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1.  ABSTRACT 
 
 Since the initial discovery of replication protein 
A (RPA) as a DNA replication factor, much progress has 
been made on elucidating critical roles for RPA in other 
DNA metabolic pathways.  RPA has been shown to be 
required for DNA replication, DNA repair, DNA 
recombination, and the DNA damage response pathway 
with roles in checkpoint activation.  This review 
summarizes the current understanding of RPA structure, 
phosphorylation and protein-protein interactions in 
mediating these DNA metabolic processes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.  INTRODUCTION 
 
 Few if any proteins have as much impact on 
mammalian DNA metabolic processes as the single-
stranded DNA (ssDNA) binding protein, RPA.  These 
processes include DNA replication, DNA repair, DNA 
recombination, telomere maintenance and the DNA 
damage response and checkpoint activation.  The 
abundance of RPA and the ability to interact with 
numerous DNA metabolic proteins are key elements for the 
involvement in these processes.  In recent years, studies 
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have demonstrated that RPA is not only required for these 
DNA metabolic pathways, but also that it plays a regulatory 
role in determining what pathways become activated.  In 
this regulatory role, the structure of RPA and changes in 
the structure as a consequence of phosphorylation influence 
the DNA binding mode and more importantly which 
proteins can interact with RPA.  These recent studies 
suggest that RPA acts to control the flow of traffic along 
the genomic highway which helps to govern what DNA 
metabolic pathways are utilized in the cell.  This becomes 
extremely critical when the cell needs to halt DNA 
replication, activate the DNA damage response and initiate 
DNA repair in response to genomic stress and DNA 
damaging events.  RPA is an excellent candidate to help 
control this ‘traffic’ with its involvement in all DNA 
metabolic pathways.  In this review, we will highlight the 
newer advances in our understanding of RPA and focus on 
the mechanism of how RPA can act to direct traffic at the 
busy intersections of the multiple DNA metabolic 
pathways. 
 
3. RPA STRUCTURE AND FUNCTION 
 
3.1.  Protein Structure and DNA binding domains 
 RPA is a heterotrimeric protein that consists of 
70 kDa, 32 kDa, and 14 kDa subunits.  These subunits have 
been termed RPA1, RPA2 and RPA3, respectively.  
Despite the inability to determine the full length protein 
structure, many studies have elucidated structural features 
within each subunit.  This work has led to a better 
understanding of how the full length protein functions.  One of 
the major structural features of RPA is the presence of the 
oligonucleotide/oligosaccharide binding (OB) folds within the 
subunits (1, 2).  This OB fold structure consists of beta sheets 
that form beta-barrel structures that can wrap around ssDNA.  
This is a common structural feature in ssDNA binding proteins 
(3, 4).  The first RPA partial structure revealed two OB folds 
within the central region of RPA1 (amino acids 181-422) (1).  
These OB folds have been termed the DNA binding domain 
(DBD) A, composed of amino acids 181-290 and B, composed 
of amino acids 301-422.  Further work revealed an OB fold 
structure in the C-terminus of RPA1, which was termed DBD 
C (4, 5).  This OB fold comprises amino acids 436-616.  
Structural work with RPA2 and RPA3 revealed OB folds 
within each of these subunits, termed DBD D and E, 
respectively (2, 6).  The DBD D is formed between amino 
acids 43-171 on RPA2, while DBD E is generated from the 
entire amino acids 1-121 of RPA3 (7).  Although structural 
results with DBD E imply it is capable of ssDNA binding, 
this has not been observed (4, 7).  The C-terminus of RPA3 
is important for structural stability of the heterotrimer but 
other functions of RPA3 are not known.    More recently, 
studies looking at the N-terminus of RPA1 have revealed a 
sixth OB fold (DBD F) residing in amino acids 1-110 (8).  
A recent study using computational methods and reactivity 
information for the intact heterotrimer is consistent with the 
structures formed by truncated RPA (9). 
 
 Other structural features include a linker region 
in RPA1 between DBD F and DBD A which likely enables 
a great deal of flexibility in the protein (8).  Also, DBD F 
contains a basic cleft region that appears to be a critical 

feature for protein-protein interactions and DNA metabolic 
regulation (8).  This domain will be discussed in greater 
detail in the sections pertaining to this regulation.  DBD C 
contains a conserved zinc finger motif (Cys4-type) that has 
been shown to influence DNA binding (2, 10).  RPA2 has a 
significant number of phosphorylatable sites within the 
unstructured N-terminus region (amino acids 1-40) that 
play an important role in DNA metabolic pathway 
regulation.  As with the basic cleft region of RPA1, we will 
discuss this further within other sections of this review.  
RPA2 also contains a protein-protein interaction domain 
that resides in the C-terminus of the subunit.  The 
trimerization of RPA1, RPA2 and RPA3 is mediated by 
DBD C, DBD D and DBD E (6, 10).  The RPA complex is 
extremely stable and has been shown to be resistant to 6 M 
urea (11, 12). 
 
3.2.  DNA binding and polarity 
  Much work has been conducted with purified 
RPA and truncation mutants to elucidate its DNA binding 
characteristics.  The culmination of this work has identified 
four distinct RPA ssDNA binding modes, an 8-10 
nucleotides (nt), 12-23 nt, 23-27 nt and 30 nt binding 
modes.  Each mode represents varying degrees of DBD 
contact and ssDNA occlusion.  The affinity of RPA for 
ssDNA with an occluded binding size of 30 nt is extremely 
high with dissociation constants (KDs) in the low nM to 
high pM range (13).  The affinity for each individual DBD, 
however, is relatively weak when compared with the 
heterotrimer, with KDs in the low micromolar range for DBD 
A (14).  The 8-10 nt mode most likely represents contact of 
DBD A and B (1, 15).  For example, biochemical studies have 
shown that DBD A and B have the highest affinity for ssDNA 
and are the primary contacts with ssDNA in the initial 
multistep binding process.  The crystal structure of DBD AB 
bound to a dC8 ssDNA substrate reveals specific aromatic 
amino acid stacking with bases as well as hydrogen bonds 
between amino acids and bases (1).  This structure 
demonstrates that 3 nt on the 5’ side of the ssDNA (dC1-3) 
reside within DBD A.  There are 2 nt (dC4-5) that participate in 
hydrogen bonding between DBD A and B, then the 3 nt at the 
3’ end of the ssDNA (dC6-8) reside within DBD B (1).  RPA 
has been shown to have about a 10-50 fold preference for 
pyrimidine sequences compared with purines (16, 17).  This 
likely relates to the base stacking and other interactions within 
the OB folds. 
 

