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Abstract
Human replication protein A (RPA), a heterotrimeric protein complex, was originally defined as a
eukaryotic single-stranded DNA binding (SSB) protein essential for the in vitro replication of
simian virus 40 (SV40) DNA. Since then RPA has been found to be an indispensable player in
almost all DNA metabolic pathways such as, but not limited to, DNA replication, DNA repair,
recombination, cell cycle and DNA damage checkpoints. Defects in these cellular reactions may
lead to genome instability and, thus, the diseases with a high potential to evolve into cancer. This
extensive involvement of RPA in various cellular activities implies a potential modulatory role for
RPA in cellular responses to genotoxic insults. In support, RPA is hyperphosphorylated upon
DNA damage or replication stress by checkpoint kinases including ATM (ataxia telangiectasia
mutated), ATR (ATM and Rad3-related) and DNA-PK (DNA-dependent protein kinase). The
hyperphosphorylation may change the functions of RPA and, thus, the activities of individual
pathways in which it is involved. Indeed there is growing evidence that hyperphosphorylation
alters RPA-DNA and RPA–protein interactions. In addition, recent advances in understanding the
molecular basis of the stress-induced modulation of RPA functions demonstrate that RPA
undergoes a subtle structural change upon hyperphosphorylation, revealing a structure-based
modulatory mechanism. Furthermore, given the crucial roles of RPA in a broad range of cellular
processes, targeting RPA to inhibit its specific functions, particularly in DNA replication and
repair, may serve a valuable strategy for drug development towards better cancer treatment.
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INTRODUCTION
Single-stranded DNA (ssDNA) is perhaps one of the most ubiquitous and important
biological intermediate structures formed throughout the life of cells. Thus, it is critical that
ssDNA is protected from unwanted attack by endonucleases and that its unwound state is
maintained for important DNA metabolic reactions and the assembly of various related
biological apparatuses. Replication protein A, the main eukaryote single-stranded DNA
binding protein, is a protein of heterotrimer composed of three tightly associated subunits of
~70, 32, and 14 kDa (referred as to RPA70, RPA32, and RPA14, respectively) (Figure 1).
Consistent with the importance of ssDNA formation, RPA is required for almost all aspects
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of cellular DNA metabolism such as DNA replication, recombination, DNA damage
checkpoints, and all major types of DNA repair including nucleotide excision, base excision,
mismatch and double-strand break repairs. RPA participates in such diverse pathways
through its ability to interact with DNA and numerous proteins involved in these processes
(Figure 1B).

In addition to the essential role of RPA in DNA replication initiation and elongation
(Fairman and Stillman, 1988; Wobbe et al., 1987; Wold and Kelly, 1988), recently RPA is
found to be potentially involved in cell cycle checkpoints and DNA damage checkpoints,
from initiation of DNA damage checkpoint signaling through execution and activation of
checkpoints. The checkpoint signaling cascades consist of damage sensors, signal
transducers, mediators and effectors that, if activated, eventually inhibit cell cycle
progression to stabilize stalled replication forks, and to promote DNA repair or trigger
apoptosis (Kastan and Bartek, 2004; Sancar et al., 2004; Zhou and Elledge, 2000). Given
that RPA undergoes extensive phosphorylation in cells responding to DNA damage or
genetic stress (Liu and Weaver, 1993; Zernik-Kobak et al., 1997), involvement of RPA in
the diverse cellular activities suggests a modulatory role for RPA in cellular DNA damage
responses.

Genomes of cells are constantly under attack by various DNA-damaging agents. In
response, cells launch an array of biological reactions to meet the challenges and to maintain
genome stability. These processes include damage detection and signaling, DNA repair,
transcriptional responses, DNA damage checkpoints, and apoptosis (Li and Zou, 2005;
Sancar et al., 2004). Removal of DNA damage prevents the mutagenic potentials of the
lesions from ultimately being expressed, but requires the action of DNA repair and the
activation of DNA damage checkpoints which delay or arrest cell cycle progression to allow
sufficient time for repair and to prevent error-prone replication of DNA. Induction of a
programmed cell death process eliminates the cells with devastating DNA damage. Failure
of such responses may lead to catastrophic biological consequences such as genomic
instability, potentially causing human diseases including cancers. The extensive involvement
of RPA in DNA damage response pathways together with the fact that RPA is
hyperphosphorylated upon DNA damage underscores the importance in understanding the
molecular mechanism of RPA in these processes.

