion as WT
RFA. We acknowledge this is quite difficult to determine; however, it should not be dismissed
as a possibility. It also does remain possible that the interaction between Rfa1-t11 and Rad24
might be below the threshold necessary to load Rad24-RFC.

Is there an interaction motif for proteins that interact with DBD-F?
The fact that the few proteins where interaction has actually been mapped to a specific region
or specific amino acids contain a sequence that might be important for electrostatic interaction
with the basic cleft of DBD-F is promising for easier identification of an interaction motif in
other proteins. Oakley and Patrick indicated this by making the prediction for where this inter-
action region is located for a few other RPA interactors, even indicating where this sequence
might be located in a phosphorylated Rpa2 (EpSYG, where pS is phosphorylated serine at
amino acid position 8), although it has not yet been tested if phosphorylation of serine 8 in
Rpa2 is the residue that is directly responsible for disrupting known protein interactions [48]
through steric inhibition. Mutation of the putative consensus and deletion of the predicted coil
region of the Rad24 C-terminus suggest that the coil might have some importance, but does
not support DDLE as the short consensus Rfa1 DBD-F binding motif, at least for Rad24. How-
ever, the C-terminus of Rad24 appears to be acidic (33/128 aspartic and glutamic acid residues
vs. 13/128 lysine and arginine residues). This might explain why the Rad24 C-terminus inter-
acts with DBD-F of Rfa1 (perhaps through its basic cleft, similar to other DBD-F interactors).
However, it does not explain why this domain does not interact with DBD-A, DBD-B, or
DBD-C, all of which have basic cleft regions. This would suggest that there is an additional
structural feature or sequence necessary for interaction with DBD-F specifically.

The loading of Rad24-RFCmediated through Rfa1 may also be
mediated through the other RFC/RFA proteins
Although four mutations (rfa1-t11, rad24-Δcoil, rad24-ΔC2, and rad24-ΔC3) examined in this
study appear to dramatically reduce Rfa1-Rad24 interaction, two of these have no observable
damage-sensitivity phenotype. rad24-ΔC2 and rad24-ΔC3 (which appeared to have the greatest
reduction in interaction) mutant cells are indistinguishable fromWT RAD24 cells when treated
with multiple DNA damaging agents. Also, rad24-Δcoilmutant cells display observable sensi-
tivities to camptothecin (CPT) or ultraviolet (UV) light, similar to rad24Δcells, whereas
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rfa1-t11 cells display sensitivities to CPT and UV that are more severe [58]. Therefore, we can-
not definitively correlate the reduction of interaction between Rfa1-Rad24 with the damage-
sensitivity phenotypes observed and presumably loading of Rad24-RFC. We propose that the
interaction between the Rfa1 N-terminus and the Rad24 C-terminus may not be the exclusive
driving force for Rad24-RFC loading. Rather, other RFC (and potentially other RFA) subunits
are likely involved. Evidence supporting this lies in the interaction identified between the Rfa1
N-terminus and Rfc4, which is also disrupted by Rfa1-t11 (and other mutations that lie in the
Rfa1 N-terminus) [18]. Also supporting this is the apparent ability for Rad24-RFC to function
when the Rfa1-Rad24 interaction should be disrupted. Since RFA is absolutely necessary for
loading Rad24-RFC, one must presume that Rad24 and/or other RFC subunits still can interact
with Rfa2, Rfa3, or other regions of Rfa1 to facilitate loading in the absence of the identified
Rfa1-Rad24 interaction; otherwise, a damage-sensitive phenotype should have been observed
for rad24-ΔC2 or rad24-ΔC3 cells.

Using a combination of yeast two-hybrid analysis and mutagenesis, we determined that the
Rfa1-interacting region of Rad24 is in the C-terminus. This screen also identified other previ-
ously characterized interactors (e.g., Sgs1 [8]; Mph1 [59]; Dna2 [9]), including their region of
interaction. These interactors have also been indicated to require the Rfa1 N-terminus for in-
teraction. The fact that these interactions all happen at the N-terminus of Rfa1 indicates one of
two possibilities: the interactions are either temporally distinct or observed as part of a mega-
complex of proteins in which one or a few interact with DBD-F. The fact that the two-hybrid
constructs we used and identified for Rfa1 and Rad24 lacked regions important for interactions
with Rfa2-Rfa3 and Rfc2-5, respectively, also lends support to a more direct interaction. Once
more interactors have been carefully examined and mapped to the N-terminus of Rfa1, it will
be important to determine whether interactions are sequential (temporal) or spatial, what addi-
tional factors are necessary, and the condition-specificity for interactions.