The 12-23 nt mode represents DBD A, B, C binding 
to ssDNA (18).  This DNA binding mode was also 
demonstrated by Cai and colleagues (19).  The 23-27 nt mode 
involves DBD A-D (18).  The 30 nt binding mode represents a 
multistep binding and stretching out of DBDs A-D (20).  There 
is also evidence that DBD F may contact ssDNA and play a 
role in the 30 nt binding mode (8).  The exact role of these 
binding modes is not clear, but they likely play a role in 
mediating RPA ssDNA binding as well as specific protein-
protein interactions.  A recent review article highlights these 
binding modes and possible models for affecting DNA 
metabolic processes (21). 

 
 The DBD A and B domains bind in a specific 
polarity with respect to ssDNA binding (22-24).  In this 
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Figure 1.  RPA2 phosphorylation sites.  N-terminal residues 1-34 are shown.  Indicated above the sequence are sites for which 
phospho-specific antibodies are available.  The putative kinases responsible for phosphorylation of specific residues are shown 
below the sequence. 
 
process, DBD A binds to the 5’ end of ssDNA whereas 
DBD B binds toward the 3’ end.  In the multistep binding 
process to achieve the 30 nt binding mode, the other DBDs 
change conformation and align along the ssDNA.   In vitro 
experiments with purified RPA demonstrate that with high 
concentrations of protein, multiple bound species can form 
on short 30-31 nt DNA substrates (20, 25).  These species 
represent multiple RPAs bound to the DNA and likely 
represent the 8-10 nt binding mode (20).  Kinetic analysis 
of RPA binding ssDNA suggest a near diffusion limited 
association rate, kon,  ~ 2 nM-1 s-1 (16).  These data 
combined suggest that the association rate of RPA for 
ssDNA is greater than the rate at which RPA elongates to 
form the 30 nt binding mode.  This is significant as it may 
have impact during DNA metabolic processes when there is 
a high abundance of RPA compared with ssDNA.  For 
example, this may occur at a site of replication fork 
collapse with RPA recruitment to ssDNA as a consequence 
of polymerase and helicase uncoupling (26, 27).  In this 
scenario, RPA would likely bind in the 8-10 nt binding 
mode.  The RPA DNA binding modes may help regulate 
protein-protein interactions, assist in enabling kinases to 
phosphorylate RPA2 (28) and  influence the specific DNA 
metabolic pathways that occur. 
 

RPA has a weak affinity for double-stranded 
DNA (dsDNA) with nearly a thousand fold difference in 
affinity compared with ssDNA (17, 29, 30).  In fact, the 
dsDNA binding that is observed in vitro, is likely the result 
of RPA denaturation of duplex DNA followed by binding 
to the ssDNA (25, 29, 31).  In this binding, the DBDs are 
believed to disrupt the hydrogen bonds between 
complementary DNA molecules.  Biochemical studies 
using purified protein and synthetic DNA substrates 
demonstrate a preference for RPA binding to UV and 
cisplatin damaged duplex DNA when compared with 
undamaged duplex DNA (32-34).  This enhanced affinity is 
believed to be the consequence of DNA unwinding and 
disruption of the hydrogen bonds which is induced by the 
localized DNA damage (35, 36).  Studies looking at RPA 
binding to damaged ssDNA demonstrate that RPA has a 
decreased affinity when compared to undamaged ssDNA 
(25, 37).  These results and damaged DNA binding are 
significant with respect to bulky DNA damage processing 

and will be discussed in more detail in the nucleotide 
excision repair section. 

 
3.3.  Phosphorylation of RPA2 
 RPA2 undergoes cell cycle-regulated 
phosphorylation, with phosphorylation by the cyclin-
dependent kinase (CDK) family of kinases occurring 
during DNA replication and mitosis, and 
dephosphorylation occurring as cells progress into G1 (38, 
39).  Ser23 and Ser29 are CDK consensus sites, as defined 
by the S/T-P motif, and are phosphorylated by cyclin A-
Cdk2 and cyclin B-Cdk1 during DNA replication and 
mitosis, respectively (40-44) (Figure 1).  Similar to other 
kinase substrates, initial phosphorylation by Cdk1 and 
Cdk2 can prime RPA2 for phosphorylation at additional 
sites in response to DNA damage (45). There are many 
protein kinases that have an acidic or phosphorylated 
residue in their consensus phosphorylation motif, and some 
of these sites are “primed” by other protein kinases. That is, 
the first kinase provides a negative charge stimulating 
phosphorylation by the second kinase.  Anantha et al. used 
the CDK inhibitor roscovitine to demonstrate this concept, 
decreasing phosphorylation of RPA sites Ser4, Ser8, Thr21 
and Ser33, in addition to the CDK consensus site Ser29, 
following treatment with the topoisomerase I inhibitor, 
camptothecin (45).  To provide additional evidence, these 
investigators replaced endogenous RPA2 with RPA2 
containing a S23A CDK consensus site mutation.  This 
drastically reduced the phosphorylation of Ser4, Ser8, 
Thr21, Ser29 and Ser33 in response to camptothecin.  This 
is consistent with a previous report demonstrating 
decreased IR-induced phosphorylation of RPA2 when 
Ser23 and Ser29 are mutated to alanines (40).  Overall, 
phosphorylation of RPA2 is not substantially stimulated in 
response to ionizing radiation and radiomimetics such as 
bleomycin as compared to agents that generate large 
amounts of ssDNA (45, 46).   High doses of IR such as 50 
Gy induce low amounts of phosphorylated RPA2 in 
asynchronous cells (40).  Lower doses of IR or bleomycin 
generate weak Ser23 and Ser29 phosphorylation and only 
faint Ser4 and Ser8 phosphorylation is detected with 
phospho-specific antibodies (45, 46).  These data are 
consistent with the requirement of the phosphorylation of 
Ser23 and to some extent the phosphorylation of Ser29 to 
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stimulate additional phosphorylation of other serine and 
threonine residues in N-RPA2. 
 