In this review, discussion will be focused on the recent advances in understanding the roles
of RPA in cellular DNA damage responses and the underlying molecular and biochemical
basis that governs the functions of RPA.

STRUCTURE OF RPA AND ITS BINDING TO ssDNA
All known cellular functions of RPA rely on or are mediated by its binding affinity for
ssDNA. The heterotrimeric protein RPA binds ssDNA in a sequential binding manner with a
5’ to 3’ polarity (Bochkarev and Bochkareva, 2004; de Laat et al., 1998; Iftode et al., 1999;
Wold, 1997). Although no complete structure for RPA has been solved, combination of
biochemical and structural analyses has yielded much insight into the domain organization
of RPA. The central structural and functional element of RPA is the oligosaccharide/
oligonucleotide binding fold (OB-fold). RPA contains six OB-folds, each of which consists
of five β-strands arranged in a β-barrel, a structure common among ssDNA binding proteins
(Bochkarev and Bochkareva, 2004; Gomes et al., 1996). The RPA70 subunit contains four
OB-folds denoted DBD-A (DNA binding domain A), DBD-B, DBD-C, and DBD-F, while
the RPA32 subunit contains DBD-D and RPA14 has DBD-E (Figure 1A). Biochemical
analyses have localized the major ssDNA binding affinity to the tandem DBD-A and DBD-
B of RPA70. The binding is initiated by an interaction of DBD-A and DBD-B with a length
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of 8–10 nucleotides (nt) at the 5’-side of ssDNA (Bochkarev et al., 1997). A more stable
intermediate binding of 13–22 nt mode occurs with the additional involvement of DBD-C
(Brill and Bastin-Shanower, 1998; Iftode et al., 1999). Finally, the cooperative binding of all
four RPA DBDs (A–D) occludes a size of ~30 nt of ssDNA (Bastin-Shanower and Brill,
2001; Blackwell et al., 1996; Kim et al., 1992). The association constant of the binding
ranges from 108 to 1011 M−1 depending on the sequence and length of the substrate (Kim et
al., 1994; Kim and Wold, 1995; Liu et al., 2005b). The DBD-F has a low affinity for ssDNA
and is involved primarily in interactions with other DNA metabolism proteins. RPA14 does
not exhibit affinity for ssDNA but is required for the stable heterotrimer formation (Iftode et
al., 1999; Wold, 1997). In addition to the OB-fold and the C-terminal α-helix domain for
many protein interactions (Mer et al., 2000), RPA32 also contains an unstructured Nterminal
phosphorylation domain.

RPA IN DNA REPAIR
RPA is required for each of the four major DNA repair pathways: nucleotide excision repair
(NER), base excision repair (BER), DNA mismatch repair (MMR), and DNA double strand
break (DSB) repair (Wold, 1997). In NER, RPA is believed to play a role in DNA damage
recognition (Burns et al., 1996; Costa et al., 2003; He et al., 1995; Sancar et al., 2004;
Thoma and Vasquez, 2003) and in recruiting and positioning of XPG and ERCC1-XPF
endonucleases to the lesion site for incision reactions (de Laat et al., 1998; Matsunaga et al.,
1996). In the later stage of NER, RPA participates in the gap-filling reaction, along with
PCNA, RFC, and DNA polymerase δ or ε (Aboussekhra et al., 1995). RPA was implicated
in BER via interaction with human uracil-DNA glycosylase (UNG2) and its stimulatory
effect in long-patch BER (DeMott et al., 1998; Nagelhus et al., 1997). The involvement of
RPA in the MMR process was revealed recently (Ramilo et al., 2002). In the homologous
recombinational repair of DSBs, RPA has been shown to interact with two members of the
RAD52 epistasis group proteins, Rad51 and Rad52, and to modulate their activities (Park et
al., 1996; Raderschall et al., 1999; Stauffer and Chazin, 2004; Sugiyama et al., 1998; Van
Komen et al., 2002). In particular, Rad52 recognizes RPA-bound ssDNA, (Sugiyama and
Kowalczykowski, 2002; Sung et al., 2003). Human RPA also has been reported to interact
with breast cancer susceptibility proteins, BRCA1 and BRCA2, two probable recombination
mediators, as well as tumor suppressor p53 (Bochkareva et al., 2005; Choudhary and Li,
2002; Wong et al., 2003).

