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ABSTRACT 

Replication protein A (RPA) binds single-stranded
DNA (ssDNA) and serves critical functions in eukary-
otic DNA replication, the DNA damag e response , and
DNA repair. During DNA replication, RPA is required
for extended origin DNA unwinding and DNA syn-
thesis. To determine the requirements for RPA dur-
ing these processes, we tested ssDNA-binding pro-
teins (SSBs) from different domains of life in recon-
stituted Saccharomyces cerevisiae origin unwind-
ing and DNA replication reactions. Interestingly, Es-
c heric hia coli SSB, but not T4 bacteriophage Gp32,
fully substitutes for RPA in promoting origin DNA
unwinding. Using RPA mutants, we demonstrated
that specific ssDNA-binding properties of RPA are
required for origin unwinding but that its protein-
interaction domains are dispensable. In contrast, we
found that each of these auxiliary RPA domains have
distinct functions at the eukaryotic replication fork.
The Rfa1 OB-F domain negatively regulates la g ging-
strand synthesis, while the Rfa2 winged-helix do-
main stimulates nascent strand initiation. Together,
our findings reveal a requirement for specific modes
of ssDNA binding in the transition to extensive ori-
gin DNA unwinding and identify RPA domains that
differentially impact replication fork function. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

Eukaryotic DNA r eplication r equir es the progr essi v e as-
sembly of protein complexes at origins of replication ( 1 ).
Origins are licensed during the G1 phase of the cell cy-
cle, when two hexameric Mcm2-7 helicases are loaded onto
each origin as a head-to-head doub le he xamer encircling
double-stranded DN A (dsDN A) ( 2–5 ). Upon S-phase en-
try, S-phase cyclin-dependent kinase (S-CDK) and Dbf4-
dependent kinase (DDK) along with additional replication
proteins activate the helicase for DNA unwinding ( 6 ). Once
activated, the helicases act separately to bidirectionally un-
wind the origin and adjacent DNA ( 7 ). The activated heli-
cases and the single-stranded DN A (ssDN A) they generate
r ecruit the r emainder of the DNA synthesis machinery to
form a bidirectional pair of replication forks ( 8 ). 

Helicase activation is the committed step of replication
initiation and involves recruitment of key proteins to the he-
licase and origin DNA unwinding. Nine proteins, r eferr ed
to as activation factors, are sufficient to activate loaded heli-
cases in vitro ( 9 ). Eight of the activation factors coordinate
the recruitment of Cdc45 and GINS to Mcm2-7 to form
the CMG (Cdc45 / Mcm2-7 / GINS) complex ( 1 ). Cdc45 and
bell@mit.edu 
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INS directly activate both the ATPase and helicase activ- 
ty of Mcm2-7 ( 10 ), converting the Mcm2-7 complex to the 
cti v e replicati v e DNA helicase, CMG. Finally, Mcm10 fur- 
her primes the helicase for DNA unwinding ( 11–14 ). Ex- 
eriments omitting individual activation factors reveal sev- 
ral steps in origin DNA unwinding ( 12 , 15 ). First, CMG 

ormation results in a small amount of DNA melting ( ∼6– 

 bp per helicase). Addition of Mcm10 stimulates CMG to 

nwind a limited amount of additional DNA (10–15 bp). 
inally, the eukaryotic single-stranded DNA binding pro- 

ein (SSB) replication protein A (RPA) is r equir ed for ex- 
ensi v e DNA unwinding ( 12 ). 

RPA is an essential SSB in eukaryotes that binds ss- 
NA in a sequence-nonspecific manner ( 16–18 ). In ad- 

ition to its r equir ement for e xtensi v e origin DNA un-
inding ( 12 ) and stimulation of CMG DNA unwind- 

ng activity ( 19 ), RPA also protects ssDNA and coordi- 
ates DNA damage signaling and DNA repair ( 20 ). RPA 

s a heterotrimeric protein that has a conserved domain 

tructure across eukaryotes (Figure 1 A) ( 17 ). The largest 
ubunit, called Rfa1 in Sacchar om y ces cer evisiae , consists 
f four oligonucleotide / oligosaccharide-binding (OB)-fold 

omains, three of which bind DNA (OB-A, OB-B and OB- 
) and another that functions as a protein-interaction do- 
ain (OB-F) ( 20 , 21 ). The middle sub unit, Rfa2, contrib utes
 fourth DNA-binding OB-fold domain (OB-D) and a C- 
erminal winged-helix (WH) domain. Rfa3 is the small- 
st subunit, consisting of a single OB-fold (OB-E) that 
s r equir ed for trimerization of the complex but does not 
ind DNA. The three proteins form a tight, structurally- 
onserved trimerization core between OB-folds C, D and E 

Figure 1 A) ( 22 ). 
RPA associates with ssDNA in a highly dynamic man- 

er. These dynamics have been studied both with isolated 

omains and in the context of the full-length protein ( 23 ). 
PA can adopt multiple ssDNA-binding conformations 
ith varying affinities using its four DNA-binding domains 

OB-A through -D; Figure 1 A). Depending on the domains 
nvolved, RPA can bind as few as 8 nucleotides and as 

any as 32 nucleotides of ssDNA ( 24 , 25 ). Binding affini- 
ies of RPA and its sub-domains have been reported in the 
anomolar to sub-nanomolar range ( 20 ). Although coop- 
rati v e RPA-ssDNA binding was initially observed ( 26 ), 
or e r ecent e vidence suggests RPA cooperati vity only oc- 

urs when RPA is phosphorylated during the DNA-damage 
esponse ( 27 ). Structural studies show that the different 
PA DNA-binding domains bind ssDNA in different con- 

ormations. OB-A and OB-B bind linear stretches of DNA 

 28 ), wher eas, the structur e of the trimerization core shows 
 dramatic local bend in the ssDNA as it wraps around the 
B-C and OB-D domains ( 27 , 29 ). Structural studies have 

et to determine the relati v e positions of the different ele- 
ents of RPA presumably due to their intrinsically dynamic 

ehavior. 
SSBs ar e pr esent in all domains of life as well as a subset

f viruses, but these proteins display a wide variety of struc- 
ures and ssDNA-binding affinities (re vie wed in ( 30 )). The 
rst SSB characterized was Gp32 (Gene 32 protein), which 

s a monomeric 34 kDa protein that acts during T4 bacte- 
iophage r eplication (Figur e 1 B). Gp32 consists of a single 
B-fold that can bind up to 10 nucleotides of ssDNA with a 
 d in the 10 nanomolar range ( 31 , 32 ). The canonical bacte-
ial SSB was initially identified in Escherichia coli (r eferr ed 

o here as EcSSB), and binds DNA as a homotetramer 
Figure 1 C) ( 33 ). A single EcSSB tetramer has four OB- 
old DNA-binding domains that transition between mul- 
iple DN A-binding conformations, wra pping as few as 35 

nd up to 65 nucleotides around its core ( 34 ). EcSSB DNA- 
inding affinity is higher than Gp32 and RPA, with disso- 
iation constants in the sub-nanomolar range ( 35 , 36 ). Un- 
ike RPA, both Gp32 and EcSSB exhibit strong coopera- 
i v e DNA binding ( 37 , 38 ). Despite their different ssDNA-
inding properties, RPA, Gp32 and EcSSB each play an 

ssential role during DNA replication in their cognate 
rganism. 
Much of our understanding of RPA function during eu- 

aryotic DNA replication comes from studies of simian 

irus 40 (SV40) DNA replication in human cells. This vi- 
al replication fork uses the SV40 large T-antigen (LTag) 
s the replicati v e helicase and a subset of the human DNA 

ynthesis machinery to replicate the SV40 genome. Studies 
f SV40 DNA replication in vitro have shown that neither 
NA unwinding nor DNA synthesis occur in the absence 

f RPA ( 39–41 ). Additionally, human RPA has a unique 
unction during SV40 DNA replication, but not DNA un- 
inding, that cannot be performed by other SSBs, includ- 

ng yeast RPA ( 42 , 43 ). Specific interactions between human 

PA and the SV40 replication machinery ar e pr esumed to 

ediate the specificity of this function. For example, human 

ut not yeast RPA can bind LTag to promote primosome 
ssembly ( 44 ). Further, RPA can stimulate Pol- �/ primase 
ctivity ( 43 , 45 , 46 ) and promote the Pol- �/ primase to Pol �
olymerase switch during lagging-strand synthesis ( 47–49 ). 
owe v er, RPA interactions with replication proteins have 

ot been addressed at a fully eukaryotic DNA replication 

ork. 
Here, we investigate the roles of RPA during eukary- 

tic DNA replication initiation and elongation. Because 
PA has not been observed to interact with CMG heli- 

ase, we asked if DNA unwinding r equir es RPA specifically 

r only its ssDNA-binding activity. By testing either Gp32, 
cSSB or RPA mutants in reconstituted origin unwinding 

ssa ys, we f ound that neither m ultiple ssDN A-binding do- 
ains nor high ssDNA-binding affinity is sufficient to facili- 

ate e xtensi v e origin DNA unwinding. Instead, a specific ar- 
angement of DNA-binding but not pr otein-pr otein inter- 
ction domains is r equir ed for this e v ent. In contrast, using
 econstituted r eplication assa ys, we f ound that, unlike ori- 
in unwinding, the replication fork requires two RPA do- 
ains in addition to its ssDNA-binding domains for nor- 
al DN A synthesis. Anal ysis of m utants individuall y lack- 

ng each of these domains provides insights into the steps in 

eplica tion tha t they participa te in. 