Supporting Information
S1 Fig. Characterization of additional bait constructs examined. [A] Complementation
analysis of Rfa1 bait constructs. RMY122-A (rfa1Δ::TRP1 rfa2Δ::TRP1) cells were co-
transformed with one of the bait plasmids (Table 2) and pAW07 (RFA2). Plasmid shuffle was
used to determine if cells could lose pJM132 (RFA1 and RFA2) and grow on 5-FOA-containing
media. SD-HLU = growth control. Lack of growth on SD+5-FOA indicates lack of viability and
lack of RFA function. A negative (-) control is shown that contains another truncated BD-
Rfa1, and Rfa1-BD represents Rfa1 containing a C-terminal lexA tag (despite partial comple-
mentation of rfa1Δ, this construct does not display interaction with AD-Rfa2 or AD-Rfa3 and
was not used further). Expression of all bait proteins is driven by the ADH1 promoter, except
for pPM07 (driven by GAL1 promoter; expression is leaky on SD+5-FOA).[B] Interactions
with Rfa2 and Rfa3. EGY48 (6xOlexA-LEU2) cells were co-transformed with pPM07 (BD-Rfa1)
or pENM17 (BD-Rfa1) and pENM10 (B42-Rfa1), pENM11 (B42-Rfa2), or pENM12 (B42-
Rfa3) and pSH18-34 (8xOlexA-lacZ). Nine independent transformants (three are shown) were
assayed as described in Fig. 1A.[C] Characterization of the interaction between Rfa1-FLAB and
Rad24 or Sgs1. The prey plasmids pGP2, encoding a Rad24 peptide (Rad24-ΔN) containing
the C-terminal 198 amino acids (residues denoted in parentheses) or pGP3, encoding an Sgs1
peptide containing central amino acids 421-792 (denoted in parentheses), were co-transformed
with pGP1 (BD-Rfa1-FLAB) and pSH18-34. Three independent colonies (two shown) were ex-
amined as described in Fig. 1C.
(TIF)
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S2 Fig. DNA damage phenotypes of rfa2 N-terminal phospho-mimetic and non-phosphor-
ylatable mutants. EGY48 derivatives containing an RFA2 gene where all 10 serines/threonines
within the first 34 aa were mutated to aspartic acids (rfa2-Dx; mimic phosphorylated state) or
alanines (rfa2-Ax; prevent phosphorylation). Cellular resistance to DNA damaging agents was
examined by spotting serial dilutions of cells onto media containing DNA damaging agents.
Although reported elsewhere for the RMY122-A and JKM179 strain backgrounds [58], these
mutations display the same phenotypes in the EGY48 background: rfa2-Dx displays damage-
sensitivity and rfa2-Ax displays damage-resistance.
(TIF)

S3 Fig. Mapping the Rfa1-FLAB interaction region on Rad24. Assay was performed as in
Fig. 3C, except BD-Rfa1-FLAB was used as the bait. This demonstrates that interaction is not
mediated by Rfa2 or Rfa3.
(TIF)

S4 Fig. Verifying complementation of a RAD24-expressing plasmid with its endogenous
promoter and determination of damaging agents that cause sensitivity in a rad24Δ strain.
A RAD24-expressing plasmid was constructed by cloning in the RAD24 gene and either
500 base pairs (bp) (P500) or 1,000 bp (P1,000) of endogenous upstream sequence. These were
tested for complementation under various types and concentrations of DNA damaging agents
as described in Fig. 4D. Sensitivity was only observed for rad24Δ cells when treated with ultra-
violet radiation or camptothecin, and all of the RAD24 constructs show complementation
(two independent plasmids for each).
(TIF)

S5 Fig. Examining physiological relevance of rad24 C-terminal mutants. rad24mutant con-
structs tested were as described in Fig. 4D. The full range of testing is shown here. Select plates
were used for Fig. 4D.
(TIF)