RPA AND DNA DAMAGE CHECKPOINT RESPONSES
DNA damage checkpoints are biochemical pathways that delay or arrest cell cycle
progression in response to DNA damage (Nyberg et al., 2002). In mammalian cells the DNA
damage checkpoints are activated upon DNA damage via the ATR (-ATRIP), ATM, and
Rad9-Rad1-Hus1/Rad17-Rfc2–5 signaling pathways. Both ATM and ATR proteins are the
members of phosphatidylinositol 3-kinase-like kinase (PIKK), while Rad9-Rad1-Hus1 and
Rad17-Rfc2–5 are the counterparts of PCNA and RFC, respectively (Burtelow et al., 2001;
Caspari et al., 2000; Parrilla-Castellar et al., 2004; Venclovas and Thelen, 2000). The ATM
kinase seems to be involved in the detection of DNA DSB via Mre11/Rad50/Nbs1 complex
(MRN) (Chan et al., 2000; Gately et al., 1998; Lee and Paull, 2004; Lee and Paull, 2005;
Paull and Lee, 2005), whereas ATR kinase is critical for cellular responses to a variety of
DNA damage including DSB. When activated, these protein kinases eventually
phosphorylate and modulate the cellular activities of downstream factors in DNA damage
responses (e.g. Chk1 and Chk2) (Abraham, 2001; Bartek et al., 2004). The 9-1-1/ Rad17-
Rfc2–5 complex appears to be translocated to the sites of DNA damage independently of the
ATR and ATM, but may also be essential for activation of the downstream kinase of ATR
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(i.e. Chk1) and initiation of the checkpoint responses (Bao et al., 2004; Lowndes and
Murguia, 2000; O'Connell et al., 2000; Zou et al., 2002).

There is accumulating evidence to support the involvement of RPA in cellular checkpoint
activation after DNA damage. In both budding and fission yeasts, several mutations in RPA
caused the hypersensitivity of cells to DNA damaging agents, and defective G1/S and intra-
S checkpoints (Lee et al., 1998; Longhese et al., 1996; Pellicioli et al., 2001). A particular
mutation (L45E) in the large subunit of yeast RPA, rfa1-L45E, led to the decreased Rad53
phosphorylation and the cells failed to arrest at the G2/M checkpoint when DSBs were
introduced (Umezu et al., 1998). Using Xenopus oocytes system, it has been shown that
RPA was necessary for chromatin association of ATR and suppression of DNA synthesis in
response to DNA strand breaks, and immunodepletion of RPA abrogated an aphidicolin-
induced DNA replication checkpoint (Costanzo et al., 2003; You et al., 2002). A recent
report further demonstrated that the uncoupling of helicase and polymerase activities, which
leads to formation of long regions of RPA-coated ssDNA at replication forks, is necessary
for ATR checkpoint signaling in Xenopus extracts (Byun et al., 2005). In mammalian cells,
the chromatin association and nuclear foci formation of ATR after exposure to genotoxic
agents are dependent on RPA (Dart et al., 2004; Zou and Elledge, 2003). Specifically, RPA
is required for localization of ATR to DNA damage sites and for activation of ATR-
mediated phosphorylation of Chk1 and Rad17, most likely through the recognition of
ATRIP, the interacting partner of ATR, to the RPA-ssDNA complex (Ball et al., 2005; Zou
and Elledge, 2003).

