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Abstract

The heterotrimeric eukaryotic Replication protein A (RPA) is a master regulator of numerous
DNA metabolic processes. For a long time it has been viewed as an inert protector of ssSDNA and a
platform for assembly of various genome maintenance and signaling machines. Later, modular
organization of the RPA DNA binding domains suggested a possibility for a dynamic interaction
with ssDNA. This modular organization has inspired several models for the RPA-ssDNA
interaction that aimed to explain how RPA, the high affinity ssDNA binding protein, is replaced by
the downstream players in DNA replication, recombination and repair that bind sSDNA with much
lower affinity. Recent studies, and in particular single-molecule observations of RPA-ssDNA
interactions, led to the development of a new model for the sSDNA handoff from RPA to a specific
downstream factor where not only stability and structural rearrangements, but also RPA
conformational dynamics guide the sSDNA handoff. Here we will review the current knowledge of
the RPA structure, its dynamic interaction with ssDNA, and how RPA conformational dynamics
may be influenced by posttranslational modification and proteins that interact with RPA, as well as
how RPA dynamics may be harnessed in cellular decision making.

Introduction

Replication protein A, RPA (sometimes also referred to as Replication Factor A, RF-A) is
the major single-strand DNA (ssDNA) binding protein in eukaryotes (1-4). It was initially
identified among a set of human proteins required for the initiation of simian virus 40 DNA
replication in HeLa cell extracts (1). Subsequent identification of the S. cerevisiae RPA
established a universal dependence of eukaryotic DNA replication on RPA protein (4).
While RPA was first found to be required for replication, in both the steps of initiation and
elongation (1,4,5), it has since been identified as an important factor in homologous
recombination, nucleotide excision repair, and mismatch repair, among other repair
processes (6—14). Thus, for over two decades it has been contemplated that R in RPA may
stand not only for “Replication”, but rather for all 3Rs of genome maintenance, Replication,
Recombination and Repair (2). RPA binds ssDNA with subnanomolar affinity and is highly
abundant (~2 uM) in the cell (15-17). Due to RPA abundance and its high affinity, any
exposed cellular ssDNA is rapidly bound by RPA. Not surprisingly, RPA depletion,
haploinsufficiency or exhaustion can lead to DNA replication catastrophe, DNA repair
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defects, and genome instability (18-21). In addition to 3Rs of genome maintenance, the
importance of RPA to RNA transcription can be illustrated by the interaction between RPA
and histone chaperone HIRA, through which HIRA is recruited to promoters and enhances
and regulates deposition of newly synthesized histone H3.3 (22). For some time, the
capacity of RPA to quickly and efficiently coat ssDNA lead to the expectation that the
function of RPA was simply to protect sSDNA from nucleolytic degradation and from
unscheduled binding by downstream players in various DNA metabolic processes. Another
property of RPA, an ability to destabilize duplex DNA and non-canonical ssDNA structures,
such as G-quadruplexes (23-27), has been acknowledged as useful in preventing the
formation of secondary structure in sSDNA. Indeed, the combination of tight ssDNA binding
and duplex destabilization by RPA are at the core of its function in homologous
recombination, where RPA plays both pre- and post-synaptic roles (28). Because RPA
rapidly and tightly binds to exposed ssDNA and ssDNA is found in most DNA metabolic
processes, the RPA-ssDNA complex is relevant in these processes. The high affinity of the
RPA-ssDNA interaction, however, posits a question of how the ssDNA is handed off to the
downstream players in various DNA metabolic and signaling pathways that start with the
RPA-ssDNA complex. Another important question is how the “correct” downstream player
is chosen to hand off the sSDNA.

In most eukaryotic organisms, RPA is a heterotrimer made up of the subunits RPA70,
RPA32, and RPA14 named for their respective sizes of ~70, 32, and 14 kDa or referred to as
RPA1, RPA2, and RPA3 (and sometimes RFAL, RFA2, and, RFA3 in yeast), respectively (2)
(Figure 1a&b). RPA is highly conserved across eukaryotic species. Yeast RPAs show ~45%
sequence similarity in each of the subunits to their human counterparts, with greater
conservation seen in DNA binding regions; the most conserved subunit is RPA70, which
shows 31% identity and 44% similarity between S. cerevisiae and human proteins and 37%
identity and 64% similarity between S. pormbe and human proteins (2). While all bind
ssDNA with high affinity, S. cerevisiae RPA exhibits higher cooperativity in comparison
with human counterpart (16,29-31). In addition to the canonical RPA made up of these three
subunits, an alternative form of RPA can be formed in human and other placental mammals
with RPA2 replaced by a homologous subunit, RPA4. Human RPA2 and RPA4 show 47%
identity on amino acid level (2). This alternative RPA appears to play a role in DNA repair,
exhibiting higher affinity for damaged DNA (32). Many plants have copies of alternative
RPA subunits resulting in multiple RPA heterotrimers with distinct specializations (33).
Canonical and alternative eukaryotic RPAs contain 6 oligonucleotide binding (OB) folds,
named DNA-binding domains (DBD) A-F. RPA70 contains DBDs A, B, C and F, RPA32
contains DBD-D, and RPA14 contains DBD-E (Figure 1a). The three subunits come
together at the trimerization core, composed of DBDs C, D, and E (Figure 1b). Linking the
connected DBDs together are flexible linker regions. Due to these flexible linkers between
the DBDs, the RPA structure is dynamic. Structural rearrangements in the RPA architecture
were first inferred from the modular organization of the DBDs and from accessibility of the
RPA32 Thr-98 buried within the trimerization core to phosphorylation. This flexibility was
later confirmed by NMR studies (34,35). The flexible structure of RPA and the recently
characterized dynamic interaction with sSDNA have been suggested to play critical roles in
ssDNA handoff to downstream proteins in replication, recombination, and repair (36-41).
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Because of its central role in virtually all aspects of cellular DNA metabolism, a number of
authoritative reviews (3,37,42-46) paralleled the development of the models for the
regulation of the RPA-ssDNA interaction and the mechanisms underlying the handoff of
ssDNA from RPA to correct ssDNA binding/processing proteins with functions in DNA
replication, repair and homologous recombination. Recent single-molecule and structural
studies (36,38-41,47,48) allow us to update the existing models. We believe, therefore, that
it is time for a new comprehensive review that will incorporate a dynamics component into
our understanding of the RPA function and regulation. Specifically, we would like to
highlight the emerging importance of the dynamic interaction of the individual RPA DBDs
with ssDNA (36).