ATERIALS AND METHODS 

PA expression plasmids and strains 

PA was expressed and purified from yAE31(9). RPA 

rotein-interaction domain mutants were made by mu- 
ating the wild-type expression plasmids to generate 
RS303-Gal1,10-CBP-Rfa1 

� OB-F / Gal4 and pRS306- 
al1,10–3xFlag-Rfa2 

� WH / Rfa3. CBP-Rfa1 

� OB-F contains 
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Figure 1. Replicati v e single-stranded DNA binding proteins vary in their structure and affinity for ssDNA. (A–C) Structure and cartoon diagram of the 
subunits and DNA-binding modes of ( A ) the RPA heterotrimer, constructed with structures of OB-F (5OMB), OB-A and OB-B bound to ssDNA (1JMC), 
the OB-C / D / E bound to ssDNA (6I52) and Rfa2-WH (1Z1D), connected by dashed lines r epr esenting unr esolved protein and DNA sequence (Rfa1, 
cyan; Rfa2, green; Rfa3, yellow; ssDNA, black). OB = oligonucleotide / oligosaccharide-binding fold; WH = winged-helix domain, ( B ) T4 Gp32 monomer 
(1GPC) and ( C ). E. coli SSB (EcSSB) homotetramer bound to ssDNA (1EYG). Long lozenge shapes in cartoons r epr esent OB-fold domains. ( D ) Coomassie 
stained SDS-PAGE gel of purified RPA, EcSSB and Gp32. ( E ) Fluor escence anisotrop y measur ed with 2.5 nM 6-FAM-labeled oligo-dT30 and the indicated 
concentrations of RPA, EcSSB or Gp32. Anisotropy values were plotted against the protein concentrations and fit to the Hill equation. Apparent K d values: 
Gp32 ∼18 nM, RPA ∼ 1.7 nM, EcSSB ∼ 0.11 nM (see also Supplemental Table S1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

coding sequence for Rfa1 residues 131–621, and 3xFlag-
Rfa2 

� WH contains coding sequence for Rfa2 residues
1–202. The respecti v e plasmids were integrated into
yRH101 to generate yAP05 (CBP-Rfa1 

� OB-F , Rfa2, Rfa3);
yAP17 (CBP-Rfa1, 3x-Flag-Rfa2 

� WH , Rfa3); yAP18
(CBP-Rfa1 

� OB-F , 3x-Flag-Rfa2 

� WH , Rfa3). Other RPA
mutants wer e expr essed in bacteria. To make RPA 

AB , the
coding sequence for CBP-OB-A-OB-B was ordered as a
gBlock (IDT) and cloned into the pET3aTr backbone for
expression in E. coli . RPA 

ABAB was generated by PCR
amplifying OB-A and OB-B and the linker that joins to the
N-terminal boundary of OB-C (OB-AB + linker) followed
by Gibson assembly into the RPA 

AB plasmid. To express
the trimerization core, the p11d-tscRPA-30MxeHis6 plas-
mid ( 50 ) was modified by truncating the coding sequences
for Rfa1 and Rfa2 to express only OB-C (Rfa1 442-621 ) and
OB-D (Rfa2 232-182 ) respecti v ely. The resulting plasmid
contains an inducible Rfa1-OB-C, Rfa2-OB-D and Rfa3
coding sequences with an intein, chitin-binding domain and
a 6xHis tag at the Rfa2 C-terminus. All mutations were
confirmed by Sanger sequencing. Additional details on
expression constructs and yeast strains can be found in
Supplementary Tables S2 and S3. 

Protein expression and purification 

Purified E. coli SSB (Sigma-Aldrich S3917) and T4 Gene
32 Protein (Gp32; Roche 10972983001) were obtained
from commercial vendors. Sacchar om y ces cer evisiae RPA,
RP A 

� OB-F , RP A 

� WH and RP A 

� OB-F � WH were purified from
yeast and RP A 

AB , RP A 

ABAB and RP A 

Tri-C were purified
from E. coli as described below. RPA purified from both
yeast and bacteria have been shown to support in vitro DNA
replication ( 9 , 14 ) 

Wild-type RPA (CBP-Rfa1, Rfa2 and Rfa3) was ex-
pressed and purified from yAE31 using calmodulin and Hi-
Trap Heparin columns as described in ( 9 ). RPA 

� OB-F was
expressed and purified from yAP05 using the same proto-
col. Briefly, 8 L of logarithmic culture were alpha-factor
arr ested and RPA expr ession was induced with galactose
for 3.5 hours. Cells were harvested and ground into po w der
which was then thawed into Buffer C (25 mM Tris–HCl pH
7.2, 10% glycerol, 1 mM DTT) with 500 mM NaCl. Lysate
was clarified by ultracentrifugation (200,000 x g for 90 min),
then supplemented with 2 mM CaCl 2 and bound to a 1 ml
calmodulin-affinity column. RPA was eluted with Buffer C
supplemented with 200 mM NaCl, 2 mM EDTA and 2 mM
EGTA. RPA-containing fractions were pooled, dialyzed
against Buffer C with 50 mM NaCl and 1 mM EDTA, and
applied to a 1 ml HiTrap Heparin column (Cytiva) equili-
brated in the same buffer. RPA was eluted with a 30 column
volume (CV) gradient from 50 mm to 1 M NaCl in Buffer
C + 1mM EDTA. RPA-containing fractions were collected,
snap-frozen on liquid nitrogen and stored at −80 

◦C until
use. 

For purification of RPA 

� WH , lysate from 8L of yAP17
(CBP-Rfa1, 3xFlag-Rfa2- � WH and Rfa3) was pr epar ed
as described for RPA and then bound to 1ml Flag resin
(Sigma) equilibrated in Buffer C with 100 mM NaCl,
washed and eluted with Buffer C supplemented with 100
mM NaCl and 0.3 mg / ml 3xFlag peptide. RPA-containing
fractions were pooled, concentrated and applied to S200
Increase 10 / 300 column (Cytiva) equilibrated in Buffer C
with 200 mM NaCl and 1 mM EDTA. Stoichiometric
RPA complex es wer e snap frozen and stored a t −80 

◦C .
RPA 

� OB-F � WH was expressed and purified from 16 L of
yAP18 using the approach for WT RPA, except a flag affin-
ity step (as described for RPA 

� WH ) was added between the
calmodulin and heparin columns to enrich for complexes
that contained both mutant subunits. 

For RPA 

AB and RPA 

ABAB , the appropriate expression
plasmid was transformed into Rosetta(DE3)pLysS cells, ex-
panded to 2 l and induced with 1 mM IPTG during mid-
log phase and incubated at 16 

◦C overnight. Cells were pel-
leted and lysed by sonication in C / 500 (25 mM Tris–HCl
pH 7.2, 10% glycerol, 1 mM DTT, 500 mM NaCl and
1 mM EDTA). Lysates were then purified by calmodulin-
affinity and heparin columns as described for WT RPA. 
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For RPA 

Tri-C , p11d-scTriC was transformed into 

osetta(DE3)pLysS and expressed and purified as in ( 14 ), 
xcept after the Ni-NTA and chitin columns, the eluate, 
hich had a significant excess of Rfa2, was pooled and 

assed over a heparin column. The monomeric Rfa2 

a tura ted the heparin column and Tri-C was concentrated 

n the flow-through. The flow-through was collected and 

ri-C was further purified by binding to a 1 ml MonoQ 

olumn (Cytiva) equilibrated in Buffer C with 50 mM 

aCl and 1 mM EDTA, then eluted with a 30 CV gradient 
rom 50 mM to 1 M NaCl. Fractions containing trimeric 
PA were further purified further by size exclusion on S75 

ncrease column (Cytiva) in Buffer C with 200 mM NaCl 
nd 1 mM EDTA, snap-frozen and stored at −80 

◦C. 
For reconstituted plasmid unwinding and replication 

ssays, Mcm2-7 / Cdt1 and ORC complexes were purified 

s described previously ( 51 ). Cdc6 was purified as de- 
cribed in ( 52 ). DDK, S-CDK, Sld3 / 7, Sld2, Dpb11, GINS, 

cm10 and Pol ε were purified as described in ( 14 ) and 

dc45 was purified according to ( 53 ). 

luorescence polarization assays 

or RPA / EcSSB / Gp32 DNA-binding, serial 2-log dilu- 
ions of the respecti v e SSB were prepared in 30 mM HEPES 