S1 Table. Yeast strains.
(DOCX)

S2 Table. Plasmids.
(DOCX)

S3 Table. Primers.
(DOCX)

S4 Table. Other novel putative Rfa1-FLAB interactors.
(DOCX)

Acknowledgments
We would like to thank Susan Gasser for kindly providing the RFA1 bait plasmids that encode
for specific regions of Rfa1. We would like to thank Erika Offerdahl, Jennifer Momsen, and
Julia Bowsher for critical evaluation of this manuscript. We would also like to thank Greg Oak-
ley for discussions about RPA protein interactors and the consensus motif identified in Rad24.

Author Contributions
Conceived and designed the experiments: SJH. Performed the experiments: GP ENM
HKH PLG TMW JLJ CLC. Analyzed the data: GP ENM JLJ CLC SJH. Contributed

Rad24 Interaction with Yeast RPA

PLOSONE | DOI:10.1371/journal.pone.0116512 February 26, 2015 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116512.s009


reagents/materials/analysis tools: GP ENMHKH PLG TMW JLJ. Wrote the paper: GP ENM
PLG TMW JLJ CLC SJH.

References
1. Oakley GG, Patrick SM (2010) Replication protein A: directing traffic at the intersection of replication

and repair. Front Biosci Landmark Ed 15. PMID: 20515750

2. Binz SK, Sheehan AM, Wold MS (2004) Replication protein A phosphorylation and the cellular re-
sponse to DNA damage. DNA Repair 3: 1015–1024. doi: 10.1016/j.dnarep.2004.03.028 PMID:
15279788

3. Fanning E, Klimovich V, Nager AR (2006) A dynamic model for replication protein A (RPA) function in
DNA processing pathways. Nucleic Acids Res 34: 4126–4137. doi: 10.1093/nar/gkl550 PMID:
16935876

4. Wold MS (1997) Replication protein A: a heterotrimeric, single-stranded DNA-binding protein required
for eukaryotic DNAmetabolism. Annu Rev Biochem 66. doi: 10.1146/annurev.biochem.66.1.61 PMID:
9242927

5. Iftode C, Daniely Y, Borowiec JA (1999) Replication protein A (RPA): the eukaryotic SSB. Crit Rev Bio-
chemMol Biol 34: 141–180. doi: 10.1080/10409239991209255 PMID: 10473346

6. Kneissl M, Pütter V, Szalay AA, Grummt F (2003) Interaction and assembly of murine pre-replicative
complex proteins in yeast and mouse cells. J Mol Biol 327: 111–128. PMID: 12614612

7. Biswas SB, Chen PH, Biswas EE (1997) Purification and characterization of DNA polymerase
alpha-associated replication protein A-dependent yeast DNA helicase A. Biochemistry (Mosc) 36:
13270–13276. doi: 10.1021/bi9712910 PMID: 9341217

8. Hegnauer AM, Hustedt N, Shimada K, Pike BL, Vogel M, et al. (2012) An N-terminal acidic region of
Sgs1 interacts with Rpa70 and recruits Rad53 kinase to stalled forks. EMBO J 31: 3768–3783. doi:
10.1038/emboj.2012.195 PMID: 22820947

9. Bae K-H, Kim H-S, Bae S-H, Kang H-Y, Brill S, et al. (2003) Bimodal interaction between replication-
protein A and Dna2 is critical for Dna2 function both in vivo and in vitro. Nucleic Acids Res 31:
3006–3015. PMID: 12799426

10. Robison JG, Elliott J, Dixon K, Oakley GG (2004) Replication protein A and the Mre11.Rad50.Nbs1
complex co-localize and interact at sites of stalled replication forks. J Biol Chem 279: 34802–34810.
doi: 10.1074/jbc.M404750200 PMID: 15180989

11. Gasior SL, Wong AK, Kora Y, Shinohara A, Bishop DK (1998) Rad52 associates with RPA and func-
tions with rad55 and rad57 to assemble meiotic recombination complexes. Genes Dev 12: 2208–2221.
PMID: 9679065

12. Matsuda T, Saijo M, Kuraoka I, Kobayashi T, Nakatsu Y, et al. (1995) DNA repair protein XPA binds
replication protein A (RPA). J Biol Chem 270: 4152–4157. PMID: 7876167