RPA-coated ssDNA is also an important intermediate structure recognized by the Rad17-
Rfc2–5 complex, which facilitates the recruitment of the 9-1-1 complex to the gapped and
primed DNA structures in vitro (Zou et al., 2003). In human cells, RPA interacts with 9-1-1
complex, mediated by its binding to Rad9 (Wu et al., 2005a). The cellular interaction and
nuclear co-localization of these two complexes are significantly stimulated by DNA
damage, supporting the notion that RPA and 9-1-1 complexes work cooperatively to activate
checkpoint signaling (Wu et al., 2005a). Consistently, knockdown of the RPA expression in
cells by small interference RNA (siRNA) blocks the DNA damage-dependent chromatin
association of 9-1-1 (Wu et al., 2005a). These results suggest that RPA may serve as an
upstream regulator for the activity of the 9-1-1 complex in the cellular checkpoint network.
Taken together, RPA may play a role in initiation of DNA damage checkpoints through the
binding of RPA to the long stretches of ssDNA resulting from replication fork stalling under
replication stress or at DNA damage sites. This extended ssDNA when bound by RPA
serves as a common intermediate structure for the assembly of two independent checkpoint
apparatuses, 9-1-1/Rad17-Rfc2–5 and ATR-ATRIP complexes, at the sites of DNA damage
(Zou and Elledge, 2003; Zou et al., 2003).

Despite these observations, however, whether formation of the RPA-ssDNA intermediate
complex is essential for activation of ATR kinase cascade remains in dispute (Cortez, 2005).
Ball et al. demonstrated recently that a mutant of ATRIP that does not bind to the RPA-
ssDNA complex still supports the ATR phosphorylation of Chk1, suggesting that the
interaction of ATRIP with RPA-ssDNA is not absolutely required for ATR activation (Ball
et al., 2005). Using siRNA, it also has been shown that neither RPA70 nor RPA32 is
essential for the hydroxyurea- or UV-induced phosphorylation of the ATR substrate Chk1
(Dodson et al., 2004). Interestingly, ATR or the ATR-ATRIP complex binds to both naked
and RPA-covered ssDNA with comparable affinities (Unsal-Kacmaz and Sancar, 2004).
These data suggest that activation of ATR may occur through RPA-independent pathways.

It remains unclear whether RPA participates in the ATM-dependent checkpoint pathway.
RPA has been reported to interact and co-localize with MRN complex, which appears to
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function as a damage sensor upstream of ATM activation in cellular DNA damage responses
(Lee and Paull, 2005; Paull and Lee, 2005; Robison et al., 2004; Robison et al., 2005).
Moreover, the unwinding of DNA ends by MRN was essential for stimulation of ATM
activity towards its downstream cellular targets p53 and Chk2, suggesting a possible
involvement of RPA in ATM signaling (Lee and Paull, 2005).

HYPERPHOSPHORYLATION OF RPA IN RESPONSE TO DNA DAMAGE
RPA is phosphorylated in a cell cycle-dependent manner (Din et al., 1990; Dutta and
Stillman, 1992; Oakley et al., 2003). It is also undergoes hyperphosphorylation in response
to a variety of DNA damage agents such as UV or ionizing irradiation (Binz et al., 2004; Liu
and Weaver, 1993). The unstressed cell cycle-dependent phosphorylation occurs during G1/
S transition and in M-phase, primarily at the conserved cyclin-CDK phosphorylation sites of
Ser-23 and Ser-29 in the unstructured N-terminus of RPA32 subunit (Din et al., 1990; Dutta
and Stillman, 1992; Fang and Newport, 1993; Niu et al., 1997; Pan et al., 1994; Zernik-
Kobak et al., 1997). In contrast, the stress-induced hyperphosphorylation of RPA is much
more extensive. Nine potential phosphorylation sites have been suggested within the
unstructured N-terminal domain of RPA32 (RPA32N), including Ser-4, Ser-8, Ser-11/
Ser-12/Ser-13, Thr-21, Ser-23, Ser-29 and Ser-33 in UV-irradiated human cells (Niu et al.,
1997; Nuss et al., 2005; Zernik-Kobak et al., 1997). Although it remains unknown how
many and which of these sites are concurrently phosphorylated on a single RPA molecule
upon DNA damage, a recent study by Nuss et al. (2005) showed that at least four of those
sites can be concurrently phosphorylated in vitro and in vivo with human cells treated with
DNA damage agents. Interestingly, the same study also reported several new DNA damage-
induced phosphorylation sites in the RPA including Thr-98 in RPA32 subunit and the sites
within residues 112–163 and 569–600 of RPA70 subunit (Nuss et al., 2005). Since the
Thr-98 residue is completely buried in the crystal structure of the trimerization core of RPA
(Bochkareva et al., 2002), it was suggested that the phosphorylation of Thr-98 may imply an
in-solution dynamic nature of the regions of RPA p14 that bury the residue (Nuss et al.,
2005).