H 7.5, 30 mM NaCl, 0.25 mM EDTA, 10% glycerol, 0.01% 

P-40, 1 mM DTT. Proteins were then mixed with 6-FAM- 
abeled oligo-dT30 (IDT) to a final concentration of 2.5 

M supplemented with 0.5 M NaCl ( 54 ). The protein– 

NA mix was incubated for at least 30 min at room tem- 
eratur e to r each equilibrium ( 55 ). Thr ee technical r epli-
ates were plated in a black 384-well nonbinding microplate 
Greiner Bio-One) and read in a SpectraMax ID5 plate 
eader (Molecular Dynamics). Anisotropy values from the 
echnical r eplicates wer e averaged and corr ected by sub- 
racting the value from a buffer control that contained no 

r otein. Values fr om thr ee independent experiments wer e 
lotted in GraphPad PRISM and fit to the Hill equa- 
ion. For Pol- �/ primase recruitment experiments, 6-FAM- 
abeled oligodT60 was pre-incubated with 2.5 nM of the re- 
pecti v e RPA protein in the absence of supplemental NaCl. 
hen, Pol- �/ primase was titrated into RPA-bound DNA 

ixture and incubated for 30 min before reading samples 
s described above. All samples were corrected for by sub- 
racting a control well with no added Pol- �/ primase. 

nwinding assay 

nwinding assays were performed on 3.8 kb pUC19-ARS1 

lasmids as described ( 12 ) with modifications. Briefly, 25 

mol of plasmid DNA was r elax ed with 0.4 pmol Topo I 
or 30 min at 30 

◦C. Then, Mcm2-7 loading was performed 

t 25 

◦C by adding 45 nM ORC, 45 nM Cdc6 and 100 nM
cm2–7 / Cdt1 in 25 mM HEPES–KOH (pH 7.6), 10 mM 

agnesium acetate, 225 mM potassium glutamate, 2 mM 

TT, 0.02% NP-40, 5% glycerol, 5 mM ATP, 20 mM phos- 
hocreatine and 0.2 �g of creatine kinase for a total vol- 
me of 10 �l. After a 25 min incubation, 1.3 pmol of DDK 

as added and incubation was continued for a further 30 

in. DNA unwinding was then initiated by adding 20 �l 
f firing-factor mix (0.6 pmol CDK, 1 pmol Sld3 / 7, 1 pmol 
dc45, 1.24 pmol Sld2, 0.8 pmol Dpb11, 5 pmol GINS, 0.06 

mol Mcm10, 0.6 pmol Pol ε , 0.4 pmol of Topo I and the 
ndicated SSB amount) in 25 mM HEPES–KOH (pH 7.6), 
0 mM magnesium acetate, 250 mM potassium glutamate, 
 mM DTT, 0.02% NP-40, 8% glycerol, 5 mM ATP, and 0.4 

g / ml BSA. After a 40 minute incubation at 25 

◦C, the re-
ction was quenched with EDTA, Proteinase K and SDS as 
escribed ( 12 ). Samples were purified by phenol:chloroform 

xtraction, ethanol precipitation, and run on a 1.5% agarose 
AE gel at 1.5 V / cm for 16–20 h before staining with ethid-

um bromide and imaging. 

eplication assay 

eplication assays were performed on a soluble 11.9 kb 

RS1 -containing DNA template (pMM068) that was lin- 
arized with NotI and purified by phenol:chloroform ex- 
raction and ethanol precipitation. Helicase loading was 
erformed by incubating 10 �l reactions with 0.125 pmol 
NA, 0.5 pmol ORC, 0.5 pmol Cdc6 and 1.25 pmol Mcm2- 
 / Cdt1 in a buffer containing 25 mM HEPES (pH 7.6), 10 

M MgOAc, 2 mM DTT, 100 mM KGlut, 20 mM phos- 
hocreatine (PC), 5 mM ATP, 0.01% NP-40, 5% glycerol 
nd 0.2 �g of creatine kinase (CK) for 25 min at 25 

◦C 

ith shaking on an Eppendorf Thermomixer at 1250 rpm. 
hen, 1.3 pmol DDK was added and the reaction was in- 
ubated for another 25 min at 25 

◦C at 1250 rpm. After 
DK phosphoryla tion, replica tion was initia ted by adding 

0 �l of a replication mix containing 1 pmol CDK, 1 pmol 
ld3 / 7, 2.6 pmol Cdc45, 1.24 pmol Sld2, 0.8 pmol Dpb11, 5 

mol GINS, 0.02 pmol Mcm10, 0.6 pmol Pol ε , 2 pmol Pol 
/ primase, 0.6 pmol Ctf4, 0.5 pmol RFC, 0.4 pmol PCNA, 
.5 pmol Mrc1, 0.6 pmol Csm3 / Tof1, 0.2 pmol Pol � and 

he indicated SSB concentration in replication buffer (12.5 

M HEPES–KOH (pH 7.6), 5 mM magnesium acetate, 125 

M potassium glutamate, 1 mM DTT, 0.01% NP-40, 4% 

lycerol, 1.5 mM ATP, 10 mM phosphocreatine, 3 �g of 
reatine kinase, 0.2 mg / ml BSA, 100 �M rNTP, 10 �M 

NTP and 10 �Ci [ �-P 

32 ]-dCTP). After a 60-minute incu- 
a tion a t 25 

◦C while shaking at 1250 rpm, r eactions wer e
uenched with EDTA and unincorporated nucleotides were 
emoved with Illustra MicroSpin G-50 columns (Cytiva). 
amples were separated on a 0.6% alkaline agarose gel run 

t 20 V for 16 h in Alkaline Running Buffer (30 mM sodium 

ydroxide, 2 mM EDTA). Gels were dried onto Amersham 

ybond-XL (GE Healthcare) and imaged and scanned us- 
ng an Amersham Typhoon phosphorimager (Cytiva). 

ESULTS 

cSSB, but not Gp32, substitutes for RPA during origin 

NA unwinding 

o study the role of RPA during eukaryotic DNA replica- 
ion origin unwinding, we compared purified yeast RPA, 
. coli SSB (EcSSB), and T4 bacteriophage Gp32 (Figure 
 D). The ssDNA-binding properties of these proteins have 
een w ell characterized, how e v er, it was important that we 
easur ed the r elati v e ssDNA-binding affinities for our pro- 

ein preparations. To estimate DNA binding affinities, we 
ncubated varying concentrations of each protein with a 

xed concentration of a fluorescently-labeled 30-nucleotide 
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Figure 2. EcSSB, but not Gp32, can support Mcm2-7 unwinding of origin DNA. ( A ) Schematic of the origin DNA unwinding assay. ( B ) Origin DNA 
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dT oligonucleotide (6FAM-dT 30 ), then measured fluores-
cence polarization. To ensure equilibrium binding, all reac-
tions were performed in high-salt conditions ( 54 ) and in-
cubated for 30 min, after which we observed no further
changes in anisotropy. Consistent with previously reported
measurements ( 31 , 32 , 35 , 56 ), Gp32 showed the lowest bind-
ing affinity, followed by RPA, then EcSSB (Figure 1 E and
Supplemental Table S1). Importantly, all subsequent as-
sa ys are perf ormed under sa tura ting concentra tions for each
SSB. 

Next, we tested the RPA r equir ements for origin activa-
tion using an in vitro origin DNA-unwinding assay using
purified budding yeast proteins ( 12 ). We detected e xtensi v e
origin-dependent DNA unwinding using a topologically-
constrained circular ARS1 -containing DNA template, onto
which we loaded and activated Mcm2-7 in the presence of a
topoisomerase (Figure 2 A). The topoisomerase relie v es su-
percoiling generated by DNA duplex unwinding. Reactions
are terminated by rapid protein denaturation, removing all
pr otein fr om the DNA. This tr eatment r esults in unwound
DNA re-annealing in the absence of topoisomerase, gener-
a ting nega ti v e supercoils tha t migra te faster in an agarose
gel compared to the relaxed plasmid (Figure 2 A). The topo-
logical changes observed are DDK-dependent, consistent
with this kinase being r equir ed for assembly of the CMG
helicase (Supplemental Figure S1 and Figure 2 B , C , lane 5).
As previously observed ( 12 ), the extensive origin DNA un-
winding measured in this assay r equir es RPA (Figur e 2 B , C ,
lanes 3 versus 4). We note that this assay detects e xtensi v e
origin unwinding, but not the initial, RPA-independent ori-
gin melting that results from the initial steps of helicase
activation. 