The flexibility of RPA binding was first described as the binding of RPA in modes (17). The
modes were described as conformations in which RPA was bound to 8-10, 18-20, or 28-30
nucleotides, each with different affinities (see below). These were expected to occur
sequentially, as RPA became more engaged with the ssSDNA. While RPA is sampling a
variety of conformations, it is now clear that they are not simply the steps of sequential
binding, but states that can be entered and exited readily, with RPA proceeding from less to
more engaged states, and vice versa. In this review, we will summarize the current
knowledge of the RPA conformational dynamics and will argue that the ability of RPA to
sample more and less engaged conformations defines its ability to handoff sSDNA to
proteins that function downstream of RPA in DNA metabolic processes.

The dynamics of RPA is important for allowing the handoff of sSDNA to other proteins, as
well as a point of regulation. The dynamics of RPA ssDNA binding can be altered by
protein-protein interactions, post-translational modifications, and the structure of sSDNA it
is binding. Understanding the conformational flexibility of RPA, its dynamic ssSDNA
binding, and how the RPA conformational dynamics is modulated is revealing a new
component in the regulation of DNA replication, recombination, and repair.

Flexible Structure

Canonical eukaryotic RPA is a heterotrimer comprised of RPA70, RPA32, and RPA14 (2)
(Figure 1a&b). The majority of the RPA structure is made up of the oligonucleotide binding
(OB) folds, referred to in RPA as DNA-binding domains (DBD). RPA70 contains DBD-A,
B, C and F, with flexible linker regions connecting each of these DBDs (36,37,49). RPA32
contains DBD-D and a C-terminal winged helix domain. RPA14 contains DBD E. An OB
fold from each of the subunits, DBD C, D and E, form the trimerization core, their
interaction allowing formation of the stable heterotrimer. The high-resolution structure of the
Ustilago maydis RPA-ssDNA complex (Figure 1c¢) containing most of the structural features
with exception of DBD-F of RPA70 and WH domain of RPA32 shows a compact,
horseshoe-like structure with ssSDNA in a U-shape conformation and DBD-A, B, C and D
making sequential contacts from a 5’ to 3’ direction (49). In contrast, the Cryo-EM structure
of the three yeast RPA molecules bound sequentially to the 100 nucleotide long sSDNA
molecule (50), as well as Forster resonance energy transfer (FRET)-based analyses of yeast
and human proteins suggest an extended linear arrangement of the DBDs in RPA (Figure
1d-f) (50,51). In the latter, one can follow the change in the conformation of ssSDNA
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decorated with two fluorescence dyes, the donor (e.g. Cy3) and the acceptor (e.g. Cy5) of
FRET. In the presence of 10 mM Mg?* and at a physiological ionic strength (e.g. 150 mM K
*), the ssDNA assumes compact conformation resulting in an intermediate FRET between
the Cy3 and Cy5 dyes placed 30 nucleotides apart. Straightening of the ssSDNA upon RPA
binding into a more linear conformation as observed by CryoEM predicts a gradual decrease
in the measured FRET upon addition of RPA until all ssDNA is bound (Figure 1e). In the
horseshoe conformation, the RPA binding should have a much smaller effect on FRET, if
any. Moreover, the distance between the 5’ end of the RPA occluded ssDNA and its 3’ end
are virtually the same as the distance between 5’ end the nucleotide 11" from the 5’ end
when measured in the high-resolution Ustilago maydis RPA-ssDNA structure (Figure 1e).
While slight discrepancies are possible due to the difference in the Cy3 dye position and
associated photophysical effects (52), the horseshoe conformation would predict that FRET
values obtained for the two constructs, one labeled at the ends and the other at the 5” end and
the middle should converge to the same value upon RPA binding. Note, that due to the high
affinity of the RPA-ssDNA complex, these experiments are performed under stoichiometric
binding conditions and therefore reflect on the binding stoichiometry (inflection point in the
binding curve) and on the FRET value at saturation. Figure 1f shows a typical binding curve
(50) consistent with a linear conformation of the RPA-ssDNA complex. Similar binding
patterns were observed for human and yeast RPAs and for the substrates that can
accommodate single or multiple RPAs (50,51). A non-stoichiometric binding curve observed
for the DNA with internally positioned Cy3 dye is indicative either of a more transient
interaction between the DBD-A and ssDNA or the RPA diffusion on the 30 nucleotide long
ssDNA. In a recent single-molecule FRET study, Wang and colleagues (48) observed
straightening of short (10 and 20 nucleotide) ssDNA overhangs of partial duplex substrates
labeled with Cy3 at the end of the overhang and with Cy5 at the sSSDNA/dSDNA junction,
while intermittent exertions into high FRET values on longer ssDNA overhangs and more
complex substrates were interpreted as RPA-induced ssDNA bending. It is important to note
here, that these experiments were carried out under conditions different from those described
above, specifically, in the absence of Mg?*, which effects RPA-ssDNA interactions, and at
much higher RPA concentrations, suggesting a complex dependence of the RPA-ssSDNA
complex conformation and dynamics on experimental conditions.