13. Fisher LA, Bessho M, Wakasugi M, Matsunaga T, Bessho T (2011) Role of interaction of XPF with RPA
in nucleotide excision repair. J Mol Biol 413: 337–346. doi: 10.1016/j.jmb.2011.08.034 PMID:
21875596

14. Nakada D, Hirano Y, Tanaka Y, Sugimoto K (2005) Role of the C terminus of Mec1 checkpoint kinase
in its localization to sites of DNA damage. Mol Biol Cell 16: 5227–5235. doi: 10.1091/mbc.E05–05–
0405 PMID: 16148046

15. Majka J, Binz SK, Wold MS, Burgers PMJ (2006) Replication protein A directs loading of the DNA dam-
age checkpoint clamp to 5’-DNA junctions. J Biol Chem 281: 27855–27861. doi: 10.1074/jbc.
M605176200 PMID: 16864589

16. Zou L, Liu D, Elledge SJ (2003) Replication protein A-mediated recruitment and activation of Rad17
complexes. Proc Natl Acad Sci U S A 100: 13827–13832. doi: 10.1073/pnas.2336100100 PMID:
14605214

17. Lindsey-Boltz LA, Reardon JT, Wold MS, Sancar A (2012) In vitro analysis of the role of replication pro-
tein A (RPA) and RPA phosphorylation in ATR-mediated checkpoint signaling. J Biol Chem 287:
36123–36131. doi: 10.1074/jbc.M112.407825 PMID: 22948311

18. Kim HS, Brill SJ (2001) Rfc4 interacts with Rpa1 and is required for both DNA replication and DNA dam-
age checkpoints in Saccharomyces cerevisiae. Mol Cell Biol 21: 3725–3737. doi: 10.1128/MCB.21.11.
3725–3737.2001 PMID: 11340166

19. Ashley AK, Shrivastav M, Nie J, Amerin C, Troksa K, et al. (2014) DNA-PK phosphorylation of RPA32
Ser4/Ser8 regulates replication stress checkpoint activation, fork restart, homologous recombination
and mitotic catastrophe. DNA Repair. doi: 10.1016/j.dnarep.2014.04.008 PMID: 25588990

Rad24 Interaction with Yeast RPA

PLOSONE | DOI:10.1371/journal.pone.0116512 February 26, 2015 22 / 24

http://www.ncbi.nlm.nih.gov/pubmed/20515750
http://dx.doi.org/10.1016/j.dnarep.2004.03.028
http://www.ncbi.nlm.nih.gov/pubmed/15279788
http://dx.doi.org/10.1093/nar/gkl550
http://www.ncbi.nlm.nih.gov/pubmed/16935876
http://dx.doi.org/10.1146/annurev.biochem.66.1.61
http://www.ncbi.nlm.nih.gov/pubmed/9242927
http://dx.doi.org/10.1080/10409239991209255
http://www.ncbi.nlm.nih.gov/pubmed/10473346
http://www.ncbi.nlm.nih.gov/pubmed/12614612
http://dx.doi.org/10.1021/bi9712910
http://www.ncbi.nlm.nih.gov/pubmed/9341217
http://dx.doi.org/10.1038/emboj.2012.195
http://www.ncbi.nlm.nih.gov/pubmed/22820947
http://www.ncbi.nlm.nih.gov/pubmed/12799426
http://dx.doi.org/10.1074/jbc.M404750200
http://www.ncbi.nlm.nih.gov/pubmed/15180989
http://www.ncbi.nlm.nih.gov/pubmed/9679065
http://www.ncbi.nlm.nih.gov/pubmed/7876167
http://dx.doi.org/10.1016/j.jmb.2011.08.034
http://www.ncbi.nlm.nih.gov/pubmed/21875596
http://dx.doi.org/10.1091/mbc.E05&ndash;05&ndash;0405
http://dx.doi.org/10.1091/mbc.E05&ndash;05&ndash;0405
http://www.ncbi.nlm.nih.gov/pubmed/16148046
http://dx.doi.org/10.1074/jbc.M605176200
http://dx.doi.org/10.1074/jbc.M605176200
http://www.ncbi.nlm.nih.gov/pubmed/16864589
http://dx.doi.org/10.1073/pnas.2336100100
http://www.ncbi.nlm.nih.gov/pubmed/14605214
http://dx.doi.org/10.1074/jbc.M112.407825
http://www.ncbi.nlm.nih.gov/pubmed/22948311
http://dx.doi.org/10.1128/MCB.21.11.3725&ndash;3737.2001
http://dx.doi.org/10.1128/MCB.21.11.3725&ndash;3737.2001
http://www.ncbi.nlm.nih.gov/pubmed/11340166
http://dx.doi.org/10.1016/j.dnarep.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25588990