In contrast to the cell cycle-dependent phosphorylation of RPA, the role of RPA
hyperphosphorylation remains elusive. The DNA damage-induced hyperphosphorylation of
RPA is believed to be carried out by the members of PIKK kinase family including DNA-
PK, ATM and ATR (Binz et al., 2004; Block et al., 2004). The hyperphosphorylation also
occurs in a ssDNA-binding- and replication-dependent manner in cells (Bartrand et al.,
2004; Oakley et al., 2001; Rodrigo et al., 2000). Replication is probably necessary for
conversion of the unrepaired DNA lesions or intermediates to DSBs for subsequent
formation of ssDNA (Dunkern and Kaina, 2002; Robison et al., 2005). These are consistent
with the involvement of RPA-ssDNA binding in the initiation of the checkpoints by these
kinases. However, the relative contribution of these kinases to RPA hyperphosphorylation
and the different potential roles of the hyperphosphorylation by these kinases have not been
defined. Given that these kinases are involved in the initiation of DNA damage checkpoints,
it is possible that the RPA hyperphosphorylation is required for regulation of the cellular
activities controlled by these checkpoints in response to different genetic stresses.

It has been suggested that the RPA hyperphosphorylation may reduce the role of RPA in
DNA replication while shifting a fraction of the pool of cellular RPA to DNA repair
reactions based on the following observations (Binz et al., 2004): (i) cellular extracts
prepared from DNA damage cells have a reduced ability to support in vitro SV40 DNA
replication while replication activity can be restored to the extracts by addition of purified
RPA (Carty et al., 1994; Iftode et al., 1999; Liu et al., 2000; Patrick et al., 2005; Wang et al.,
1999); and (ii) RPA hyperphosphorylation appears to have no effects on NER activity in
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vitro with cellular extracts or a purified reconstituted system (Ariza et al., 1996; Pan, 1995;
Patrick et al., 2005). Consistently, the RPA32 mutant that mimics the hyperphosphorylation
by substitution of the phosphorylatable residues with aspartic acid in RPA32N, is unable to
localize to the replication centers in cells, but is competent to associate with DNA damage
foci (Vassin et al., 2004); also the hyperphosphorylation disrupts the RPA interaction with
DNA polymerase α in vitro (Patrick et al., 2005). By contrast, there is a controversy over the
hyperphosphorylation effect on RPA binding to ssDNA in vitro as both no change (Binz et
al., 2003; Oakley et al., 2003) and a decrease (Fried et al., 1996; Patrick et al., 2005) in the
binding have been reported. A possible explanation for this discrepancy is that the effect is
oligonucleotides sequence-dependent (Patrick et al., 2005).

On the other hand, since RPA is involved in all major DNA repair pathways including BER,
NER, MMR, and DSB repair through its DNA binding and its interactions with various
repair proteins (Mer et al., 2000), an interesting question is whether hyperphosphorylated
RPA is preferentially engaged in specific repair pathways. Indeed, a recent report shows that
the cellular interaction of RPA with two DSB repair factors, Rad51 and Rad52, is
predominantly mediated by the hyperphosphorylated forms of RPA after UV or
camptothecin (CPT) treatments (Wu et al., 2005b). It is likely that hyperphosphorylated
RPA is preferentially recruited to DSB repair in a checkpoint-dependent manner likely
because DNA double strand breaks are the most devastating DNA damage.