A significant degree of flexibility in the RPA heterotrimer has been revealed by NMR and
Cryo-EM studies (35,38,50,53). Brosey and colleagues demonstrated using NMR that the
DBDs tethered by flexible linkers are not conformationally restrained by each other and are
able to interact with sSDNA independently with a high degree of conformational freedom
(35). Observation of DNA coated with RPA using AFM and EM also shows that RPA does
not take on a single consistent conformation while bound to ssDNA, but that RPA-coated
ssDNA maintains a similar level of flexibility (54,55).

OB-fold, a structural unit of ssDNA binding proteins

OB-folds (Figure 2) were originally identified as protein motifs that binds to
oligonucleotides or oligosaccharides. The highly conserved OB-fold structure is found in
many proteins in Archaea, Bacteria, and Eukarya. It is an approximately 120 aa structural
motif composed of five beta sheets that form a mixed beta barrel, usually capped by an alpha
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helix, though there are some variations on this general structure (56,57). OB-fold containing
proteins that bind sSDNA have been found across all domains of life, as RPA in eukaryotes
and as single strand binding (SSB) proteins in bacteria. Both eukaryotic-like and bacterial-
like OB-folds have been found in archaea (58). OB-folds comprising extant RPAs and SSBs,
as well as OB-folds in other ssDNA binding proteins have been proposed to evolve from a
common ancestral sSSDNA binding protein through domain duplication and shuffling (59,60).
Across eukaryotes, RPA is conserved as a heterotrimer made up of the 70, 32, and 14 kDa
subunits (3). In bacteria, SSBs have been found that exist as homodimers or homotetramers
containing four OB folds (61,62). Mitochondrial sSDNA binding proteins in eukaryotes are
more akin to bacterial tetrameric SSBs (63). Unlike bacteria and eukaryotes, archaea possess
a more diverse set of RPA and SSB proteins. While some archaeal organisms have a single,
simple RPA made of a single OB-fold, others contain multiple variant forms that function
independently, with some organisms containing both RPAs and SSBs, but with OB-folds
more closely resembling eukaryotic rather than bacterial structures. Euryarchaeotes, and in
particular several closely related methanogens have highly diverse, rapidly evolving RPA
gene structures, which provide a glimpse into how multi OB-fold protein can evolve by
domain duplication, fusion, fission and deletion (64—-66).

While all of the OB-fold containing ssDNA-binding proteins have structures based around
OB-folds, they still exhibit mechanistic variability depending upon the organization of the
modular domains. Eukaryotic RPA mostly extends ssDNA upon binding, and bacterial SSB
wraps and condenses ssDNA (50,67). Some archaeal organisms contain multiple variants of
RPA/SSB with some that induce RPA-like ssSDNA extension while others induce SSB-like
ssDNA wrapping and these wrapping/extending activities can be carried out by the same
RPA under different conditions (66). The ubiquity of ssSDNA binding proteins composed of
OB-folds across all domains of life indicates the critical role these proteins play and
suggests an ancestral RPA composed of a single OB-fold that has diverged over the course
of evolution (66).

While ssDNA binding proteins are ubiquitous in all domains of life, this review will focus
on heterotrimeric eukaryotic RPA, which contains six OB-folds (68) (Figure 1a&b). Four of
the OB-folds of RPA (DBD-A, B, C, and D) exhibit significant binding to ssDNA (69).
Nevertheless, all six OB-folds are often referred to as DBDs and we will apply these terms
interchangeably because of the modular organization of the RPA’s DBDs/OB-folds. While
all six DBDs/OB-folds are structurally similar, two aromatic residues in the DNA binding
clefts of each DBD-A, B, C, and D have been identified that are highly conserved and
contribute to the high affinity interaction with ssDNA through base stacking (36,70,71).
These aromatic residues are a characteristic feature of all DNA-interacting OB-folds in
eukaryotic and archaeal ssDNA binding proteins (see for example, DBD-A F238, F269,
DBD-B W361 and F386 in human RPA numbering in Figure 3a). DBD-E and F lack these
conserved aromatic residues. In addition to the conserved aromatic residues involved in base
stacking, the DBDs also contain a less conserved loop comprised of basic residues. This
basic loop is thought to act as a flexible clamp that interacts with the phosphate backbone
upon RPA binding to ssSDNA (43). The N-terminal OB-fold of RPA70, DBD-F, does not
exhibit significant DNA binding activity, but instead is used as a hub for RPA protein-protein
interactions (see below). DBD-E, the OB-fold found in RPA14, also does not exhibit SSDNA
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binding. DBD-E does play an important role in the formation of the trimerization core and is
found in close proximity to DNA when the other DBDs are engaged (72). DBD-E also
allows for interaction between RPA molecules that are bound adjacently on ssDNA (50)
(Figure 1d). In addition to sSDNA, RPA can also interact with RNA, but at a much lower
affinity (48,73).

RPA and other OB-fold containing proteins are generally considered to bind ssDNA in a
sequence independent manner. Both yeast and human RPAs, however, display preference for
pyrimidines over purines with approximately 50-fold higher affinity (73). There are also
sequences to which RPA binds preferentially, such as for example pyrimidine-rich strands of
a replication origin (73). Systematic Evolution of Ligands by EXponential enrichment
(SELEX) experiments revealed that the RPA trimerization core composed of DBD-C, DBD-
D and DBD-E displays specificity for a G-rich motif capable of forming a G-quadruplex and
is able to destabilize the quadruplex (74).