If e xtensi v e origin unwinding only r equir es the ssDNA-
binding activity of RPA, then other SSBs should support
eukaryotic DNA unwinding. When we tested Gp32 in the
DNA-unwinding assay, we did not observe levels of DNA
unwinding above that detected in the absence of any SSB
(Figure 2 B, lanes 6–10). Even increasing the concentration
of Gp32 into the micromolar range did not r estor e DNA
unwinding activity, eliminating the possibility that Gp32’s
lower ssDNA-binding affinity explains the lack of DNA un-
winding (Figure 2 B). The inability of Gp32 to support ori-
gin unwinding suggests having a protein coat the exposed
ssDNA is not sufficient for this process. Interestingly, sub-
stituting EcSSB in the unwinding assay supported robust
DNA unwinding (Figure 2 C, lanes 6–8). We observed simi-
lar le v els of unwinding between RPA and EcSSB when pro-
vided in reactions at the same concentration (Figure 2 C,
compare lanes 4 and 6). Thus, EcSSB shares the properties
of RPA that ar e r equir ed for eukaryotic replication origin
unwinding. 

Multiple RPA ssDNA-binding domains are required to
promote origin unwinding 

The ability of EcSSB, but not Gp32, to substitute for RPA
during origin unwinding has two interesting implications.
First, simple ssDNA binding is not sufficient to promote ex-
tensi v e origin unwinding, suggesting other ssDNA-binding
properties are important. Second, because EcSSB functions
as well as RPA, specific interactions with the CMG helicase
are not required for this e v ent. Unlike the monomeric Gp32,
RPA and EcSSB are both large, multimeric complexes con-
taining a total of four DNA-binding domains, bind a larger
ssDNA footprint than Gp32, and engage in dynamic asso-
ciations with ssDNA ( 20 , 34 ). One or more of these shared
features of RPA and EcSSB must be r equir ed f or eukary otic
origin unwinding. 
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Since Gp32 contains only a single DNA-binding do- 
ain, we first tested whether the number of DNA-binding 

omains explained the different ability of Gp32 and 

PA / EcSSB to facilitate origin unwinding. To this end, we 
enerated RPA mutants containing two DNA-binding do- 
ains. RPA can be divided into two subdomains, each con- 

aining two DNA-binding domains that bind ssDNA with 

ifferent properties. RPA 

AB is composed of OB-A and OB- 
 domains, which are adjacent to one another in Rfa1 and 

ogether bind 8 nts of ssDNA in an approximately linear 
onformation (Figures 1 A and 3 A) ( 28 ). In contrast, the
PA trimerization core (RPA 

Tri-C ) is a trimer made up OB- 
omains from three separate subunits (OB-C / D / E; only 

B-C and OB-D bind ssDNA) that exerts a local bend in 

he 19 nt of bound ssDNA (Figures 1 A and 3 A) ( 27 ). These
ifferent DNA-binding properties contribute to different 
ffinity for and dynamics on ssDNA. 

We purified the RPA 

AB and RPA 

Tri-C subdomains and 

ested their ability to bind DNA and stimulate origin un- 
inding. When we tested these RPA mutants in fluores- 

ence polarization assays, both RPA 

AB and RPA 

Tri-C dis- 
layed lower ssDNA-binding affinity compared to full- 

ength RP A. RP A 

AB showed ssDNA binding comparable to 
hat of Gp32, whereas RPA 

Tri-C DNA-binding affinity was 
etween that of RPA and RPA 

AB (Figure 3 C and Supple- 
ental Table S1). The relative affinities are consistent with 

ecent studies on RPA ssDNA-binding dynamics ( 23 , 25 ). 
hen we tested each two-ssDNA-binding-domain mutant 

n the origin unwinding assay, neither RPA 

AB nor RPA 

Tri-C 

tim ulated DN A unwinding. As with Gp32, increasing the 
oncentration of RPA 

AB or RPA 

Tri-C to compensate for 
heir lower ssDNA affinity did not r estor e origin DNA 

nwinding (Figure 3 D and Supplemental Figure S2). We 
onclude that an ssDNA-binding protein with two DNA- 
inding domains is not sufficient to promote origin DNA 

nwinding. 
Because both RPA and EcSSB include four DNA- 

inding domains, we asked if the higher avidity or larger 
inding site of this number of ssDNA-binding domains is 
 equir ed to promote origin unwinding. To test this possi- 
ility, we made an artificial RPA mutant containing two 

opies each of the OB-A and OB-B domains in a single 
olypeptide (RPA 

ABAB ). The two copies of OB-A and OB- 
 are connected by the nati v e linker that separates OB-B 

rom OB-C (Figure 4 A, B). Structural evidence shows the 
B-A and OB-B domains bind 8 nt of ssDNA ( 28 ), sug- 
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gesting RPA 

ABAB can bind at least 16 nt and perhaps more
due to the fle xib le linker between the two AB domains.
This RPA mutant showed ssDNA binding that is compa-
rable to wild-type RPA (Figure 4 C and Supplemental Ta-
ble S1). When tested in DNA-unwinding assays, however,
RPA 

ABAB failed to promote e xtensi v e origin DNA unwind-
ing (Figure 4 D, lanes 6–8). These data support the con-
clusion that neither ssDNA-binding affinity nor number of
DNA-binding domains explain the SSB r equir ement during
origin unwinding. 

To test whether origin unwinding r equir es the endoge-
nous, multimeric context of RPA, we generated an RPA mu-
tant, RPA 

� OB-F � WH , that contains all four DNA-binding
domains but lacks the known RPA protein-interaction do-
mains, Rfa1-OB-F and Rfa2-WH (Figure 4 A-B). These do-
mains interact with DNA repair and replication proteins,
such as Pol- �/ primase and Dna2, but are not involved in
DNA binding ( 21 , 47 , 57–63 ). Indeed, we found this RPA
m utant bound DN A with near wild-type affinity (Figure 4 C
and Supplemental Table S1). In contrast with the RPA 

ABAB

m utant, RPA 

� OB-F � WH supported robust DN A unwinding
a t all concentra tions tested (Figure 4 D, lanes 4 versus 9–
11). To gether, these RPA m utant results indica te tha t exten-
si v e DNA unwinding at replication origins r equir es the spe-
cific arrangement of DNA-binding domains in RPA. Com-
bined with our finding that EcSSB functions during origin
unwinding, these studies support a model in which DNA
bending and / or dynamic changes in ssDNA-binding modes
ar e r equir ed for origin DNA unwinding. 

Replication elongation r equir es the RPA OB-F and WH
domains 

We next asked whether ssDNA-binding proteins that sup-
port origin unwinding also support DNA synthesis. To
monitor replica tion initia tion and elonga tion, we utilized
an in vitro reconstituted DNA replication assay on lin-
earized ARS1 -containing plasmid DNA (Figure 5 A) ( 9 , 14 ).
Nascent DNA strands are monitored by incorporation
of radiolabeled dNTPs followed by separation by alka-
line gel electrophoresis. Omission of the flap endonucle-
ase (Fen1) and DNA ligase from the reactions allows dis-
tinction of long leading-strand synthesis products (3000–
6000 nts) from shorter lagging-strand products (100–500
nts) (Figure 5 ) ( 9 ). 

We found that DNA synthesis has distinct RPA r equir e-
ments compared to DNA unwinding. As previously re-
ported ( 9 ), we saw no DNA replication without RPA, and
addition of RPA led to robust, DDK-dependent leading-
and lagging-strand synthesis (Figure 5 B–D, compare lanes
1–4). Consistent with its defect in promoting origin un-
winding, addition of Gp32 did not support any DNA syn-
thesis (Supplemental Figure S3A). When EcSSB was sub-
stituted for RPA, howe v er, we observ ed a distinct pat-
tern of replication products. When supplied at the equiv-
alent concentration of RPA (75 nM), EcSSB supported
weak DNA-synthesis activity (Figure 5 B, lane 4). Thus,
although this EcSSB concentration supports robust DNA
unwinding (Figure 2 ), it showed a strong defect in initi-
a ting and / or elonga ting nascent DNA. Increasing the Ec-
SSB concentration resulted in a corresponding increase in
 

DNA synthesis, howe v er, the distribution of leading- and
lagging-strand products was strikingly different than that
observed with RPA. With EcSSB, we consistently observed
a much larger fraction of long products (Figure 5 B, lanes
5–6), suggesting that lagging-strand DNA synthesis is de-
fecti v e. This could be due to fewer lagging-strand synthe-
sis products or to longer Okazaki fragments that comigrate
with the leading-strand products. In either scenario, RPA
performs one or more essential functions at the eukaryotic
replication fork that cannot be complemented by EcSSB. 

The failure of EcSSB to support normal leading- and
lagging-strand replication suggests that replication r equir es
direct contacts between RPA and the replisome. Inter-
estingl y, w hen we tested the RPA 

� OB-F � WH mutant that
lacks both of RPA’s protein-interaction domains but binds
ssDNA with wild-type affinity (Figure 4 ), we observed re-
sults that were very similar to experiments with EcSSB (Fig-
ure 5 C). These results suggest that the OB-F and WH do-
mains control important aspects of DNA replication. 