 A specific form of RPA2 phosphorylated on 
Ser23 and Ser29 is the predominant form of RPA2 
observed in mitosis (39, 44, 47).  In unstressed cells, Ser23 
phosphorylation occurs during S-phase; however, Ser29 
phosphorylation is only observed during mitosis (45, 46, 48).  
This unique phospho-isoform of RPA2 suggests a functional 
role for RPA in mitosis.  RPA is excluded from the 
chromosomes during all phases of mitosis (46).  
Phosphorylation of RPA2 decreases RPA binding to dsDNA 
(47) which may facilitate the removal of RPA from 
chromosomal DNA during mitosis.  RPA2 is rapidly 
dephosphorylated following cytokinesis and relocates to the 
nucleus in the G1 phase of the cell cycle (46).  This is in 
agreement with the rapid dephosphosphorylation of RPA 
observed in a Xenopus in vitro system during mitotic exit (49).   
DNA damage occurring during mitosis causes a delay in 
mitotic progression and activates a spindle assembly 
checkpoint (50, 51).  Interestingly, RPA distribution within the 
cell changes when cells are exposed to DNA damage during 
mitosis.  RPA relocates back to the nucleus and binds to DNA 
(46).  RPA2, previously phosphorylated at Ser23 and Ser29, is 
further phosphorylated on residues Ser4, Ser8, and Thr21.  
These phosphorylation events are coincident with an 
extended duration of BubR1 phosphorylation and a delay in 
progression into G1 after DNA damage (46, 48).  Cells 
expressing an RPA2 mutant with alanine substitutions at 
Ser23 and Ser29 were further delayed in exiting mitosis 
following mitotic DNA damage, implicating RPA2 
phosphorylation in mitotic checkpoint recovery (48).  It is 
not clear how RPA2 phosphorylation promotes mitotic exit 
after damage.  Continued effort to identify the molecular 
consequences of specific phosphorylation sites is needed to 
identify the precise role of RPA in mitosis.        
 
 In response to DNA damage, RPA2 is 
phosphorylated at multiple sites by the phosphoinositide 3-
kinase-related kinase family of kinases, including ATM 
(ataxia-telangiectasia mutated), ATR (ATM and Rad3-
related) and DNA-PK (DNA-dependent protein kinase) 
(52-56).  ATM and DNA-PK have been shown to 
phosphorylate S/T-Q consensus sites Thr21 and Ser33 in 
vitro as well as other non-consensus sites using mass 
spectrometry, phospho-peptide mapping and phospho-
specific antibodies (54, 55, 57, 58) (Figure 1).  Other sites 
known to be phosphorylated on the N-terminus of RPA2 in 
response to DNA damage include the non-consensus S/T-Q 
residues Ser4, Ser8 (59-61) and Ser12 (unpublished data).  
ATM and DNA-PK are capable of phosphorylating serines 
and threonines that are not S/T-Q consensus sites in DNA 
repair proteins, BRCA1, Artemis, Xrcc4 and Ku (62-65).  
Enrichment of negative, hydrophobic residues or another 
serine surrounding the phosphorylation site enhances 
substrate recognition by DNA-PK and ATM (66, 67).  The 
sequence surrounding Ser4, Ser8 and Ser12, includes 
hydrophobic as well as negatively charged residues and 
other serines, MWN (S)GFE (S)YGS (S)SYG, making 
Ser4, Ser8 and Ser12 adequate substrates for both DNA-PK 
and ATM.  There is evidence from in vitro experiments for 
the direct phosphorylation of RPA2 by ATR where FLAG-

tagged ATR was immunoprecipitated from lysates and 
combined with purified recombinant RPA in an immune 
complex kinase assay (68).  In addition, 
immunoprecipitated ATR phosphorylated a GST-RPA2 
fusion protein (69).  Mutations in the fusion protein at the 
S/T-Q consensus sites, Thr21 and Ser33, decreased 
phosphorylation by ATR, suggesting either one or both of 
these sites are substrates for ATR (69).  We have observed 
only Ser33 phosphorylation by ATR in vitro (unpublished 
data).   Consistent with in vitro observations, in mitotically 
arrested HeLa cells Ser33 is not phosphorylated and only 
ATM, DNA-PK and CDKs have been shown to be 
involved in phosphorylation of RPA2 in response to DNA 
damage (45, 46).  Nocodazole-arrested HeLa cells treated 
with ATM and DNA-PK inhibitors before IR decreased 
Ser4, Ser8 and Thr21 phosphorylation while Seckel cells 
deficient in ATR activity showed little difference in Ser4, 
Ser8 and Thr21 phosphorylation with or without transgenic 
expression of ATR (46).  In agreement with these findings, 
Anantha et al. did not observe Ser33 phosphorylation in 
nocodazole arrested cells treated with bleomycin (48).  In 
asynchronous cells, ATR activity is required for IR-, UV- 
hydroxyurea-, cisplatin- and etoposide-induced 
phosphorylation of RPA2 (54, 56, 70, 71).  Interestingly, 
ATM and DNA-PK have also been shown to be required 
for RPA2 phosphorylation when cells are treated with UV 
(55, 60) while cisplatin-induced phosphorylation requires 
ATR and DNA-PK but not ATM activity (72).  Both 
purified ATM and DNA-PK phosphorylate recombinant 
RPA at similar residues, including Ser4, Ser8, Thr21, and  
to a lesser degree Ser33 (55, 57, 58).  Taken together, these 
observations implicate Ser33 primarily as an ATR substrate 
and Ser4, Ser8, and Thr21 as ATM and DNA-PK 
substrates. 
 