Each eukaryotic/archaeal OB-fold binds approximately 4-6 nucleotides of sSDNA. Due to
the flexible regions linking the OB-folds, the DBDs of RPA are able to function as modular
units. The individual DBDs are able to contact sSDNA, while others remain removed from
ssDNA. There are multiple conformations available to RPA when it is bound to DNA.
Because these conformations of RPA may result in different degrees of sSDNA engagement,
these conformations may correlate to different binding modes. Linkers between the
individual DBDs also play important roles in establishing the distinct DNA binding modes.
A flexible linker between DBD-B and DBD-C, which can bind into the DNA-binding site of
DBD-B can modulate the RPA binding mode between 8 nt and 30 nt (49) (Figure 3). While
flexible in solution, the linker between DBD-A and DBD-B becomes ordered in the presence
of ssDNA orienting the two DBDs (49,75,76).

Binding Modes and Dynamics

Modular architecture of RPA and other OB-fold containing ssDNA binding proteins implies
that the affinity for sSDNA should scale with the number of OB folds engaging sSDNA. The
lesson from numerous archaeal RPAs, however, suggests that the binding energies of the
individual OB-folds are not simply additive. While there is a definite gain in affinity
between £ acidarmanus RPA2 (a monomeric RPA containing a single OB fold) and RPA1 (a
homodimer with each monomer containing two OB-folds and a Zn-finger) (65), RPAs from
methanogenic archaea with the number of OB-folds ranging from three to five display
similar affinities for ssSDNA and similar binding site sizes. This suggests that in these larger
RPAs, not all DBDs may be engaging the sSDNA (77). Similarly, the trimerization core of
the eukaryotic RPA makes more extensive contacts with ssDNA than DBD-A and DBD-B
(49), but when analyzed separately, the construct containing DBD-A, B and F (RPA-FAB)
has much higher affinity for ssDNA than that of the trimerization core (DBD-C, D, and E)
(see Table 1 and discussion below). The ability of RPA to bind to ssDNA in varied
conformations, or binding modes, each with a different number of nucleotides engaged
yields different affinities for ssDNA substrates of different lengths. These modes (Figure 3)
were observed using biochemical and structural techniques. In the low-affinity mode, RPA
binds to approximately 8 nucleotides of sSSDNA and has an equilibrium dissociation constant
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of 50 nM. In this binding mode, DBD-A and DBD-B of RPA70 are believed to be the only
DBDs engaged with the ssDNA (Figure 3a). In the high-affinity mode (Figure 3b), RPA
binds to 28-30 nucleotides of ssSDNA with a subnanomolar equilibrium dissociation
constant. In the high-affinity binding mode, DBD-A, B, and C of RPA70 and RPA-D of
RPA32, are all engaged in the binding of ssDNA (49). While DBD-A and DBD-B engage
the ssDNA in both the 8nt and 30nt binding modes, by comparing structures representing the
8nt binding mode of human RPA (PDB: 1JMC (76)) and the high affinity binding mode of
U. maydis RPA (PDB: 4GOP (49)) Fan and Pavletich proposed that the key contacts
between the four aromatic or hydrophobic residues and sSDNA may be different between the
two modes due to the difference in the DNA conformation (49) (Figure 3c). An additional
medium-affinity binding mode has also been observed where RPA binds to 18-20
nucleotides. In this binding mode, three DBDs are expected to be engaged with sSSDNA,
proposed to be DBD-A, B, and C of RPAT70 (17).

In addition to testing RPA binding affinities using truncations composed of isolated DBDs,
mutational studies have also informed the roles of the various DBDs in ssDNA binding and
DNA replication and repair processes. When the aromatic residues of DBD-A or B were
mutated, other domains were able to compensate, resulting in similar binding to longer
ssDNA (25nt), but eliminated binding to short ssDNA (15nt) (36). Functionally, these
aromatic residue mutants are less likely to form long-lived complexes with sSDNA, defective
in duplex melting, and do not promote RAD51-mediated DNA strand exchange (36). The
mutations of the aromatic residues are thought to cause defects in DNA repair not due to a
loss of binding affinity, as that is largely maintained, but due to loss of ability to dynamically
sample conformations within the ssSDNA-RPA complex, a property of RPA seems to be
necessary for DNA duplex destabilization (36,37). A recent computational study also
suggests that aromatic residues may play a role in RPA diffusion on DNA (78).