BIOCHEMICAL BASIS OF MODULATORY ROLE OF RPA
One of the most challenging issues regarding the role of RPA in DNA damage responses
and RPA hyperphosphorylation is how the functions of RPA are modulated by
hyperphosphorylation. There are possibly two mechanisms by which the modulation can be
achieved: (i) the recognition of the hyperphosphorylated domain of RPA by hyperphospho-
binding proteins; and (ii) a hyperphosphorylation-induced structural transformation of RPA
leading to the disruption of RPA-DNA and RPA-protein interactions. Using purified RPA70
fragment (RPA701–168) and a synthetic acidic peptide mimicking the hyperphosphorylated
N-terminus of RPA32, a NMR study shows that electrostatic interactions occur between the
basic cleft of DBD-F (RPA70N) and the mimicking acidic peptide (Binz et al., 2003).
However, the study is based on protein fragments rather than the full-length RPA
heterotrimer. The structure-based mechanism for the full length of RPA has been revealed in
a recent study (Liu et al., 2005a), demonstrating that upon hyperphosphorylation RPA
undergoes a subtle structural change involving the ssDNA binding cleft of DNA binding
domain B of RPA70 subunit. This is likely due to an invoked direct interaction of the
hyperphosphorylated N-terminus of RPA32 (hyp-RPA32N) with DBD-B through
electrostatic contacts between the two domains, which are highly negatively and positively
charged, respectively (Liu et al., 2005a) (Figure 2). This potential inter-domain interaction
in RPA (with an association constant in the order of 107 M−1) may enable phosphorylation
to modulate the cellular activities of RPA, which is critical for cellular responses to
genotoxic stresses. Indeed, such structural alteration or inter-domain interaction results in a
significant decrease in the binding affinity of RPA to short ssDNA or partial DNA duplexes
containing short ssDNA tails (8–11 nt), which is most likely due to the competitive blocking
of ssDNA binding to DBD-B by hyp-RPA32N (Figure 2). In contrast, no substantial effect
occurs for binding with longer ssDNA. The negligible effect is probably due to the much
higher affinity (Ka is in the order of 109–11 M−1) for RPA binding to the long length of
ssDNA than that for the hyp-RPA32N and DBD-B interaction.

Binding of RPA to short ssDNA is of biological significance particularly in replication
initiation at origins where RPA binds to the melted DNA bubble containing a DNA single-
stranded region of about 8-nt during replication initiation (Blackwell and Borowiec, 1994;
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Borowiec and Hurwitz, 1988; Parsons et al., 1990). Since it is the replication origin firings
that is targeted by DNA damage checkpoints to induce S-phase cell cycle arrest upon DNA
damage (Shechter et al., 2004), it is possible that the checkpoint-induced RPA
hyperphosphorylation may play an important role in downregulating the initiation of DNA
replication. In support, hyperphosphorylation-mimicking RPA fails to associate with
replication centers in vivo (Vassin et al., 2004); and the hyperphosphorylated RPA is
considerably less supportive of SV40 DNA replication than native RPA (Carty et al., 1994;
Iftode et al., 1999; Liu et al., 2000; Patrick et al., 2005; Wang et al., 1999). For the first time,
the study by Liu et al. reveals a potentially important structural basis for RPA to play a
modulatory role in DNA damage responses.

It is also worth noting that although RPA hyperphosphorylation occurs primarily in the N-
terminal domain of RPA32 subunit, the recent identification of the damage-induced
phosphorylation sites on RPA70 suggests a potential involvement of these sites in
modulation of RPA functions. Since these sites are located in DBD-C of RPA70 and in the
linker region of DBD-A and DBD–F, a possible role of the RPA70 phosphorylation is to
destabilize or facilitate RPA binding to duplex DNA or proteins (Nuss et al., 2005).
However the details of the effects remain to be defined.