 While ATM and ATR are known to be involved 
in checkpoint signaling, DNA-PK is involved in and most 
often associated with initiating non-homologous end 
joining (NHEJ).  DNA-PK phosphorylates several proteins 
in the NHEJ pathway but primarily DNA-PK 
autophosphorylation and Artemis phosphorylation regulate 
NHEJ-catalyzed repair (73, 74).  Although DNA-PK helps 
initiate NHEJ, previous studies have also suggested DNA-
PK plays a role in cell cycle checkpoint functions but the 
mechanism remains unclear (45, 53, 72).  M059J is a 
human glioma cell line deficient in DNA-PK.  In M059J 
cells, the camptothecin-induced phosphorylation of RPA2 
is deficient and these cells are hypersensitive to cell killing 
by camptothecin.  Moreover, these cells fail to suppress 
replication in response to camptothecin.  Recently, 
cooperation between DNA-PK and ATR in activating 
checkpoint signaling has been shown in sapacitabine 
treated cells (75).  It is of interest that ATR phosphorylates 
DNA-PK in response to UV irradiation in replicating cells.  
Combined, these observations implicate a role for DNA-PK 
phosphorylation of RPA2 and suggest that ATR and DNA-
PK cooperate in the response to replication stress.    
Currently, little is known about the role of DNA-PK in 
checkpoint activation and its cooperation with ATR and it 
will be interesting to determine how these proteins 
coordinate together in the activation of the checkpoint 
response.   
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 In addition to the PIKK family of kinases, other 
proteins involved in DNA repair facilitate phosphorylation 
of RPA2.  The MRN complex along with CtIP work 
together in the processing of DSBs and form regions of 
ssDNA during DNA damage-induced homologous 
recombination repair (76, 77).  The MRN/CtIP generated 
ssDNA promotes RPA binding and phosphorylation by 
ATR, ATM and DNA-PK.  Two recent studies revealed 
that the FHA and BRCT domains of Nbs1 bind 
phosphorylated motifs in CtIP and recruit CtIP to DSBs 
(78, 79).  Interestingly, Nbs1 is phosphorylated at Ser278 
which maps to a site located within the second BRCT 
domain that potentially could regulate CtIP protein 
interaction (78).  This may explain the loss of RPA 
phosphorylation in cells expressing an Nbs1 
Ser278Ala/Ser343Ala phosphomutant (61).  The FHA and 
BRCT domains of Nbs1 also function together to interact 
with the mediator/scaffold protein MDC1 (79).  MDC1 
directly interacts with ATM through its FHA domain and 
stimulates phosphorylation of ATM substrates including 
RPA2 (80).  This has been shown by depletion of MDC1 
expression with RNAi decreasing replication stress-induced 
phosphorylation of RPA2 (81).  Another mediator/scaffold 
protein, 53BP1 interacts with RPA2 and the protein-protein 
interaction is disrupted following camptothecin treatment 
(82).  Down regulation of 53BP1 expression by RNAi 
decreased camptothecin-induced RPA2 phosphorylation 
possibly through an interaction between DNA-PK and 
53BP1 (82).  While the precise function of MCPH1 has not 
been determined, MCPH1 is a mediator of the response to 
DNA damage (83).  MCPH1 contains one N-terminal and 
two C-terminal BRCT domains and may also act as a 
scaffold protein, recruiting phosphorylated checkpoint and 
DNA repair proteins to sites of DNA damage.  Down 
regulation of MCPH1 eliminated UV-induced 
phosphorylation of RPA2 (84).  This could be due to a 
decrease in RPA recruitment to chromatin which would 
reduce ATR binding to chromatin and stimulation of kinase 
activity. 
 
3.4.  Protein-protein interactions 
 In order for RPA to direct and coordinate protein 
traffic at sites of DNA damage it is important to possess a 
high binding affinity for ssDNA.  However, more 
importantly it is essential to interact with multiple proteins 
and exchange protein binding partners in an organized and 
controlled process.  RPA interacts with multiple proteins 
through interactions with the N-terminus of RPA1.  One 
mechanism for the regulation of protein interactions with 
RPA involves the phosphorylated N-terminal domain of 
RPA2.  Evidence for this hypothesis is demonstrated by the 
interaction between an aspartic acid substituted 35 residue 
peptide of RPA2 corresponding to the N-terminal domain 
of RPA2 and the basic cleft present in the N-terminus of 
RPA1 (85, 86).  Further support is demonstrated with 
recombinant RPA partially phosphorylated by DNA-PK 
that undergoes a structural change involving the B-DNA 
binding domain of RPA1 (87).  This study used partially 
proteolyzed RPA that did not contain the N-terminal 
domain of RPA1 (87).  While interaction of the N-terminus 
of RPA2 with RPA1 has not been demonstrated with the 
complete heterotrimeric protein, notably Liu and colleagues 

do demonstrate that the phosphorylated RPA2 subunit 
interacts with a proteolyzed portion of the RPA1 subunit of 
the intact purified heterotrimeric protein.  The N-terminus 
of RPA1 is attached to the rest of RPA1 through a flexible 
linker (88). This flexibility may be important to allow the 
N-terminus to function as a protein interaction domain and 
to be flexible enough to interact with the phosphorylated N-
terminus of RPA2.     
 
 Proteins that have been identified to bind to the 
N-terminus of RPA1 include p53, ATRIP, Mre11 and Rad9 
(Figure 2) (86, 89-92).  All of these proteins contain an 
acidic alpha helical domain that binds to the basic cleft of 
the N-terminus of RPA1 through electrostatic 
contributions.  Mutation of two aspartic acid residues 
Asp58 and Asp59 in a 107 residue peptide of ATRIP 
decreased binding to the N-terminus of RPA1 (91).  
Comparable decreases in interaction with RPA1 were also 
observed with mutations of Asp543 and Asp544 in Mre11 
and Asp301 and Asp302 in Rad9 (90, 92).  Alternatively, a 
single rfa1-t11 mutation in S. cerevisiae, Lys-45-Glu, 
within the N-terminal basic cleft binding domain of RPA1, 
equivalent to a mutation at human Arg 41 RPA1, leads to 
chromosomal instability, sensitivity to UV radiation and a 
loss of recruitment of checkpoint proteins (93-96).  The rfa-
t11 mutant binds weakly to Ddc2 (Atrip) (93).  Rad17 is 
part of the Rad17-Rfc2-5 clamp loading complex that loads 
the checkpoint clamp Rad9-Rad1-Hus1.  RPA recruits the 
Rad17-Rfc2-5 complex to damaged DNA through an 
interaction with Rad17 (97).  This interaction is completely 
abolished with the mutant rfa-t11 protein indicating that 
RPA17 also binds to the N-terminus of RPA1 (98).  There 
are many other checkpoint response and DNA repair 
proteins that interact with RPA1 possibly via this binding 
motif (Figure 2) (99-102).  Recently, an acidic domain in 
Rad52 from budding yeast was identified that is required 
for interaction with RPA1 (103).  A recognized N-terminal 
acidic domain of BRCA2 and the FANCJ helicase interact 
with RPA1, possibly to the N-terminus of RPA1 (104, 
105).  In order for RPA2 to function in a regulatory role, 
the best fit binding motif for RPA2 would include Glu7 and 
a negatively charged phosphorylated Ser8 mimicking 
another Glu or Asp.  Phosphorylation of Ser4 and Ser12 
would provide additional negative charges similar to the 
Rad9 sequence identified to bind to RPA1.  Combined with 
the ability of RPA’s DNA binding polarity directing initial 
protein complexes, checkpoint response and DNA repair 
proteins are potentially assembled and disassembled from 
protein complexes by DNA damage-induced 
phosphorylation of RPA2 (47, 106, 107), implicating both 
the N-terminus of RPA1 and RPA2 in directing traffic and 
coordinating changes in protein complexes at sites of DNA 
damage.   
 