The modular binding of RPA to ssDNA has been suggested to proceed sequentially, with the
lowest affinity modes being the first step of RPA binding and progressing to more stable,
engaged modes (69,81) (Figure 3a&b). This model was supported by observation of the low
affinity mode only one short (<10 nucleotides) sSDNA substrates, while more engaged
conformations were observed on longer (~30 nucleotides) ssDNA substrates (49,70,75,81).
The model also offered an explanation for why RPA has higher affinity for longer sSDNA
substrates. Additionally, constructs containing DBD-A and B show a relatively high affinity
for ssDNA compared to the isolated trimerization core (DBD-C, D, and E), which suggested
that the DBD-A and B may bind first, bringing the other domains into proximity, at which
point all of the domains become engaged with the sSDNA and remain engaged (69). Perhaps
the strongest evidence that pointed towards sequential transition between the 8nt and 30nt
high affinity binding mode came from the experiments that demonstrated RPA loading by
the SV40 T antigen (Tag) helicase (68). Here, Jiang and colleagues showed that the origin
binding domain of SV40 Tag interacts with the DBD-A and DBD-B of human RPA. The site
of the interaction is distant from the DNA binding site and allows formation of a ternary
Tag-RPA-ssDNA complex on short oligonucleotides (i.e. the 8nt mode). Transition to the
30-nt binding mode, however, released the Tag-RPA interaction consistent with the sequence
of events expected during RPA loading on the emerging ssDNA during activation of the
SV40 pre-replication complex (68).
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Recent single molecules studies have provided further support for the modular nature of the
RPA-ssDNA interaction and for a potential sequential binding mechanism. Chen and
colleagues employed total internal reflection fluorescence microscopy (TIRFM) to
interrogate, at the single-molecule level, the interaction between surface tethered human
RPA and ssDNA of various lengths (36). At least two distinct binding modes, characterized
by different affinities, were observed (36). On longer (35nt) sSSDNA molecules the calculated
equilibrium dissociation constants for these complexes were 680 pM and 60 pM,
respectively (K,=1.47x10% M1 (“fast’ dissociating) and 1.66x1010 M~ (‘slow’ dissociating
complex)). The latter was consistent with the value previously obtained from the high
affinity RPA-ssDNA complex (16). Two distinct affinities came from fitting the distributions
of dwell times of the RPA-ssDNA complexes to two exponentials, which was interpreted as
existence of complexes with distinct stabilities. Distributions of the times between binding
events were best fit to a single exponential suggesting a single association rate constant for
both complexes. In contrast, the dwell time distributions of the RPA molecules in complex
with shorter (15nt) ssDNA fitted well to a single exponential, were shorter lived, and yielded
an equilibrium dissociation constant of 606 pM (K,=1.65x10° M~1), which was similar to
the less stable complexes formed on 35 nt ssDNA. Thus, the data obtained on the longer
ssDNA can be interpreted as a transition between the low affinity and high affinity modes.
Another single-molecule study using FRET labeled DNA also found human RPA
transitioning between two conformations: a more stable conformation in which the DNA
was extended and a less stable conformation where the DNA may be bent (48). Notably,
partial inactivation of the DBD-A or DBD-B by mutating one of the conserved aromatic
residues in one or both high affinity DBDs also resulted in two distinct complexes, but the
less stable complex was more prevalent than the high affinity one. None of the aromatic
mutants, however, were able to bind to the 15nt ssDNA and displayed a single binding mode
on the 20 nucleotide ssSDNA (36). This is consistent with the idea that the DBD-A and DBD-
B comprise the high affinity binding module of RPA, but the DNA can take a slightly
different path within this module in 8nt vs. 30nt binding modes adapting to the lack of one
of the aromatic residues. Notably, Chen and colleagues also demonstrated that the conserved
aromatic residues are necessary for the ability of RPA to melt partial DNA duplexes,
suggesting that engaging DBD-A and DBD-B in the 30nt mode is critical for duplex
destabilization (36). Since the aromatic mutants of RPA are also separation of function
mutants (82), access of RPA to the slow dissociation, high stability state is critical to RPA
function in DNA repair, but not for its function in replication. Another single-molecule study
by Nguyen and colleagues revealed that the ability of RPA to melt DNA hairpins depends on
the location of the hairpin relative to the orientation of bound RPA (41). RPA binds ssSDNA
with a distinct polarity whereby DBD-A is at the 5’ end of the occluded ssDNA and DBD-D
is at the 3’ end; the hairpin located at the 3’ of the bound RPA is melted much more
efficiently than the hairpin located at the 5’ end (83-85), suggesting that RPA entered the
duplex from the 5’ end of the hairpin, leading with DBD-D (41). In addition to hairpins,
telomeric G-quadruplexes and duplexes are also preferentially dismantled in the 5° to 3’
direction by RPA (86). The importance of the aromatic residues in DBD-A and DBD-B for
duplex separation, therefore, is likely to stem from the role of the 30nt binding mode that
engages the trimerization core.
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While the modular binding model has explained observations of RPA binding with different
affinities to different lengths of sSDNA, it does not fully explain how RPA is able to be
rapidly displaced by other sSDNA interacting proteins that function downstream of RPA.
Curiously, in some cases there is no apparent correlation between the affinity of the protein
for ssDNA and its ability to displace RPA. For example, under conditions permitting ATP
hydrolysis, human DNA strand exchange protein RAD51 has a modest ability to displace
RPA and form a nucleoprotein filament, which is the active species in homology search and
DNA strand exchange reactions that lay at the heart of homologous recombination and
recombinational DNA repair (87). In the DNA strand exchange reactions biochemically
reconstituted /n vitro and in cells, RPA presents a kinetic block to the RAD51 nucleoprotein
filament assembly thus preventing uncontrolled recombination (88). A specialized
recombination mediator, such as Rad52 (in yeast) or BRCA2 (in human) is required to
facilitate replacement of RPA with RAD51 (89-95). Surprisingly, the phosphomimetic
version of RAD51, RAD51Y45PCMF 'which displays reduced affinity for sSDNA, was
capable of efficient RPA displacement (87). This observation is not confined only to
RADS51. The “hand-off” model, developed by Fanning and colleagues, addressed the
interaction of many downstream proteins with RPA and that these interactions may induce
conformational changes that alter the sSSDNA binding of RPA (42). While prior versions of
the *hand-off” model relied on pathways involving proteins that bound to RPA with
sequentially increasing affinity, Fanning and colleagues proposed an updated model focused
on the protein-protein interactions promoting RPA to adopt a less engaged binding mode,
thus providing a landing site for the interacting protein to access the sSDNA (42).