20. Kondo T, Wakayama T, Naiki T, Matsumoto K, Sugimoto K (2001) Recruitment of Mec1 and Ddc1
checkpoint proteins to double-strand breaks through distinct mechanisms. Science 294: 867–870. doi:
10.1126/science.1063827 PMID: 11679674

21. Ball HL, Myers JS, Cortez D (2005) ATRIP binding to replication protein A-single-stranded DNA
promotes ATR-ATRIP localization but is dispensable for Chk1 phosphorylation. Mol Biol Cell 16:
2372–2381. doi: 10.1091/mbc.E04–11–1006 PMID: 15743907

22. Green CM, Erdjument-Bromage H, Tempst P, Lowndes NF (2000) A novel Rad24 checkpoint protein
complex closely related to replication factor C. Curr Biol CB 10.

23. Bonilla CY, Melo JA, Toczyski DP (2008) Colocalization of sensors is sufficient to activate the DNA
damage checkpoint in the absence of damage. Mol Cell 30: 267–276. doi: 10.1016/j.molcel.2008.03.
023 PMID: 18471973

24. Small VY, Chuang C, Nugent CI (2008) Rad24 truncation, coupled with altered telomere structure, pro-
motes cdc13–1 suppression in S. cerevisiae. Cell Cycle Georget Tex 7: 3428–3439. PMID: 18948753

25. Gardner R, Putnam CW,Weinert T (1999) RAD53, DUN1 and PDS1 define two parallel G2/M check-
point pathways in budding yeast. EMBO J 18: 3173–3185. doi: 10.1093/emboj/18.11.3173 PMID:
10357828

26. Harrison JC, Haber JE (2006) Surviving the breakup: the DNA damage checkpoint. Annu Rev Genet
40: 209–235. doi: 10.1146/annurev.genet.40.051206.105231 PMID: 16805667

27. Maniar HS, Wilson R, Brill SJ (1997) Roles of replication protein-A subunits 2 and 3 in DNA replication
fork movement in Saccharomyces cerevisiae. Genetics 145. PMID: 9093872

28. Golemis EA, Brent R (1992) Fused protein domains inhibit DNA binding by LexA. Mol Cell Biol 12:
3006–3014. PMID: 1620111

29. Gyuris J, Golemis E, Chertkov H, Brent R (1993) Cdi1, a human G1 and S phase protein phosphatase
that associates with Cdk2. Cell 75: 791–803. PMID: 8242750

30. Ma H, Kunes S, Schatz PJ, Botstein D (1987) Plasmid construction by homologous recombination in
yeast. Gene 58: 201–216. PMID: 2828185

31. Guarente L (1983) Yeast promoters and lacZ fusions designed to study expression of cloned genes in
yeast. Methods Enzymol 101: 181–191. PMID: 6310321

32. Notredame C, Higgins DG, Heringa J (2000) T-Coffee: A novel method for fast and accurate multiple
sequence alignment. J Mol Biol 302: 205–217. doi: 10.1006/jmbi.2000.4042 PMID: 10964570

33. Stark C, Breitkreutz B-J, Reguly T, Boucher L, Breitkreutz A, et al. (2006) BioGRID: a general repository
for interaction datasets. Nucleic Acids Res 34: D535–D539. doi: 10.1093/nar/gkj109 PMID: 16381927

34. Chatr-Aryamontri A, Breitkreutz B-J, Heinicke S, Boucher L, Winter A, et al. (2013) The BioGRID inter-
action database: 2013 update. Nucleic Acids Res 41: D816–D823. doi: 10.1093/nar/gks1158 PMID:
23203989

35. Stark C, Su T-C, Breitkreutz A, Lourenco P, Dahabieh M, et al. (2010) PhosphoGRID: a database of ex-
perimentally verified in vivo protein phosphorylation sites from the budding yeast Saccharomyces cere-
visiae. Database J Biol Databases Curation 2010. doi: 10.1093/database/bap026.