 If the N-terminus of RPA1 binds ssDNA and also 
functions as a protein interaction domain, what role would 
RPA2 phosphorylation have in modulating these functions?  
One very intriguing possibility is that the phosphorylation 
of RPA2 would promote protein interactions by competing 
with ssDNA for binding to the N-terminal domain of 
RPA1.  The binding of phosphorylated RPA2 to RPA1 
would release the RPA1 N-terminal domain from ssDNA 
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Figure 2.  Sequence alignment of identified and putative peptide sequences that bind to the N-terminal domain of RPA1. 
 
and allow DNA damage response proteins to bind to RPA1.  
Indeed, Mre11 and Rad9 interactions with RPA increase 
when RPA2 is phosphorylated (106, 107).  Furthermore, 
this scenario is consistent with titration experiments where 
the N-terminal basic cleft of RPA1 had the highest binding 
affinity for a p53 peptide, intermediate binding affinity for 
an RPA2 aspartic phospho-mimetic peptide and the lowest 
binding affinity for ssDNA (86). The conformational 
change induced by phosphorylation of RPA2 could also 
have an effect on the overall ssDNA binding affinity of 
RPA as well as promote the 8-10 nt binding mode.  
Previous results have shown that the N-terminus of 
RPA1 does not alter the binding affinity of RPA for 
longer, pyrimidine-rich ssDNA substrates (85).  In 

addition, both RPA containing a deletion of the RPA1 
N-terminal domain and hyperphosphorylated RPA bind 
longer, pyrimidine-rich ssDNA with affinity equal to 
wt-RPA (85, 108).  However, when RPA binding to 
shorter or purine-rich ssDNA was observed 
phosphorylated RPA had a decreased DNA binding 
affinity (108, 109).  It is reasonable to suggest that in 
this mechanism, RPA would bind ssDNA and 
subsequent recruitment of kinases would phosphorylate 
RPA2.  Phosphorylated RPA2 would then interact with 
DBD F of RPA1, which would result in damage-specific 
interaction with proteins as well as shift ssDNA binding 
to the 8-10 nt mode by decreasing the DBD contacts 
with ssDNA. 
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 An alternative possibility that also has 
experimental support is that phosphorylated RPA2 
competes with proteins bound to RPA1 thus displacing 
them from RPA1.  For example, ATRIP binds the N-
terminus of RPA1. If ATR then initiates phosphorylation of 
RPA2, phosphorylated RPA2 could displace ATRIP and 
ATR from RPA.  This would allow ATR/ATRIP to move 
to another unphosphorylated RPA molecule or another 
available substrate and also allow possible further 
phosphorylation of the initial RPA molecule by another 
kinase such as DNA-PK.  Consistent with this idea, we and 
others have shown that interaction of DNA-PK with RPA1 
decreased once RPA2 was phosphorylated (47, 53).  Also, 
using purified proteins, we have recently shown that 
phosphorylation of RPA results in a decreased interaction 
with MRN (110). 
 
 Another protein binding motif resides in the C-
terminal domain of RPA2.  The C-terminal residues 200-
270 of RPA2 interact with DNA repair proteins XPA, 
Rad52, checkpoint response protein Tipin and the recently 
identified annealing helicase HepA-related protein (HARP) 
also known as SWI/SNF-related, matrix-associated, actin-
dependent regulator of chromatin (SMARCAL1) (111-
115).  These proteins bind to the winged helix-turn-helix 
domain within the C-terminus.  Unlike proteins binding 
primarily to the basic cleft of the N-terminus of RPA1, 
DNA damage does not stimulate or alter the interaction 
between these proteins and RPA (108, 112, 113, 116).  This 
suggests phosphorylation of the N-terminus of RPA2 does 
not have a regulatory role in protein interactions with these 
proteins.  This could be significant for DNA repair pathway 
proteins so that protein-protein interactions are maintained 
following DNA damage and subsequent RPA 
phosphorylation.  Two different peptide sequences have 
been identified in Rad52 that bind to both RPA1 and 
RPA2, respectively (103, 117), leaving open the possibility 
for phosphorylation-dependent regulation of protein 
binding in certain DNA repair pathways.     
 
4.  RPA IN DNA REPLICATION 
 
 RPA was first identified and purified as a protein 
factor required for both initiation and elongation phases of 
SV40 DNA replication (11, 12, 118).  Much of our 
understanding of RPA in DNA replication comes from the 
SV40 viral replication system.  In this system, the viral 
genome is replicated using the large T antigen helicase 
along with proteins supplied by the host cell.  RPA is 
recruited to the origin of replication by T antigen and 
assists in the origin unwinding (11, 119, 120).  The high 
ssDNA affinity and the ability to denature duplex DNA are 
the properties of RPA that seem important in the initial 
replication phases.  Despite the difficulty in identifying the 
eukaryotic replication initiating helicase (now believed to 
be the MCM complex), it is generally believed that RPA 
functions similarly in eukaryotic DNA replication.  Following 
DNA unwinding, RPA helps recruit polymerase alpha to the 
replication origins where RNA priming is required for 
initiation (121, 122).  RPA stimulates polymerase alpha 
activity as well as processivity, and RPA reduces 
misincorporation by polymerase alpha.  The interaction 

between RPA and polymerase alpha is mediated by the 
primase domain of polymerase alpha and the N-terminus of 
RPA1 (124, 125).  RPA has been shown to bind in a specific 
polarity on ssDNA, which is believed to help stimulate the 
DNA polymerase alpha synthesis (22, 24). 
 