More recent studies have continued to support that the interaction of RPA with ssSDNA is
highly dynamic (Figure 4a&b). Several single molecule studies of fluorescently labeled RPA
on ssDNA curtains revealed that RPA is able to bind very tightly to ssDNA under conditions
where there is no free RPA, remaining bound after 2 hours, and rapidly dissociate and
exchange with free RPA at high concentrations (39). This difference in RPA dynamics and
interaction with DNA in contexts where all RPA is DNA bound or free RPA is present are
notable and may be important for the role of RPA as a sensor of accumulating DNA damage.
These studies also revealed that interactions with other proteins involved in homologous
recombination (Rad51, Rad52) modified the interaction of RPA with ssDNA, a function that
was important in the regulation of pathway choice (11,39,96). NMR studies showed that due
to the flexible linkers connecting the DBDs, RPA is able to sample a variety of functional
conformations and that conformational changes are induced by the binding of sSDNA (35).
A single-molecule magnetic tweezer study by Kimmerich and colleagues (47) demonstrated
that a microscopic association of the individual DBDs of both human and yeast RPA creates
a “toehold” that traps spontaneously melted DNA duplex at the sSDNA-dsDNA junction and
promotes duplex destabilization by RPA (Figure 4c&d). Collectively, these studies provided
the basis for a mechanism of the RPA replacement that evokes RPA conformational
dynamics (Figure 5). Here, RPA as a whole remains macroscopically bound to ssDNA, but
its individual DBDs undergo microscopic dissociation from and rebinding to ssDNA. RPA
macroscopically dissociates from the ssDNA only when all of its DBDs dissociate
simultaneously. Macroscopically bound RPA will thus continuously transition between
different binding modes (Figure 5a). When no excess of ssDNA binding protein is present in
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the reaction, the probability of the DBDs’ rebinding is high resulting in a very stable RPA-
ssDNA complex observed by Gibb and colleagues (39). The presence of free RPA in
solution allows for protein exchange on ssDNA as the incoming RPA molecule may first
bind in an 8nt mode resulting in two adjacent RPAs macroscopically bound to ssDNA, but
with some of the DBDs microscopically dissociated (Figure 4b and Figure 5a). Similarly, if
a downstream player is present in the reaction and its association rate and its binding site
size match the probability of the free sSDNA of a sufficient length to be available due to the
microscopic DBD dissociation, this downstream player can compete with rebinding of the
dissociated DBD or binding of the RPA from solution (Figure 5b). In the case of human
RPA and RADS51 proteins, the phosphomimetic RAD51Y54PCMF displays lower overall
affinity for ssDNA than the wild type protein (87). This lower affinity, however, is offset by
the higher cooperativity during the nucleation step of the RAD51 nucleoprotein filament
formation, which Subramanyam and colleagues proposed to be responsible for an increased
ability of the RAD51Y34PCMF 19 displace RPA pre-bound to ssSDNA (87). Probability of the
RPA-coated ssSDNA to contain landing sites for the downstream players should not only
depend on the RPA transition between different binding modes, but also on its one-
dimensional diffusion along ssDNA (41,47), which in itself should depend on the nature of
the ssDNA substrate and its occupancy by RPA and other proteins. The transient binding of
individual RPA DBDs allows RPA to trap partially unwound forked DNA substrates, which
provides an opening for more RPA DBDs to become engaged (47). One would expect RPA
to behave differently if provided with a long sSDNA, such as present during the lagging
strand DNA replication, end resection in homologous recombination, and homology-
directed double strand break (DSB) repair, compared to relatively short stretches of sSDNA
available to RPA on various DNA repair intermediates. Additionally, all atom molecular
dynamic simulations also suggested that the mode of the RPA binding and its ability to melt
the adjacent DNA duplex is different for a gapped ssDNA versus a bubble DNA (36).

While this model shares many similarities with the binding modes model described
previously, the dissociation/rebinding of the individual DBDs does not necessarily have to
occur in any specific sequence. More recent direct observations of RPA dynamics support
dynamic binding over sequential binding. A recent single-molecule study by Pokhrel,
Caldwell, and colleagues utilized electrostatically sensitive fluorophore MB543 site-
specifically positioned on DBD-A or DBD-D of yeast RPA to reveal four distinct
conformations within the RPA-ssDNA complex for each terminal DBD (40) (Figure 6). The
lifetime of each conformation was on the order of a few seconds, with the RPA remaining
macroscopically associated with ssDNA for many minutes. Thus, numerous transitions
between these conformations were observed for each individual sSSDNA bound RPA
molecule. The RPA-FAB construct containing the DBD-F, MB543-labeled DBD-A and
DBD-B displayed only two fluorescence states. RPA-FAB also formed much shorter lived
complexes on ssDNA compared to the full-length heterotrimer and has an estimated
equilibrium dissociation constant of 82.8nM, comparable to previously reported results for
this construct (40,97). Notably, RPA DBDs in the RPA-ssDNA complex were able to
proceed from less to more engaged states, as well as vice versa. Surprisingly and
contradictory to the expectation of the binding modes model, no specific sequence was
observed with respect to the binding of the individual RPA molecules to long (60nt) sSDNA.
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RPA was equally likely to initiate binding with either DBD-A or DBD-D fully engaged or in
any of the other conformational states. The stopped flow experiments that monitored RPA
binding to short ssSDNA substrates in the same study, however, were more consistent with the
DBD-A binding first followed by a transition into a binding mode where the DBD-A is
detached, while the DBD-D is more fully engaged. This can be rationalized as the RPA-
ssDNA interaction initiation at the DBA-A/DBA-B module in 8nt mode followed by a
transition into a mode that has only the trimerization core bound to sSDNA. In the crystal
structure of the U. maydis RPA (98), the trimerization core makes more extended contacts
with ssDNA than the combined contacts made by the DBD-A and DBD-B. The linker
between DBD-B and DBD-C may assume a position that competes with the sSDNA binding
in the DBD-B. While Fan and Pavletich (98) proposed this as the mechanism for the
transition between 8nt and 30nt binding mode, we would like to argue that the transition
from engaged DBD-A and DBD-B to engaged trimerization core reflects the 8nt binding
mode when only a short stretch of sSDNA is available. In contrast to the long sSDNA where
RPA is free to fluctuate between all available conformations, the inability of the RPA
aromatic mutants to form a complex with 15nt sSDNA despite having all the key residues in
the trimerization core intact (36) suggests that the sequence of the DBDs’ engagement is
important when short stretches of sSDNA are involved. The 8nt binding mode can also
dominate under conditions when RPA is present in a large excess over available sSSDNA
(72,99).