36. Sadowski I, Breitkreutz B-J, Stark C, Su T-C, Dahabieh M, et al. (2013) The PhosphoGRID Saccharo-
myces cerevisiae protein phosphorylation site database: version 2.0 update. Database J Biol Data-
bases Curation 2013: bat026. doi: 10.1093/database/bat026.

37. Cuff JA, Clamp ME, Siddiqui AS, Finlay M, Barton GJ (1998) JPred: a consensus secondary structure
prediction server. Bioinforma Oxf Engl 14: 892–893.

38. Cole C, Barber JD, Barton GJ (2008) The Jpred 3 secondary structure prediction server. Nucleic Acids
Res 36: W197–W201. doi: 10.1093/nar/gkn238 PMID: 18463136

39. Lupas A, Van Dyke M, Stock J (1991) Predicting coiled coils from protein sequences. Science 252:
1162–1164. doi: 10.1126/science.252.5009.1162 PMID: 2031185

40. Bond CS, Schüttelkopf AW (2009) ALINE: aWYSIWYG protein-sequence alignment editor for
publication-quality alignments. Acta Crystallogr D Biol Crystallogr 65: 510–512. doi: 10.1107/
S0907444909007835 PMID: 19390156

41. Kelley LA, Sternberg MJE (2009) Protein structure prediction on the Web: a case study using the Phyre
server. Nat Protoc 4: 363–371. doi: 10.1038/nprot.2009.2 PMID: 19247286

42. Söding J, Biegert A, Lupas AN (2005) The HHpred interactive server for protein homology detection and
structure prediction. Nucleic Acids Res 33: W244–W248. doi: 10.1093/nar/gki408 PMID: 15980461

43. Zhang Y (2008) I-TASSER server for protein 3D structure prediction. BMC Bioinformatics 9: 40. doi:
10.1186/1471–2105–9–40 PMID: 18215316

44. Källberg M, Wang H,Wang S, Peng J, Wang Z, et al. (2012) Template-based protein structure modeling
using the RaptorX web server. Nat Protoc 7: 1511–1522. doi: 10.1038/nprot.2012.085 PMID: 22814390

Rad24 Interaction with Yeast RPA

PLOSONE | DOI:10.1371/journal.pone.0116512 February 26, 2015 23 / 24

http://dx.doi.org/10.1126/science.1063827
http://www.ncbi.nlm.nih.gov/pubmed/11679674
http://dx.doi.org/10.1091/mbc.E04&ndash;11&ndash;1006
http://www.ncbi.nlm.nih.gov/pubmed/15743907
http://dx.doi.org/10.1016/j.molcel.2008.03.023
http://dx.doi.org/10.1016/j.molcel.2008.03.023
http://www.ncbi.nlm.nih.gov/pubmed/18471973
http://www.ncbi.nlm.nih.gov/pubmed/18948753
http://dx.doi.org/10.1093/emboj/18.11.3173
http://www.ncbi.nlm.nih.gov/pubmed/10357828
http://dx.doi.org/10.1146/annurev.genet.40.051206.105231
http://www.ncbi.nlm.nih.gov/pubmed/16805667
http://www.ncbi.nlm.nih.gov/pubmed/9093872
http://www.ncbi.nlm.nih.gov/pubmed/1620111
http://www.ncbi.nlm.nih.gov/pubmed/8242750
http://www.ncbi.nlm.nih.gov/pubmed/2828185
http://www.ncbi.nlm.nih.gov/pubmed/6310321
http://dx.doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
http://dx.doi.org/10.1093/nar/gkj109
http://www.ncbi.nlm.nih.gov/pubmed/16381927
http://dx.doi.org/10.1093/nar/gks1158
http://www.ncbi.nlm.nih.gov/pubmed/23203989
http://dx.doi.org/10.1093/database/bap026
http://dx.doi.org/10.1093/database/bat026
http://dx.doi.org/10.1093/nar/gkn238
http://www.ncbi.nlm.nih.gov/pubmed/18463136
http://dx.doi.org/10.1126/science.252.5009.1162
http://www.ncbi.nlm.nih.gov/pubmed/2031185
http://dx.doi.org/10.1107/S0907444909007835
http://dx.doi.org/10.1107/S0907444909007835
http://www.ncbi.nlm.nih.gov/pubmed/19390156
http://dx.doi.org/10.1038/nprot.2009.2
http://www.ncbi.nlm.nih.gov/pubmed/19247286
http://dx.doi.org/10.1093/nar/gki408
http://www.ncbi.nlm.nih.gov/pubmed/15980461
http://dx.doi.org/10.1186/1471&ndash;2105&ndash;9&ndash;40
http://www.ncbi.nlm.nih.gov/pubmed/18215316
http://dx.doi.org/10.1038/nprot.2012.085
http://www.ncbi.nlm.nih.gov/pubmed/22814390