In the elongation phase of DNA replication, RPA 
is believed to play a role in stimulating DNA polymerases 
delta and epsilon (126, 127).  This stimulation could be the 
result of RPA and PCNA interaction (128, 129).  
Interaction of RPA with Dna2 and subsequent stimulation 
of cleavage also suggests a role in Okazaki fragment 
processing (130, 131).  RPA is able to bind the 5’ primer 
ends as they are displaced by polymerase delta (130).  RPA 
recruits the Dna2 endonuclease which cleaves the RPA 
bound RNA primer (130).  Release of RPA allows FEN1 to 
cleave the remaining flap (131, 132).  The interaction 
between Dna2 and RPA is mediated through the C-
terminus of Dna2 and RPA1 as well as a secondary 
interaction between the N-terminal domains of Dna2 and 
RPA1 (131).  The N-terminus of RPA1 is required to 
achieve maximum activity of Dna2 (131). 

 
Phosphorylation of RPA2 has been shown to 

inhibit DNA replication (108, 133).  Using purified 
proteins, we have shown that phosphorylated RPA has 
minimal interaction with polymerase alpha, an important 
feature for replication initiation (47, 108).  These data 
suggest that following DNA damage, RPA phosphorylation 
may modulate the DNA metabolic pathways via RPA 
protein-protein interactions such that DNA replication is 
halted and DNA repair can be initiated.  The observation 
that the N-terminus of RPA1 (N-RPA1) interacts with 
Dna2 for maximum activity, suggests that RPA2 
phosphorylation and subsequent interaction with N-RPA1 
could influence Okazaki fragment processing through Dna2 
activity.  Also, it is unclear how RPA phosphorylation 
influences the interaction with the MCM complex and RPA 
loading at replication origins. 
 
5.  RPA IN DNA REPAIR 
 
5.1.  Nucleotide excision repair 
  RPA has been shown to be required for 
nucleotide excision repair (NER) (134-136).  Initially, RPA 
was believed to play some role in DNA damage recognition 
when studies demonstrated a binding preference to duplex 
damaged DNA compared with undamaged DNA (32, 34).  
When incubated with XPA, the RPA-XPA complex had a 
higher affinity for damaged DNA than either protein alone, 
and the denaturation ability of RPA is suppressed (36, 137).  
However, studies looking at the kinetics and protein 
assembly during NER suggest that RPA is recruited at a 
later stage in the pathway (138, 139).  The identification of 
XPC-hHR23B as the global initiator of NER further 
supported a role for RPA in the later stages of NER (140).  
The DNA binding polarity of RPA, the decreased affinity 
of RPA for damaged ssDNA and the ability to interact with 
the endonucleases XPF-ERCC1 and XPG support a role in 
protein positioning at the damaged DNA site (23, 25, 141).  
RPA was shown to block endonuclease cleavage on the 
DNA strand it was bound (23).  The binding polarity of 
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RPA and decreased affinity for damaged ssDNA would 
position the RPA1 subunit to the 5’ side of the undamaged 
DNA strand opposite the lesion and protect the undamaged 
DNA strand from nuclease cleavage (25, 142).  RPA1 
interacts with XPG and would help position this 
endonuclease to the 3’ side of the lesion on the damaged 
DNA strand (23, 143).  RPA2 interacts with XPA and XPF-
ERCC1 which would help position XPF-ERCC1 to the 5’ 
side of the lesion (144, 145).  Following cleavage by the 
endonuclease, RPA would be in position to stimulate the 
gap filling reaction performed by polymerase delta or 
epsilon (136, 139, 146).  As mentioned above, RPA2 is 
phosphorylated in response to DNA damage.  Following 
phosphorylation, RPA has a decreased ability to denature 
DNA strands, which would assist in maintaining a defined 
DNA structure around the lesion.  This change in RPA 
conformation to likely the 8-10 nt binding mode could also 
assist in polymerase displacement of RPA from the ssDNA 
as it synthesizes the new DNA. 
 
5.2.  Base excision repair 
 Studies in yeast containing a mutant RFA1 gene 
(homolog to RPA1) demonstrate sensitivity to methyl 
methane sulfonate (MMS), which is an agent that produces 
DNA damage that is repaired by the base excision repair 
(BER) pathway (96).  This data strongly suggests that RPA 
is required for BER.  RPA has been shown to interact with 
DNA glycosylases in the BER pathway, including UNG2 
and hMYH (111, 147, 148).  Despite these interactions, it is 
unclear what role RPA has in the early steps of BER and 
glycosylase function.  One possibility is that RPA directs 
DNA glycosylases to sites of DNA replication as a 
safeguard to replication-induced DNA damage (149).  The 
role of RPA in long-patch BER where the damaged base 
and subsequent small oligonucleotide 2-8 bases are 
removed has been more extensively studied (129, 150, 
151).  RPA stimulates long patch BER by enhancing primer 
extension and unwinding the 5’ end of the downstream 
strand (152).  In addition, RPA has been shown to stimulate 
DNA ligase I in the final step of BER (153). 
 
5.3.  Mismatch repair 
 The first evidence that RPA was required for 
mismatch repair (MMR) was from in vitro experiments 
neutralizing RPA activity with specific antibodies (154).  
Interestingly, in those studies, mutant RPA with a point 
mutation in the RPA1 zinc finger domain did not support 
MMR or DNA replication, but fully supported NER (154).  
This suggests that different protein-protein interactions 
occur throughout the RPA structure that can influence and 
regulate various DNA metabolic pathways.  Further 
biochemical studies identified specific functions of RPA in 
the MMR pathway.  One function of RPA is to bind ssDNA 
and protect the template strand from nuclease degradation 
(155).  RPA also functions to stimulate the excision process 
of EXOI when a mismatched base is present (156, 157).  
Following removal of the mismatched base, RPA helps 
regulate and terminate EXOI excision.  This was initially 
believed to be dependent on MutLalpha (158), but more 
recently, experiments with extracts devoid of MutLalpha 
have shown that RPA functions independently to terminate 
MutSalpha-activated EXOI excision (157).  