To investigate this connection further, we generated dele-
tion mutants lacking either the OB-F or the WH domain.
Like RPA 

� OB-F � WH , these mutants both support robust ori-
gin unwinding at all concentrations tested (Supplemental
Figure S3B, C). Strikingly, both RPA 

� OB-F and RPA 

� WH

have strong replication defects when supplied at the same
concentration as RPA (Figure 5 D, E, lanes 2 versus 4),
showing that they each are critical for efficient replica-
tion initiation or elongation. Increasing the concentration
of either mutant protein increased nucleotide incorpora-
tion but resulted in abnormal patterns of leading- and
lagging-strand replication products. Higher concentrations
of RPA 

� OB-F led to an accumulation of short products
comigr ating with lagging-str and products (Figure 5 D, lanes
4–6). In contrast, increasing amounts of RPA 

� WH produced
a preponderance of longer replication products that lacked
the shorter Okazaki fragment lengths. This pattern was sim-
ilar to that in reactions with EcSSB or with RPA 

� OB-F � WH

(Figure 5 E, lanes 4–6). These results show that the two RPA
pr otein-interaction domains contr ol different pr operties of
DNA replication initiation or elongation. 

Defects in priming would more strikingly affect lagging-
strand synthesis because of the need to constantly re-initiate
DNA synthesis on this strand. Because RPA affects mul-
tiple Pol- �/ primase activities, we considered that altering
RPA–Pol- �/ primase interactions may explain the defects in
replication product size distribution. To test this, we first
increased the concentration of Pol- �/ primase in the recon-
stituted replication assay. Because reactions with the RPA
mutants had low amounts of DNA synthesis in our stan-
dard assay conditions (Figure 5 D-E, lane 2 versus 4–6), we
used a higher concentration of RPA (150nM) in these ex-
periments. 

Increasing Pol- �/ primase concentration resulted in dis-
tinct changes in replication products for the different RPAs.
In reactions with wild-type RPA, additional Pol- �/ primase
resulted in a higher prevalence of short products relati v e to
the long leading-strand products. Additionally, the lagging-
strand products were slightly shorter (Figure 6 A, lanes 3–
4, and Supplemental Figure S 4). This trend resembles the
defect we have observed with the RPA 

� OB-F mutant, with
an increase in short products at the expense of the longer
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products. Inter estingly, in r eactions with RPA 

� OB-F , in-
creasing Pol- �/ primase also shortened the length of the
lagging-strand products but did not strikingly alter the
leading- and lagging-strand distribution (Figure 6 A, lanes
5–6 and Supplemental Figure S4). This finding is consistent
with negati v e role for the OB-F domain in Pol- �/ primase
function. In contrast, reactions with RPA 

� WH showed par-
tial restoration of short lagging-strand products without
any major changes in the longer leading-strand products
(Figure 6 A, lanes 7–8), a result that is consistent with a pos-
iti v e regulatory role of this domain. Together these results
are consistent with the RPA OB-F and WH domains neg-
ati v ely and positi v ely regulating the priming of DNA syn-
thesis, respecti v ely. 

Next, we asked whether the RPA mutants affect Pol-
�/ primase binding to ssDNA. To this end, we measured
Pol- �/ primase binding on naked ssDNA or ssDNA pre-
incubated with an equimolar amount of RPA using fluores-
cence polarization (Figure 6 B). By using a longer oligonu-
cleotide (6FAM-dT60), we can observe binding of RPA
and Pol- �/ primase on the same ssDNA molecule. When
we titrated Pol- �/ primase, we observed a concentration-
dependent increase in anisotropy. The maximum anisotropy
was notably higher on naked DNA than on RPA / ssDNA
complex es (Figur e 6 B), consistent with RPA r educing Pol-
�/ primase association with the oligo-dT60 template. When
we pre-incubated ssDNA with RPA 

� WH , there was no
significant difference from pre-incubation with WT RPA.
Howe v er, w hen ssDN A was pre-incubated with RPA 

� OB-F ,
Pol- �/ primase binding matched that of the naked DNA
(Figure 6 B). These results show that the removal of the OB-
F domain allows more Pol- �/ primase to bind to an ssDNA
templa te coa ted with RPA, supporting a nega ti v e regulatory
role of this domain. This observation is consistent with our
observation of increased lagging-strand synthesis in replica-
tion reactions with RPA 

� OB-F (Figures 5 D and 6 A). Over-
all, our RPA mutants have revealed two distinct activities
that are crucial for appropriate replication fork assembly or
function. 

DISCUSSION 

By substituting other SSBs or mutant versions of RPA into
differ ent r eplication assays, we have gained important in-
sights into the function of RPA during eukaryotic replica-
tion initiation and elongation. We found that RPA r equir es
two protein-interaction domains, OB-F and WH, to coor-
dinate DNA synthesis at the eukaryotic replication fork.
Interestingly, these domains are dispensable for origin un-
winding. Instead, we find that a particular arrangement of
ssDNA binding domains found in RPA and EcSSB, but not
Gp32, is r equir ed for this e v ent. 

RPA function during helicase activation and unwinding 

Pre vious wor k has shown e vidence of CMG acti vation and
translocation on ssDNA in the absence of RPA ( 12 ). These
data suggest that the purpose of RPA is to simply keep the
str ands separ ated after CMG passes. Howe v er, our results
indica te tha t pre v enting strand re-annealing is not the sole
purpose of RPA during origin unwinding (Figures 2 – 4 ).
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e find that, e v en at v ery high concentrations, Gp32 does 
ot support e xtensi v e DNA unwinding in our assays. Ad- 
itionally, Gp32 fails to support any DNA synthesis (Sup- 
lemental Figure S3), suggesting that the DNA is insuffi- 
iently unwound to support replisome assembly. This is de- 
pite the fact that Gp32 participates in rapid cooperati v e ss- 
NA binding ( 64 ) with a slow of f-ra te. Importantly, single- 
olecule evidence indicates that Gp32 binding pre v ents re- 

nnealing of ssDNA ( 65 ), and Gp32 is known to stabilize 
sDNA regions to allow primer binding in plasmid DNA 

 66 ). In addition, the RPA 

ABAB mutant has the same ss- 
NA binding affinity as RPA, yet fails to promote e xtensi v e

rigin DNA unwinding, further supporting our conclusion 

hat RPA contributes to more than pre v enting strand re- 
nnealing during the transition to e xtensi v e origin DNA un- 
inding. Based on these findings, we argue that RPA must 

mprove the efficiency of CMG activation or translocation 

n ssDNA. 
Ther e ar e se v eral features of the three proteins that

timulated e xtensi v e origin unwinding (RPA, EcSSB and 

PA 

� OB-F � WH ) that are not shared by the small monomeric 
p32 or the RPA mutants tested. First, multiple dynamic 

sDNA-binding modes contribute to RPA ( 23 , 25 ) and Ec- 
SB ( 36 ) function. These multiple ssDNA-binding modes 
re important for binding various DNA structures, such as 
ingle-strand gaps, bubbles and ss / dsDNA junctions ( 67 ). 
econd, not only are RPA and EcSSB larger than Gp32 

y molecular weight, their structures also contain clustered 

B-fold domains (Figure 1 A–C). Finally, structural evi- 
ence shows that both RPA and EcSSB can induce ssDNA- 
ending (Figure 1 A and C, ( 27 , 29 , 33 )). The single binding
omain of Gp32 cannot reproduce the ssDNA-binding dy- 
amics , clustered OB-folds , or ssDNA bending exhibited by 

cSSB and RPA. 
A combination of these three properties could contribute 

o two important r equir ements for origin activation. First, 
PA ssDNA-binding dynamics may improve the efficiency 

f CMG activation by supporting the DNA remodeling 

teps r equir ed as the helicase transitions from encircling ds- 
N A to encircling ssDN A. For example, RPA binding to 

artially extruded DNA could facilitate strand extrusion 

Supplemental Figure S5B). Secondly, because the Mcm2-7 

elicases are loaded in a head-to-head conformation ( 2 , 4 ), 
hey must pass each other on opposite strands of DNA 

efor e unwinding DNA bidir ectionally from the replica- 
ion origin. RPA could promote this process by eliminat- 
ng steric barriers, through its physical size, effects on ss- 

NA conformation, or both (Supplemental Figure S5C). 
lthough CMG translocation on ssDNA is detectable in 

he absence of RPA ( 12 ), the efficiency of this transition is 
ow. We propose that RPA increases the efficiency of this 
ransition as is observed in DNA unwinding assays (Figure 
 and ( 12 )). 