DRUG DEVELOPMENT BY TARGETING RPA
The essential role of RPA in DNA metabolisms, particularly in DNA replication and
damage responses, makes it a worthful target for drug development in cancer treatment. This
is because rapid division of cancer cells depends on replication of genomes and also the
increased cell ability in DNA repair is believed to be one of the causes to drug resistance
acquired in chemotherapeutic treatment of cancers. In an effort to identify inhibitors of RPA,
a homogeneous high-throughput screening assay using a fluorescent reporter has been
developed to measure RPA-DNA binding activity in the presence of a collection of 2,000
small chemicals (Andrews and Turchi, 2004). The effect of these chemicals on the RPA-
DNA interaction has been determined. As the result, several positively-scored candidates for
inhibition of RPA binding activity have been identified.

CONCLUSIONS
RPA is intimately involved in cellular DNA metabolism ranging from DNA replication,
recombination, to DNA damage/stress responses. Defects in these processes are associated
with a score of human diseases. This underscores the importance in understanding the
molecular and biochemical mechanisms of the potential modulatory functions of RPA.
While many details still remain unknown, recent efforts focusing on RPA
hyperphosphorylation and the role of RPA in DNA damage checkpoints have started to
resolve the mystery. In general, current evidence appears to document RPA’s involvement
in the initiation of replication-associated DNA damage checkpoints (Ward et al., 2004), and
also RPA’s role as a hyperphosphorylation-dependent downstream checkpoint effector for
regulation of DNA metabolic pathways. In addition to its conventional role in DNA
metabolism, RPA may serve as a mediator for cross-talk between the pathways regulated by
its hyperphosphorylation. A possible scenario is that upon DNA damage the RPA binds to
long stretches of ssDNA that resulted from various DNA damage-related events such as
collapse and stalling of the replication fork and DNA repair (e.g. DSB processing); The
RPA-ssDNA complex recruits DNA damage checkpoint protein kinases (ATR-ATRIP,
ATM, and 9-1-1 complex) to the damage sites, which triggers the checkpoint signaling.
After the recruitment for checkpoint activation, the checkpoint kinases in turn
hyperphosphorylate RPA mediated by proteins such as 53BP1 (Yoo et al., 2005) for
subsequent modulation of its cellular activities essential for DNA replication and repair.
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However, the details of the molecular mechanism for elucidating the effects of
hyperphosphorylation of RPA on DNA metabolic pathways remain to be defined in the
future.
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Figure 1.
Panel A: RPA exhibits a modular construction designed around the OB fold. Human RPA
contains 6 OB folds, four on RPA70 subunit (DBD-A, DBD-B, DBD-C, and DBD-F), and
one each on RPA32 (DBD-D) and RPA14 (DBD-E). Each subunit also contains a conserved
C-terminal α-helix (shaded boxes), which interact to form the trimerization core. The N-
terminal domain of RPA32 exists as an extended unstructured domain and contains most of
the phosphorylation sites for the trimer. The N-terminal domain is phosphorylated in both a
cell cycle and DNA damage-dependent manner.
Panel B: RPA is required for all major DNA metabolism pathways including DNA
replication, repair, and recombination. RPA directly interacts with a variety of protein
factors in each pathway to facilitate DNA metabolism including (but not limited to) the
protein factors listed. In addition, RPA is involved in the initiation of DNA damage
checkpoints and hyperphosphorylated in response to genotoxic stress.
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Figure 2.
Proposed mechanism for RPA modulation by hyperphosphorylation of the RPA32 N-
terminal domain. RPA binds an 8-mer oligonucleotide with DNA binding domains A and B
of RPA70 subunit, which is likely essential for replication origin firing. Upon DNA damage,
however, the N-terminal domain of RPA32 subunit is hyperphosphorylated by ATR, ATM,
and/or DNA-PK, inducing a subtle structural shift featured with a direct interaction of the
negatively charged N-terminal domain with the positively charged DNA binding cleft of
DBD-B. This interaction (Ka ≥ ~107 M−1) is sufficient to compete with and displace the 8-
mer oligonucleotides, subsequently blocking RPA from binding short ssDNA. However, the
interaction of RPA with 30-mer oligonucleotides (Ka ≥ ~109 M−1) is unaffected by this
interaction. This proposed mechanism provides a means for down-regulation of DNA
replication by preventing RPA association with replication origins without affecting its
ability to participate in DNA repair pathways.
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