45. Keshav KF, Chen C, Dutta A (1995) Rpa4, a homolog of the 34-kilodalton subunit of the replication pro-
tein A complex. Mol Cell Biol 15: 3119–3128. PMID: 7760808

46. Anantha RW, Vassin VM, Borowiec JA (2007) Sequential and synergistic modification of human RPA
stimulates chromosomal DNA repair. J Biol Chem 282: 35910–35923. doi: 10.1074/jbc.M704645200
PMID: 17928296

47. Liu S, Opiyo SO, Manthey K, Glanzer JG, Ashley AK, et al. (2012) Distinct roles for DNA-PK, ATM and
ATR in RPA phosphorylation and checkpoint activation in response to replication stress. Nucleic Acids
Res 40: 10780–10794. doi: 10.1093/nar/gks849 PMID: 22977173

48. Oakley GG, Tillison K, Opiyo SA, Glanzer JG, Horn JM, et al. (2009) Physical interaction between repli-
cation protein A (RPA) and MRN: involvement of RPA2 phosphorylation and the N-terminus of RPA1.
Biochemistry (Mosc) 48: 7473–7481. doi: 10.1021/bi900694p.

49. Zou L, Elledge SJ (2003) Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes.
Science 300: 1542–1548. doi: 10.1126/science.1083430 PMID: 12791985

50. Bao S, Tibbetts RS, Brumbaugh KM, Fang Y, Richardson DA, et al. (2001) ATR/ATM-mediated phos-
phorylation of human Rad17 is required for genotoxic stress responses. Nature 411: 969–974. doi:
10.1038/35082110 PMID: 11418864

51. Post S, Weng YC, Cimprich K, Chen LB, Xu Y, et al. (2001) Phosphorylation of serines 635 and 645 of
human Rad17 is cell cycle regulated and is required for G(1)/S checkpoint activation in response to
DNA damage. Proc Natl Acad Sci U S A 98: 13102–13107. doi: 10.1073/pnas.231364598 PMID:
11687627

52. Li X, Gerber SA, Rudner AD, Beausoleil SA, HaasW, et al. (2007) Large-scale phosphorylation analy-
sis of alpha-factor-arrested Saccharomyces cerevisiae. J Proteome Res 6: 1190–1197. doi: 10.1021/
pr060559j PMID: 17330950

53. Holt LJ, Tuch BB, Villen J, Johnson AD, Gygi SP, et al. (2009) Global analysis of Cdk1 substrate phos-
phorylation sites provides insights into evolution. Science 325: 1682–1686. doi: 10.1126/science.
1172867 PMID: 19779198

54. Glanzer JG, Liu S, Oakley GG (2011) Small molecule inhibitor of the RPA70 N-terminal protein interac-
tion domain discovered using in silico and in vitro methods. Bioorg Med Chem 19: 2589–2595. doi:
10.1016/j.bmc.2011.03.012 PMID: 21459001

55. Gomes XV, Wold MS (1995) Structural analysis of human replication protein A. Mapping functional do-
mains of the 70-kDa subunit. J Biol Chem 270: 4534–4543. PMID: 7876222