Finally, RPA binding to the ssDNA strand excluded from 

MG could stimulate helicase processivity in a way that 
romotes e xtensi v e origin unwinding. Although RPA mod- 
lates the activity of other helicases through direct interac- 
ions ( 62 , 68 ), this has not been observed for the CMG he-
icase. Indeed, the ability of EcSSB and RPA 

� OB-F � WH to 

ubstitute for RPA indica tes tha t direct pr otein-pr otein in- 
eractions between RPA and the helicase are not r equir ed. 
nstead, we consider that RPA stimulates origin unwind- 
ng by interacting with the excluded strand during CMG 

ranslocation (Supplemental Figure S5D). Structural stud- 
es of the CMG complex found that the excluded strand in- 
eracts with the helicase central pore ( 69–71 ). Recent evi- 
ence suggests this interaction leads to CMG stalling, and 

PA binding to the excluded strand stimulates the rate 
f the CMG helicase ( 19 ). Similarly, studies of the E. coli 
eplicati v e helicase, DnaB, that showed a ppl ying tension to 

he excluded strand, but not the encircled strand, stimulates 
elicase activity ( 72 ). In contrast, a similar study using the 
4 bacteriophage replicati v e helicase, Gp41, demonstrated 

hat tension on the excluded strand inhibited DNA unwind- 
ng ( 73 ). If this type of tension on the excluded strand is
mportant for CMG stimulation, these data would explain 

he ability of EcSSB, but not T4 Gp32 to function in the 
nwinding assay. 

eplication r equir es the RPA OB-F and WH domains 

pecific RPA interactions are required at the eukaryotic 
eplica tion fork. W hen substituted for RPA, both EcSSB 

nd RPA 

� OB-F � WH display ed dr amaticall y decreased DN A 

ynthesis in reconstituted replication assays, suggesting de- 
ects in nascent strand initiation or elongation (Figure 
 B, C and Supplemental Figure S3D). At higher EcSSB or 
PA 

� OB-F � WH concentrations, DNA synthesis increased, 
ut the products displayed altered distributions of leading- 
nd / or lagging-strand products. Thus, in addition to over- 
ll DNA synthesis defects, our results show that specific in- 
eractions between RPA and the eukaryotic replication ma- 
hinery are required for appropriate replication fork func- 
ion. This is consistent with previous observations in SV40 

 eplication, wher e neither EcSSB nor yeast RPA can ef- 
ciently substitute for human RPA ( 42 , 44 ). Similarly, the 
acterial r eplisome r equir es specific interactions with the 
cSSB C-terminal tails ( 74 ). New structural data of the eu- 
aryotic replisome shows Pol- �/ primase directly contacts 
he CMG helicase ( 75 ). These replisome structures were 
ssembled without RPA, raising the possibility that RPA 

acilita tes Pol- �/ primase incorpora tion into the replisome. 
uch a function could explain the reduced DNA synthe- 
is in replication reactions with EcSSB or the RPA protein- 
nteraction domain mutants. 

A pre vious study observ ed that EcSSB supports only Pol 
 -dependent rolling-circle replication products in reconsti- 
uted yeast replication assays on circular DNA templates 
 76 ). Thus, Pol ε synthesis may explain the longer replica- 
ion products and absence of short characteristic Okazaki 
ragments in reactions with EcSSB or RPA 

� OB-F, � WH on 

ur linear templates. These findings suggest that the OB-F 

nd WH domains likely regulate Pol- �/ primase and / or Pol 
activity at the replication for k. An alternati v e e xplanation 

s that the long products observed consist of long Okazaki 
ragments, possibly due to decreased priming on the lagging 

trand. 
Consistent with the Rfa2 WH domain r equir ement in 

ascent strand initiation or Pol- �/ primase recruitment 
o the r eplisome, incr easing Pol- �/ primase concentrations 
artially r estor ed the synthesis of short replication products 
Figure 6 A). This result suggests that the Rfa2 WH domain 

acilitates Pol- �/ primase binding or activity on ssDNA. 
onsistent with this hypothesis, previous studies found that 
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deletion of the Rfa2-WH domain reduced RPA interac-
tion with Pol- �/ primase ( 77 ). We can also gain insight from
structures of the conserved RPA-like CST complex with
Pol- �/ primase in its acti v e conformation. These structures
re v eal direct contacts between Pol- �/ primase and the Stn1
winged-helix domains, which are analogous to but di v ergent
from the Rfa2-WH domain, and these contacts are pro-
posed to promote Pol- �/ primase activity and processivity
( 78 , 79 ). 

Our RPA 

� OB-F results implicate an important role for
the Rfa1 OB-F domain in regulation of lagging-strand syn-
thesis. We observed tha t replica tion assays with this mu-
tant had weak leading-strand synthesis and accumulated
Okazaki fragments that were shorter than those in control
r eactions (Figur e 5 D and Supplemental Figure S3D). In-
ter estingly, incr easing Pol- �/ primase concentrations in re-
actions with WT RPA display ed a similar ly skewed lead-
ing:la gging product distrib ution with shorter Okazaki fra g-
ments (Figure 6 A). This suggests that excess Pol- �/ primase
acti vity could e xplain the results we hav e observ ed. In sup-
port of this hypothesis, we observed that RPA 

� OB-F lacked
the ability to limit Pol- �/ primase ssDNA binding that we
observed with full-length RPA (Figure 6 B). Such a nega-
ti v e regulatory function for RPA could play a critical role in
determining the frequency of lagging-strand priming gi v en
the recent finding suggesting that Pol- �/ primase associates
continuously with the replisome ( 75 ). 

It is also possible that this negati v e regulation of Pol-
�/ primase is necessary for polymerase switching. Failure
of this activity could prevent or delay handoff from Pol-
�/ primase to the more processi v e Pol � and / or Pol ε , af-
fecting both leading and lagging synthesis. Indeed, replica-
tion reactions with RPA 

� OB-F do not recover leading-strand
synthesis, e v en in the presence of excess Pol- �/ primase
(Figure 6 A). Similarly, SV40 replication assays performed
without the Pol � processivity clamp PCNA display only
short replication products ( 59 ), suggesting that accumula-
tion of short products may be due to failure of polymerase
switching. Indeed, genetic data supports a role of the OB-
F domain in regulating not only Pol- �/ primase but also
Pol �. Mutations in the Rfa1 OB-F domain are synthetic
lethal with mutant alleles of P ol- �/ primase, P ol � and RFC
( 80 , 81 ). 

Overall, our results re v eal that the Rfa1 OB-F and Rfa2
WH domains each regulate a distinct step of nascent strand
initiation or elongation. A function of the WH domain in
stimulating priming activity and OB-F domain in negati v ely
regulating this e v ent fits with our analysis of the double and
single mutants. We found that the WH deletion mimics the
double m utant, w hereas the OB-F m utant shows a distinct
phenotype, consistent with the WH domain stimulating an
activity that is r equir ed befor e the activity regulated by the
OB-F domain. Future studies in volving assa ys f or specific
steps of replication initiation will be r equir ed to determine
the precise mechanism by which the OB-F and WH do-
mains regulate replication fork function. 
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Nature , 524 , 186–191. 

6. Parker,M.W., Botchan,M.R. and Berger,J.M. (2017) Mechanisms 
and regulation of DNA replication initiation in eukaryotes. Crit. Rev. 
Biochem. Mol. Biol. , 52 , 107–144. 

7. Li,H. and O’Donnell,M.E. (2018) The eukaryotic CMG helicase at 
the replication fork: emerging architecture re v eals an unexpected 
mechanism. BioEssays , 40 , 1700208. 

8. Yao,N.Y. and O’Donnell,M.E. (2021) The DNA replication machine: 
structure and dynamic function. Subcell. Biochem. , 96 , 233–258. 

9. Yeeles,J.T .P., Deegan,T .D., Janska,A., Early,A. and Diffley,J.F.X. 
(2015) Regulated eukaryotic DNA replication origin firing with 
purified proteins. Nature , 519 , 431–435. 

10. Ilv es,I., Petoje vic,T., Pesav ento,J .J . and Botchan,M.R. (2010) 
Activation of the MCM2-7 helicase by association with Cdc45 and 
GINS proteins. Mol. Cell , 37 , 247–258. 

11. van Deursen,F., Sengupta,S., De Piccoli,G., Sanchez-Diaz,A. and 
Labib,K. (2012) Mcm10 associates with the loaded DNA helicase at 
replication origins and defines a novel step in its activation. EMBO J. ,
31 , 2195–2206. 

12. Douglas,M.E., Ali,F.A., Costa,A. and Diffley,J.F.X. (2018) The 
mechanism of eukaryotic CMG helicase activation. Nature , 555 , 
265–268. 

13. Langston,L.D. and O’Donnell,M.E. (2019) An explanation for origin 
unwinding in eukaryotes. Elife , 8 , e46515. 

14. L ̃ ooke,M., Maloney,M.F. and Bell,S.P. (2017) Mcm10 regulates 
DNA replication elongation by stimulating the CMG replicati v e 
helicase. Genes Dev. , 31 , 291–305. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad765#supplementary-data


Nucleic Acids Research, 2023, Vol. 51, No. 19 10517 

1

1

1

1

 

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4
 

4

4

4

4
 

4

4

4

5

5

5

5

5

5

5

5

5

5. Lewis,J.S., Gross,M.H., Sousa,J., Henrikus,S .S ., Greiwe,J.F., 
Nans,A., Diffley,J.F.X. and Costa,A. (2022) Mechanism of 
replication origin melting nucleated by CMG helicase assembly. 
Nature , 606 , 1007. 