Phosphorylation of RPA has also been shown to help 
regulate the various roles of RPA in MMR.  Guo and 
colleagues have shown that once RPA is bound to ssDNA 
and extensive excision has occurred, RPA becomes 
phosphorylated (109).  The significance of this, is that 
following phosphorylation of RPA2, RPA changes 
structural conformation such that phosphorylated RPA2 
interacts with DBD F of RPA1 (85).  In this process, RPA 
DBDs C and D likely have decreased contact with ssDNA 
which weakens the overall affinity of RPA for ssDNA (21).  
This RPA phosphorylation event is prior to DNA re-
synthesis and possibly allows polymerase delta to 
dissociate RPA from ssDNA during synthesis as a 
consequence of less DBD contact and weaker ssDNA 
affinity or possibly an effect on protein interactions. 
 
5.4.  DNA double-strand breaks and recombination 
 RPA has been shown to have roles in the repair 
of DNA double-strand breaks (DSBs) and recombination 
(159).  Depletion of RPA inhibits Rad51 DNA repair foci, 
which highlights RPA bound ssDNA as a nucleation point 
for recombination proteins (160).  Following DNA strand 
resection and the generation of 3’ overhangs at DSBs, RPA 
ssDNA binding likely protects the DNA and prevents 
secondary structure formation.  RPA subsequently recruits 
Rad52 to the ssDNA overhangs via a direct protein-protein 
interaction (117).  The RPA-Rad52 interaction occurs in a 
positively charged alpha helical structure domain on Rad52 
(amino acids 247-275) (111, 161).  This domain contains 
the Arg-Gln-Lys sequence which is similar to 
SMARCAL1, Tipin, Ung2 and XPA sequences that interact 
with the C-terminus of RPA2 (111, 113).  Budding yeast 
contain an additional acidic domain (amino acids 288-327) 
in Rad52 that has been shown to be crucial for RPA 
interaction as well as recruitment to DNA repair centers 
(103).  The RPA-Rad52 interaction is mediated through the 
C-terminus of RPA2 and thought to be in DBD A and a 
portion of DBD B of RPA1 as well (111, 161).  The 
interaction between Rad52 and RPA increases the ssDNA 
binding affinity of the complex and promotes 
stoichiometric interactions (161).  It was suggested that 
similar to the p53 interaction with RPA (86), the acidic 
domain of Rad52 could interact with RPA and modulate 
ssDNA binding and/or structural conformation (103).  RPA 
has to be released from ssDNA to enable Rad51 to bind the 
3’ ssDNA overhangs and promote strand invasion (162).  
This process appears to be regulated by Rad52, and more 
recently, RPA phosphorylation (163).  The rfa1-t11 mutant 
described in previous sections, results in recombination 
defects and likely stems from effects on RPA release from 
ssDNA, where Rad52 is unable to promote release of RPA 
from ssDNA and enable Rad51 exchange (164, 165).  
Recent work has suggested that RPA phosphorylation can 
regulate DSB repair and recombination (45, 160, 163, 166).  
Phosphorylated RPA has been shown to interact more 
efficiently with Rad51 and Rad52 (166).  Similar to other 
DNA repair pathways and based on previous findings that 
phosphorylations weaken RPA-ssDNA binding affinity, 
phosphorylation of RPA promotes the transfer of ssDNA to 
Rad52 (163).  This is likely facilitated by the 
conformational change in RPA when RPA2 becomes 
phosphorylated, promoting the 8-10 nt binding mode.  In 
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this mechanism, RPA phosphorylation would be important 
for Rad52 mediator functions and promote Rad51 exchange 
and RPA dissociation from ssDNA.  However, the 
interaction between RPA and Rad52 may be more 
important for homologous recombination activity in S. 
cerevisiae than in mammalian systems.  In human 
homologous recombination repair, BRCA2 plays a major 
role in Rad51 localization and function (167, 168).  
BRCA2 contains three OB folds similar in structure to the 
OB folds of RPA and binds ssDNA (169).  A small 70 
amino acid highly acidic protein DSS1 binds to one of the 
OB folds of BRCA2 and acts as a modifier of BRCA2 
function (170).  A fungal ortholog of BRCA2, Brh2 
promotes the nucleation of Rad51 nucleoprotein filament 
formation (171).  Nucleation of Rad51 onto ssDNA 
requires the removal of RPA from ssDNA.  It seems 
reasonable to suggest that the acidic helical protein DSS1 
binds to the basic cleft of the N-terminal domain of RPA1, 
facilitating the removal of RPA from ssDNA by BRCA2.  
This would allow Rad51 binding and accelerate 
nucleoprotein filament formation of Rad51.  The role, if 
any, of DSS1, BRCA2 and the phosphorylation of RPA2 in 
the exchange of RPA for Rad51 are important questions 
that need to be answered.   
 
5.5.  Telomere maintenance 
 Studies in yeast were the first to identify a role 
for RPA in telomere maintenance (172).  Telomere length 
was synergistically shortened in a double mutant where the 
human Ku and RPA homologs were mutated.  Single 
mutants of the RPA homolog, however, do not display loss 
of telomere length (172).  Similarly, it has been shown that 
yeast Taz1 (ortholog of TRF2 and TRF1) and RPA work 
synergistically to prevent telomere loss (173).  It is believed 
that loss of both Taz1 and RPA disrupt the telomeric 
ssDNA binding protein Pot1 function which leads to 
telomere loss (173).  One mechanism proposed for 
maintaining telomeric DNA was that RPA could protect the 
ssDNA from degradation (173).  An alternative mechanism 
could be that RPA could play a role in telomere replication.  
Recent work has shown that RPA can unwind G-quadruplex 
structures formed from telomeric sequences (174).  These G-
quadruplex structures in the absence of RPA could ultimately 
inhibit telomerase activity.  Rubtsova and colleagues were able 
to show that RPA stimulates telomerase activity in vitro 
(175).  The stimulation of telomerase by RPA could be 
the result of disruption of DNA structures that inhibit 
telomerase or RPA could play a role in displacing other 
proteins from telomeric DNA that could inhibit 
telomerase.  In alternative lengthening of telomere 
(ALT) cells, RPA also plays a role in maintaining 
telomere length (176).  In this pathway, RPA appears to 
play a role in telomere capping to prevent accumulation 
of single-stranded telomeric DNA (176).  Interestingly, 
a truncation of RFA2p (homolog of RPA2 N-terminal 1-
40 amino acid phosphorylation domain) in yeast was 
shown to reduce telomere length (177).  It was 
determined that the N-terminus of RFA2 was important for 
the interaction and recruitment of the telomeric ssDNA 
binding protein Est1p, which is required for telomerase 
activity (178).  This suggests that RPA phosphorylation 
may assist in modulating telomere length. 