While the sequential, modular binding model explains why RPA binds to short ssDNA
substrates in a lower affinity mode and longer ssDNA in a higher affinity mode, it does not
explain how RPA is able to be efficiently displaced by other lower affinity DNA binding
proteins that function in DNA replication, recombination, and repair. The dynamic model
better explains how RPA is replaced by downstream proteins, with less engaged
conformations of the sSSDNA-RPA complex and RPA protein interactions playing important
roles. Addition of Rad52, a recombination mediator protein that binds to RPA and functions
downstream of RPA in homologous recombination, prevents RPA DBD-D from accessing
the conformation in which it is fully engaged with sSDNA (40) (Figure 5c and Figure 6).
The hand-off and dynamic models fit well together and with recent observations of RPA
conformational flexibility and the modulation of RPA conformation by the binding of
protein partners such as Rad52 (40,100).

Protein Interactions

RPA binds to a wide range of proteins that function in DNA replication, recombination, and
repair downstream of RPA-coated ssDNA. While there are many protein-protein interactions
that can occur with RPA, the interaction sites on RPA are largely confined to two domains,
on RPA70 and RPA32. The interaction sites on RPA70 are the DBD-F, and DBD-A and B.
The site on RPA32 is located at the C-terminus in the wing helix domain. Table 2 lists
proteins known to interact with RPA and the location of the binding site on the RPA protein
if it is known. The sheer number of interactions and the limited range of binding sites on
RPA suggests that these interactions may be competitive. This is illustrated in Figure 7.
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While many of these interactions have been expected to primarily function to recruit
downstream proteins to the site of DNA maintenance, these interactions may also be
modulating the dynamics of RPA, as discussed in the previous section. For example, in yeast
homologous recombination, Rad52 protein promotes loading of Rad51 recombinase on the
RPA-coated ssDNA (90,92,93). Initial yeast two-hybrid analysis suggested that the Rad52-
RPA interaction involves all three subunits of RPA, and also showed that two S. cerevisiae
RADS52 mutants, rad52-34 and raa52-38, both within the conserved N-terminal domain of
Rad52, were defective in binding RFA1 (RPA70), but not RFA2 (RPA32) (154). Later, an
acidic region within the C-terminal domain of Rad52 (including residues Q308, D309,
D310, D311) was identified as a site important for interaction with RPA (187). A
multivalence of Rad52-RPA interaction is reflected in the observation that Rad52-Q308A/
D309A/D310A/D311A was only partially defective in its recombination mediator activity /n
vitro (187). Further dissection of the Rad52-RPA interaction in homologous recombination
suggested that the middle portion of conserved N-terminal domain of Rad52 associates with
DNA-bound RPA and contributed to the recombination mediator activity, i.e. in Rad52
ability to facilitate replacement of RPA on ssDNA with the Rad51 recombinase (188). In an
unexpected finding, Rad52 was observed to stabilize ssSDNA-bound RPA (189). In a more
recent single-molecule study of RPA Pokhrel, Caldwell and colleagues revealed that Rad52
binding prevented DBD-D from accessing ssDNA, providing an opening for downstream
proteins like Rad51 to access ssDNA (40). In this way, Rad52 is able to both stabilize the
ternary Rad52-RPA-ssDNA complex while allowing other proteins to access the sSDNA.
Rad52 interacting sites have been identified in both RPA70 and RPA32, which may explain
the ability of Rad52 to reduce the flexibility of RPA within the Rad52-RPA-ssDNA ternary
complex (Figure 5 and Figure 6¢). In human homologous recombination, BRCA2 plays the
role of recombination mediator, but it is not known if the mechanism is similar to that of
Rad52 in yeast.

Another example of a protein-protein interaction with RPA that results in a change in the
dynamics of the ternary complex is xeroderma pigmentosum group A (XPA) (Figure 7b).
XPA functions in the nucleotide excision repair pathway, playing an important role in the
recognition of the bulky DNA adducts. Sites of interaction with XPA have been identified
within RPA70 and the WH of RPA32. The formation of the RPA-XPA-damaged duplex
DNA (ddDNA) complex results in behavior that is different from both the RPA-ddDNA and
XPA-ddDNA complexes. The ternary complex shows greater specificity for ddDNA than
with either RPA or XPA alone and an increase in the association rate and decrease in
dissociation rate (190). This suggests that the formation and stability of the RPA-XPA-
ddDNA complex is increased by the protein-protein interaction. Again, this effect is more
complex than simply recruiting XPA to the site of DNA damage and may involve
modulation of the RPA conformational dynamics.