6. Brill,S.J. and Stillman,B. (1991) Replication factor-A from 

Saccharomy ces cere visiae is encoded by three essential genes 
coor dinately e xpressed at S phase. Genes Dev. , 5 , 1589–1600. 

7. Wold,M.S. (1997) Replication protein A: a heterotrimeric, 
single-stranded DNA-binding protein r equir ed for eukaryotic DNA 

metabolism. Annu. Rev. Biochem. , 66 , 61–92. 
8. Wold,M.S. and Kelly,T. (1988) Purification and characterization of 

replication protein A, a cellular protein r equir ed for in vitro 
replication of simian virus 40 DNA. Proc. Natl. Acad. Sci. U.S.A. , 85 ,
2523–2527. 

9. Kose,H.B., Xie,S., Cameron,G., Strycharska,M.S. and Yardimci,H. 
(2020) Duplex DNA engagement and RPA oppositely regulate the 
DNA-unwinding rate of CMG helicase. Nat. Commun. , 11 , 3713. 

0. Caldwell,C .C . and Spies,M. (2020) Dynamic elements of replication 
protein A at the crossroads of DNA replication, recombination, and 
repair. Crit. Rev. Biochem. Mol. Biol. , 55 , 482–507. 

1. Prakash,A. and Borgstahl,G.E.O. (2012) The eukar y otic replisome: a 
guide to protein structure and function . 

2. Bochkare va,E., Korole v,S ., Lees-Miller,S .P. and 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. 

3. Pokhrel,N., Caldwell,C .C ., Corless,E.I., Tillison,E.A., Tibbs,J., 
Jocic,N., Tabei,S.M.A., Wold,M.S., Spies,M. and Antony,E. (2019) 
Dynamics and selecti v e remodeling of the DNA-binding domains of 
RPA. Nat. Struct. Mol. Biol. , 26 , 129–136. 

4. Fanning,E., Klimovich,V. and Nager,A.R. (2006) A dynamic model 
for replication protein A (RPA) function in DNA processing 
pa thways. Nuc leic Acids Res . , 34 , 4126–4137. 

5. Ahmad,F., Patterson,A., De v eryshetty,J ., Mattice,J .R., Pokhrel,N., 
Bothner,B. and Antony,E. (2021) Hydrogen-deuterium exchange 
re v eals a dynamic DNA-binding map of replication protein A. 
Nucleic Acids Res. , 49 , 1455–1469. 

6. Alani,E., Thresher,R., Griffith,J.D. and Kolodner,R.D. (1992) 
Characterization of DNA-binding and strand-exchange stimulation 
properties of y-RPA, a yeast single-strand-DNA-binding protein. J. 
Mol. Biol. , 227 , 54–71. 

7. Yates,L.A., Arama y o,R.J., Pokhrel,N., Caldwell,C .C ., Kaplan,J.A., 
Perera,R.L., Spies,M., Antony,E. and Zhang,X. (2018) A structural 
and dynamic model for the assembly of Replication Protein A on 
single-stranded DNA. Nat. Commun. , 9 , 5447. 

8. Bochkarev,A., Pfuetzner,R.A., Edwards,A.M. and Frappier,L. 
(1997) Structure of the single-stranded-DNA-binding domain of 
replication protein A bound to DNA. Nature , 385 , 176–181. 

9. Fan,J. and Pavletich,N.P. (2012) Structure and conformational change 
of a replication protein A heterotrimer bound to ssDNA. Genes Dev. , 
26 , 2337–2347. 

0. Marceau,A.H. (2012) Functions of single-strand DNA-binding 
proteins in DNA replication, recombination, and repair. In: 
Single-Stranded DNA Binding Proteins , Methods in Molecular 
Biology. Humana Press, Totowa, NJ, pp. 1–21. 

1. Ko walczyko wski,S.C., Lonber g,N., Newport,J.W. and v on 
Hippel,P.H. (1981) Interactions of bacteriophage T4-coded gene 32 
protein with nucleic acids. J. Mol. Biol. , 145 , 75–104. 

2. Rouzina,I., Pant,K., Karpel,R.L. and Williams,M.C. (2005) Theory 
of electrostatically regulated binding of T4 gene 32 protein to single- 
and double-stranded DNA. Biophys. J. , 89 , 1941–1956. 

3. Raghunathan,S., Kozlov,A.G., Lohman,T.M. and Waksman,G. 
(2000) Structure of the DNA binding domain of E. coli SSB bound to 
ssDNA. Nat. Struct. Biol. , 7 , 648–652. 

4. Antony,E. and Lohman,T.M. (2019) Dynamics of E. coli single 
stranded DNA binding (SSB) protein-DNA complexes. Semin. Cell 
Dev. Biol. , 86 , 102–111. 

5. Naufer,M.N., Morse,M., Mcisaac,J., Rouzina,I., Beuning,P.J. and 
Williams,M.C. (2021) Multiprotein E. coli SSB – ssDNA complex 
shows both stable binding and rapid dissociation due to interprotein 
interactions. Nucl Acids Res 49 , 1532–1549. 

6. Lohman,T. (1994) Escherichia coli single-stranded DNA-binding 
proteins: multiple DNA-binding modes and cooperativities. Annu. 
Rev. Biochem. , 63 , 527–570. 
7. Ferrari,M.E., Bujalowski,W. and Lohman,T.M. (1994) Co-operati v e 
binding of Escherichia coli SSB tetramers to single-stranded DNA in 
the (SSB)35 binding mode. J. Mol. Biol. , 236 , 106–123. 

8. Spicer,E.K., Williams,K.R. and Konigsberg,W.H. (1979) T4 gene 32 
protein trypsin-generated fragments. Fluorescence measurement of 
DNA-binding parameters. J. Biol. Chem. , 254 , 6433–6436. 

9. Ishimi,Y., Matsumoto,K. and Ohba,R. (1994) DNA replication from 

initiation zones of mammalian cells in a model system. Mol. Cell. 
Biol. , 14 , 6489–6496. 

0. Tsurimoto,T. and Stillman,B. (1991) Replication factors r equir ed for 
SV40 DNA replication in vitro. II. Switching of DNA polymerase 
alpha and delta during initiation of leading and lagging strand 
synthesis. J. Biol. Chem. , 266 , 1961–1968. 

1. Wobbe,C.R., Weissbach,L., Borowiec,J.A., Dean,F.B., Murakami,Y., 
Bullock,P. and Hurwitz,J. (1987) Replication of simian virus 40 
origin-containing DNA in vitro with purified proteins. Proc. Natl. 
Acad. Sci. U.S.A. , 84 , 1834–1838. 

2. Brill,S.J. and Stillman,B. (1989) Yeast replication factor-A functions 
in the unwinding of the SV40 origin of DNA replication. Nature , 342 ,
92–95. 

3. Kenny,M.K., Lee,S.H. and Hurwitz,J. (1989) Multiple functions of 
human single-stranded-DNA binding protein in simian virus 40 
DNA replication: single-strand stabilization and stimulation of DNA 

polymerases alpha and delta. Proc. Natl. Acad. Sci. U.S.A. , 86 , 
9757–9761. 

4. Melendy,T. and Stillman,B. (1993) An interaction between replication 
protein A and SV40 T antigen appears essential for primosome 
assembly during SV40 DNA replication. J. Biol. Chem. , 268 , 
3389–3395. 

5. Braun,K.A., Lao,Y., He,Z., Ingles,C.J. and Wold,M.S. (1997) Role of 
pr otein-pr otein interactions in the function of replication protein A 

(RP A): RP A modulates the activity of DN A pol ymerase alpha by 
multiple mechanisms. Biochemistry , 36 , 8443–8454. 

6. Weisshart,K., Taneja,P. and Fanning,E. (1998) The replication 
protein A binding site in Simian Virus 40 (SV40) T antigen and its role
in the initial steps of SV40 DNA replication. J. Virol. , 72 , 9771–9781. 

7. Dornreiter,I., Erdile,L.F., Gilbert,I.U., von Winkler,D., Kelly,T.J. 
and Fanning,E. (1992) Interaction of DNA polymerase 
alpha-primase with cellular replication protein A and SV40 T 

antigen. EMBO J. , 11 , 769–776. 
8. Waga,S. and Stillman,B. (1998) The DNA replication fork in 

eukaryotic cells. Annu. Rev. Biochem. , 67 , 721–751. 
9. Yuzhakov,A., Kelman,Z., Hurwitz,J. and O’Donnell,M. (1999) 

Multiple competition reactions for RPA order the assembly of the 
DN A pol ymerase delta holoenzyme. EMBO J. , 18 , 6189–6199. 

0. Gibb,B., Ye,L.F., Gergoudis,S.C., Kwon,Y.H., Niu,H., Sung,P. and 
Greene,E.C. (2014) Concentration-dependent exchange of replication 
protein A on single-stranded DNA re v ealed by single-molecule 
imaging. PLoS One , 9 , e87922. 

1. Kang,S., Warner,M.D. and Bell,S.P. (2014) Multiple functions for 
Mcm2-7 ATPase motifs during replication initiation. Mol. Cell , 55 , 
655–665. 