6.  ROLES OF RPA PHOSPHORYLATION IN THE 
DNA DAMAGE RESPONSE AND CHECKPOINT 
ACTIVATION 
 
 While the phosphorylation of RPA2 has been 
studied for many years, the precise role remains obscure.  It 
has been suggested that RPA2 mutants that have aspartic 
acid substitutions to mimic phosphorylation are unable to 
associate with replication centers (59, 70).  These data 
are based on RPA2 phospho-mimetic mutants competing 
with endogenous RPA2 to complex with endogenous 
RPA1 in unstressed cells.  While the proposal is 
plausible, other possible conclusions are conceivable. 
Additional data strengthening this argument will be 
needed.  For example, the comparison of co-localization 
of exogenous wild-type and phospho-mimetic RPA2 
with incorporated BrdU and the simultaneous RNAi 
knockdown of endogenous RPA2 would provide 
additional support.  However, indirectly Francon and 
colleagues provide support for this model in another 
study, where they demonstrated that only 
hypophosphorylated RPA2 associated with initiation 
and elongation stages of DNA replication (49).  In UV-
irradiated cells, hyperphosphorylation of RPA2 is 
associated with the cessation of cell cycle progression 
and a decrease in replication activity (70).  These data 
are consistent with the decreased support of in vitro 
SV40 DNA replication activity from cell extracts 
containing hyperphosphorylated RPA2 (108, 133, 179, 
180).  How phosphorylation of RPA2 affects DNA 
replication remains to be identified.  One possibility is 
that the interaction between DNA polymerase alpha and 
RPA that occurs during the synthesis and processing of 
Okazaki fragments (125, 181) is inhibited by the 
hyperphosphorylation of RPA2 (108, 182).  A second 
possibility involves the minichromosome maintenance 
(MCM) 2-7 helicase complex, which functions in both 
the initiation and the elongation of replication forks 
(183, 184).  In budding yeast RPA and Cdc45, a 
replication co-factor, are required to interact with 
MCM2 to initiate the activation of replication origins 
and maintain helicase activity during elongation (121, 
122, 185, 186).  The hyperphosphorylation of RPA2 
may play a role in controlling these activities such that 
RPA phosphorylation disrupts the protein-protein 
interactions.  
 
 There is evidence that phosphorylation of RPA2 
is required for resistance to camptothecin, cisplatin and 
etoposide.  Cancer cell lines that have suppressed the DNA 
damage response and do not phosphorylate RPA2 failed to 
complete DNA replication following cisplatin treatment 
and were hypersensitive to cisplatin and etoposide (187) . 
These data are consistent with previous results that utilized 
U2OS cells expressing a phospho-mutant form of RPA2 
containing alanines at Ser23 and Ser29.  These cells 
accumulated in S-phase while cells expressing wild-type 
RPA2 continued to cycle into G2 phase after camptothecin 
exposure (45).  A similar phenotype was observed with 
ATR mutant cells, which were impeded in progressing 
through S-phase with consequent survival defects in 
response to cisplatin treatment (188).  DNA-PK deficient 
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M059J human glioblastoma cells unable to phosphorylate 
RPA2 exhibited enhanced sensitivity to camptothecin as 
compared to M059K cells expressing DNA-PK (53).  
Taken together, these results are indicative of a strong 
correlation between the ability of cells to efficiently 
hyperphosphorylate RPA2 in response to DNA damage and 
cellular survival.   
 
7.  CONCLUDING REMARKS 
 
 Before RPA was identified as the eukaryotic 
single-stranded DNA binding protein (SSB), it was 
argued that a mammalian SSB was not necessary. The 
logic of the argument was that mammalian Okazaki 
fragments are much shorter than bacterial Okazaki 
fragments (189) and the shorter regions of exposed 
ssDNA could be protected by the replication protein 
complex itself (190, 191).  With the discovery of RPA, 
it is now known that SSB proteins are conserved 
throughout all kingdoms of life and retain central roles 
in the maintenance of genomic integrity (13, 192).  If 
the primary role of RPA is to bind to ssDNA with very 
high affinity, the equally important secondary role of 
RPA is to direct and coordinate the assembly and 
disassembly of proteins to DNA during replication, 
recombination and DNA repair.  To do this efficiently 
RPA must associate and disassociate from numerous 
proteins and ssDNA.  There is increasing evidence that 
RPA binding to ssDNA is highly dynamic consistent 
with the different DNA binding modes (28, 109, 193).  
This can be critical to RPA function.  It is tempting to 
speculate that the dynamic nature of RPA binding 
allows RPA to migrate along ssDNA.  This would be 
analogous to recent studies with E. coli SSB that 
diffused along ssDNA in response to an elongating 
RecA nucleoprotein filament (194).   This would give 
RPA an additional dimension in directing and 
mobilizing traffic at the lesion site.  Additionally, to 
prevent increased destabilization of the damaged site, 
hyperphosphorylated RPA loses the ability to denature 
dsDNA yet maintains binding to ssDNA while during 
DNA replication in unstressed cells, RPA does not 
become hyperphosphorylated and continues to facilitate 
helicase activity.  To associate and disassociate from 
recruited proteins, we propose a competition-type 
mechanism where the phosphorylation of the N-
terminus of RPA2 allows it to compete with other 
substrates for binding to the N-terminal domain of 
RPA1.  Future work will define how the competing 
protein interactions are regulated with RPA and how 
RPA directs the vast traffic of proteins needed to 
accurately maintain the genome.   
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