56. Bochkareva E, Korolev S, Lees-Miller SP, Bochkarev A (2002) Structure of the RPA trimerization core
and its role in the multistep DNA-binding mechanism of RPA. EMBO J 21: 1855–1863. doi: 10.1093/
emboj/21.7.1855 PMID: 11927569

57. Bowman GD, O’Donnell M, Kuriyan J (2004) Structural analysis of a eukaryotic sliding DNA clamp-
clamp loader complex. Nature 429: 724–730. doi: 10.1038/nature02585 PMID: 15201901

58. Ghospurkar PL, Wilson TM, Severson AL, Klein SJ, Khaku SK, et al. (n.d.) Distinct roles for the Rfa2
N-terminus in the DNA damage response and adaptation in Saccharomyces cerevisiae. Genetics
submitted.

59. Banerjee S, Smith S, Oum J-H, Liaw H-J, Hwang J-Y, et al. (2008) Mph1p promotes gross chromosom-
al rearrangement through partial inhibition of homologous recombination. J Cell Biol 181: 1083–1093.
doi: 10.1083/jcb.200711146 PMID: 18591428

60. Naiki T, Shimomura T, Kondo T, Matsumoto K, Sugimoto K (2000) Rfc5, in cooperation with rad24, con-
trols DNA damage checkpoints throughout the cell cycle in Saccharomyces cerevisiae. Mol Cell Biol
20: 5888–5896. PMID: 10913172

61. Jones DT (1999) Protein secondary structure prediction based on position-specific scoring matrices.
J Mol Biol 292: 195–202. doi: 10.1006/jmbi.1999.3091 PMID: 10493868

62. Buchan DWA, Minneci F, Nugent TCO, Bryson K, Jones DT (2013) Scalable web services for the
PSIPRED Protein Analysis Workbench. Nucleic Acids Res 41: W349–W357. doi: 10.1093/nar/gkt381
PMID: 23748958

63. Lupas A (1996) Coiled coils: new structures and new functions. Trends Biochem Sci 21: 375–382.
PMID: 8918191

Rad24 Interaction with Yeast RPA

PLOSONE | DOI:10.1371/journal.pone.0116512 February 26, 2015 24 / 24

http://www.ncbi.nlm.nih.gov/pubmed/7760808
http://dx.doi.org/10.1074/jbc.M704645200
http://www.ncbi.nlm.nih.gov/pubmed/17928296
http://dx.doi.org/10.1093/nar/gks849
http://www.ncbi.nlm.nih.gov/pubmed/22977173
http://dx.doi.org/10.1021/bi900694p
http://dx.doi.org/10.1126/science.1083430
http://www.ncbi.nlm.nih.gov/pubmed/12791985
http://dx.doi.org/10.1038/35082110
http://www.ncbi.nlm.nih.gov/pubmed/11418864
http://dx.doi.org/10.1073/pnas.231364598
http://www.ncbi.nlm.nih.gov/pubmed/11687627
http://dx.doi.org/10.1021/pr060559j
http://dx.doi.org/10.1021/pr060559j
http://www.ncbi.nlm.nih.gov/pubmed/17330950
http://dx.doi.org/10.1126/science.1172867
http://dx.doi.org/10.1126/science.1172867
http://www.ncbi.nlm.nih.gov/pubmed/19779198
http://dx.doi.org/10.1016/j.bmc.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21459001
http://www.ncbi.nlm.nih.gov/pubmed/7876222
http://dx.doi.org/10.1093/emboj/21.7.1855
http://dx.doi.org/10.1093/emboj/21.7.1855
http://www.ncbi.nlm.nih.gov/pubmed/11927569
http://dx.doi.org/10.1038/nature02585
http://www.ncbi.nlm.nih.gov/pubmed/15201901
http://dx.doi.org/10.1083/jcb.200711146
http://www.ncbi.nlm.nih.gov/pubmed/18591428
http://www.ncbi.nlm.nih.gov/pubmed/10913172
http://dx.doi.org/10.1006/jmbi.1999.3091
http://www.ncbi.nlm.nih.gov/pubmed/10493868
http://dx.doi.org/10.1093/nar/gkt381
http://www.ncbi.nlm.nih.gov/pubmed/23748958
http://www.ncbi.nlm.nih.gov/pubmed/8918191