2. Frigola,J., Remus,D., Mehanna,A. and Diffley,J.F.X. (2013) 
ATPase-dependent quality control of DNA replication origin 
licensing. Nature , 495 , 339–343. 

3. Posse,V., Johansson,E. and Diffley,J.F.X. (2021) Eukaryotic DNA 

Replication with Purified Budding Yeast Proteins. Methods Enzymol. , 
661 , 1–33. 

4. Binz,S.K., Dickson,A.M., Haring,S.J. and Wold,M.S. (2006) 
Functional assays for replication protein A (RPA). Methods 
Enzymol. , 409 , 11–38. 

5. Jarmoskaite,I., AlSadhan,I., Vaid yana than,P .P . and Herschlag,D. 
(2020) How to measure and evaluate binding affinities. Elife , 9 , 
e57264. 

6. Bastin-Shanower,S.A. and Brill,S.J. (2001) Functional analysis of the 
four DNA binding domains of Replication Protein A: the role of 
RPA2 in ssDNA binding. J. Biol. Chem. , 276 , 36446–36453. 

7. Collins,K.L. and Kelly,T.J. (1991) Effects of T antigen and replication 
protein A on the initiation of DNA synthesis by DNA polymerase 
alpha-primase. Mol. Cell. Biol. , 11 , 2108–2115. 

8. Han,Y ., Loo,Y ., Militello,K.T . and Melendy,T . (1999) Interactions of 
the Papovavirus DNA Replication Initiator proteins, Bovine 
Papillomavirus Type 1 E1 and Simian Virus 40 large T antigen, with 
Human Replication Protein A. J. Virol. , 73 , 4899–4907. 



10518 Nucleic Acids Research, 2023, Vol. 51, No. 19 

 

 

 

 

 

 

59. Wold,M.S., Weinberg,D.H., Virshup,D.M., Li,J .J . and Kelly,T.J. 
(1989) Identification of cellular proteins r equir ed for simian virus 40 
DNA replication. J. Biol. Chem. , 264 , 2801–2809. 

60. Zou,L. and Elledge,S.J. (2003) Sensing DNA damage through ATRIP
recognition of RPA-ssDNA complexes. Science , 300 , 1542–1548. 

61. Shen,J., Zhao,Y., Pham,N.T., Li,Y., Zhang,Y., Trinidad,J., Ira,G., 
Qi,Z. and Niu,H. (2022) Deciphering the mechanism of processi v e 
ssDNA digestion by the Dna2-RPA ensemble. Nat. Commun. , 13 , 
359. 

62. Acharya,A., Kasaciunaite,K., G ̈ose,M., Kissling,V., Gu ́erois,R., 
Seidel,R. and Cejka,P. (2021) Distinct RPA domains promote 
recruitment and the helicase-nuclease activities of Dna2. Nat. 
Commun. , 12 , 6521. 

63. Mer,G., Bochkarev,A., Gupta,R., Bochkareva,E., Frappier,L., 
Ingles,C.J., Edwards,A.M. and Chazin,W.J. (2000) Structural basis 
for the recognition of DNA repair proteins UNG2, XPA, and 
RAD52 by replication factor RPA. Cell , 103 , 449–456. 

64. Lohman,T.M. and Ko walczyko wski,S.C. (1981) Kinetics and 
mechanism of the association of the bacteriophage T4 gene 32 (helix 
destabilizing) protein with single-stranded nucleic acids. J. Mol. Biol. , 
152 , 67–109. 

65. Pant,K., Karpel,R.L., Rouzina,I. and Williams,M.C. (2004) 
Mechanical measurement of single-molecule binding rates: kinetics of
DNA helix-destabilization by T4 gene 32 protein. J. Mol. Biol. , 336 , 
851–870. 

66. Zhang,Y. and Tanner,N.A. (2017) Isothermal amplification of long, 
discrete DNA fragments facilitated by single-stranded binding 
protein. Sci. Rep. , 7 , 8497. 

67. Wieser,T.A. and Wuttke,D.S. (2022) Replication protein A utilizes 
differential engagement of its DNA- binding domains to bind 
biolo gicall y relevant ssDNAs in diverse binding modes. Bioc hemistr y , 
61 , 2592–2606. 

68. Shorrocks,A.M.K., Jones,S.E., Tsukada,K., Morrow,C.A., 
Belblidia,Z., Shen,J., Vendrell,I., Fischer,R., Kessler,B.M. and 
Blackford,A.N. (2021) The Bloom syndrome complex senses 
RPA-coated single-stranded DNA to restart stalled replication forks. 
Nat. Commun. , 12 , 585. 

69. Eickhoff,P., Kose,H.B., Martino,F., Petojevic,T., Abid Ali,F., 
Locke,J., Tamberg,N., Nans,A., Berger,J.M., Botchan,M.R. et al. 
(2019) Molecular basis for ATP-hydrolysis-dri v en DNA translocation
by the CMG helicase of the eukaryotic replisome. Cell Rep. , 28 , 
2673–2688. 

70. Georgescu,R., Yuan,Z., Bai,L., De Luna Almeida Santos,R., Sun,J., 
Zhang,D ., Yurieva,O ., Li,H. and O’Donnell,M.E. (2017) Structure of 
C © The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic A
This is an Open Access article distributed under the terms of the Creati v e Commo
permits unrestricted reuse, distribution, and reproduction in any medium, provided t
eukaryotic CMG helicase at a replication fork and implications to 
r eplisome ar chitectur e and origin initia tion. Pr oc. Natl. Acad. Sci. 
U.S.A. , 114 , E697–E706. 

71. Goswami,P., Abid Ali,F., Douglas,M.E., Locke,J., Purkiss,A., 
Janska,A., Eickhoff,P., Early,A., Nans,A., Cheung,A.M.C. et al. 
(2018) Structure of DNA-CMG-Pol epsilon elucidates the roles of the
non-catal ytic pol ymerase modules in the eukaryotic replisome. Nat. 
Commun. , 9 , 5061. 

72. Ribeck,N., Kaplan,D.L., Bruck,I. and Saleh,O.A. (2010) DnaB 

helicase activity is modulated by DNA geometry and force. Biophys. 
J. , 99 , 2170–2179. 

73. Ribeck,N. and Saleh,O.A. (2013) DNA unwinding by ring-shaped T4 
helicase gp41 is hindered by tension on the occluded strand. PLoS 

One , 8 , e79237. 
74. Antony,E., Weiland,E., Yuan,Q., Manhart,C.M., Nguyen,B., 

Kozlov,A.G., McHenry,C.S. and Lohman,T.M. (2013) Multiple 
C-terminal tails within a single E. coli SSB homotetramer coordinate 
DNA replication and repair. J. Mol. Biol. , 425 , 4802–4819. 

75. Jones,M.L., Aria,V., Baris,Y. and Yeeles,J.T.P. (2023) How Pol 
�-primase is targeted to replisomes to prime eukaryotic DNA 

replication. Mol. Cell , 83 , 2911–2924. 
76. Devbhandari,S., Jiang,J., Kumar,C., Whitehouse,I. and Remus,D. 

(2017) Chromatin constrains the initiation and elongation of DNA 

replication. Mol. Cell , 65 , 131–141. 
77. Braun,K.A., Lao,Y., He,Z., Ingles,C.J. and Wold,M.S. (1997) Role of 

pr otein-pr otein interactions in the function of replication protein A 

(RP A): RP A modulates the activity of DN A pol ymerase alpha by 
multiple mechanisms. Biochemistry , 2960 , 8443–8454. 

78. He,Q., Lin,X., Chavez,B.L., Lusk,B.L. and Lim,C.J. (2021) Structure 
of human CST-pol- a / primase bound to a telomeric overhang poised
for initiation of telomere C-strand synthesis. bioRxiv doi: 
https://doi.org/10.1101/2021.12.16.472968 , 16 December 
2021,preprint: not peer re vie wed. 

79. He,Y., Song,H., Chan,H., Liu,B., Wang,Y., Susac,L., Hong,Z.H. and 
Feigon,J. (2022) Structure of Tetrahymena telomerase-bound CST 

with polymerase �-primase. Nature , 608 , 813–818. 
80. Longhese,M.P ., Plevani,P . and Lucchini,G. (1994) Replication factor 

A is r equir ed in vivo for DNA replication, repair, and recombination. 
Mol. Cell. Biol. , 14 , 7884–7890. 

81. Kim,H. and Brill,S.J. (2001) Rfc4 Interacts with Rpa1 and is r equir ed
for both DNA replication and DNA damage checkpoints in 
saccharomy ces cere visiae. Mol. Cell. Biol. , 21 , 3725–3737. 
cids Research. 
ns Attribution License (http: // creati v ecommons.org / licenses / by / 4.0 / ), which 
he original work is properly cited. 

https://doi.org/10.1101/2021.12.16.472968

	ABSTRACT
	GRAPHICAL ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