In addition to interacting with proteins involved in DNA repair processes, RPA also interacts
with proteins involved in DNA replication. One of these proteins, DNA polymerase a., was
one of the three components required to reconstitute replication of SV40 DNA /n vitro,
along with RPA and T antigen (5). RPA inhibits priming activity in this reaction, while
addition of T antigen partially diminished this inhibition (191). Notably, in a reconstituted of
the yeast replisome encountering DNA damage, RPA inhibits priming by DNA polymerase
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a on the leading strand, but not the DNA synthesis from the annealed primer; in contrast
lagging strand priming is stimulated by RPA (192). Thus, RPA depletion, which is expected
under conditions of replication stress, can allow replication restart on the leading strand
(192). A direct interaction was identified that occurs through the RPA32 and RPA70
subunits and is important for human RPA loading at the replication origin (Table 2 and
Figure 7b). The interaction of DNA polymerase a with RPA was required for stimulation of
polymerase activity and polymerase processivity, with RPA ssDNA binding activity
necessary for the effect on processivity (138). The interactions resulting in loading of RPA
are functionally different from the interactions that result in the sSDNA hand-off from RPA
to downstream players, as the interactions with SV40 Tag and DNA polymerase a mediate
the RPA deposition of ssDNA rather than its removal. One would expect a different type of
RPA conformational dynamics to take place during these reactions.

It is important to distinguish protein-protein interactions that occur in solution and those that
occur on or modulated by the DNA. Above, we mostly focused on the effects of interactions
on the ssDNA-bound RPA. Some RPA interactions, such as the RPA interaction with yeast
Rad52, are enhanced by or depend upon RPA being bound by ssDNA (187,193), though in
contrast to yeast counterpart, human RAD52 binds RPA also in solution using an RQK motif
(155) present in a number of RPA-interaction proteins including SMARCAL1, XPA and
UNG?2 (152,168). Other interactions occur primarily with free RPA. For example, p53
interaction with RPA was found to occur only with RPA not associated with DNA (131).
The presence of ssDNA eliminates the p53:RPA interaction, while RPA inhibits p53 binding
to ssDNA (194) and p53 inhibits RPA binding to ssSDNA, with this p53:RPA interaction
being necessary for p53 suppression of HR (195). In addition to p53, ssSDNA was found to
inhibit interactions with Papillomavirus E1 helicase, E2, human DNA polymerase a and
SV40 T antigen; and this competition between RPA-protein and RPA-ssDNA interactions
were proposed to play an important function in targeting RPA to viral origins of replication
or an active replication forks both in human Papillomavirus and SV40 system (134). Other
protein interactions occur with both free and ssDNA-bound RPA. Rad18 binds to free and
ssDNA-bound RPA, though this interaction is enhanced by the presence of sSDNA (147).
The relatively low-affinity Rad18 relies of ssDNA-bound RPA for recruitment, which occurs
upstream of PCNA ubiquitylation that is necessary to recruit the polymerases responsible for
DNA damage bypass by translesion synthesis (TLS) (147,196). Binding of Rad18 to free
RPA inhibited this same process, suggesting that the RPA acts as a sensor, only promoting
TLS in the context of stretches of RPA-coated ssDNA (197).

With the availability of single-molecule techniques that allow for the observation of RPA
ssDNA binding dynamics, further investigation of known protein-protein interactions may
reveal that the role of these interactions is much greater than simply recruiting downstream
proteins to the site of damage. As has been observed with Rad52, XPA, and DNA
polymerase a, these interactions can alter the RPA-ssDNA interaction, the interaction of the
RPA-interacting protein with ssDNA, or the interactions of individual RPA DBDs with
ssDNA. Inhibitors of RPA protein-protein interactions have already been developed and have
potential as a starting point for cancer drug discovery (198). While this is promising,
understanding the role of the protein-protein interactions with RPA in DNA repair would
allow for a much more targeted approach to drug discovery. As RPA is ubiquitous in all
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processes involving ssDNA, from replication to repair, understanding how protein-protein
interactions may drive pathway choice is key to understanding how cellular pathway choice
proceeds from starting points that are seemingly similar.

Post-Translational Modifications

While the previous section discussed the effect that protein interactions have on RPA
dynamics, this section will explore the effect of post-translational modifications (PTMs) not
only on RPA dynamics, but also on protein interactions with RPA which have been more
thoroughly studied. The most characterized site of PTM of RPA is the N-terminal portion of
RPA32. Phosphorylation of RPA was first identified by Din and colleagues in 1990 in both
human and yeast, showing a direct link between RPA, which is required for replication, and
cell cycle dependent phosphorylation (199). Figure 7a shows a map of phosphorylation sites
at the N-terminus of RPA32. This region of RPA32 in human and yeast is phosphorylated in
a cell cycle dependent manner by cyclin-dependent kinases (CDK) with phosphorylation
occurring during the transition from G1 to S-phase and dephosphorylation occurring after
mitosis (46). Functionally, RPA phosphorylated during mitosis binds to ssDNA identically,
but exhibits reduced binding to dsDNA as well as certain DNA replication and repair
proteins (200). These cell cycle dependent phosphorylation events are also necessary for
further modification to occur as part of the DNA damage response (201).

The RPA32 N-terminal region is also phosphorylated at other sites in response to DNA
damage, shown in Figure 7a. The phosphorylation response in RPA to various genotoxic
stressors that result in various types of DNA damage gives some hints to which pathways
RPA hyperphosphorylation is relevant to. In response to agents, such as hydroxyurea (HU),
or UV irradiation, that stall DNA replication and lead to one-ended DSBs (/.e. breakage of
the replication fork and detachment of one of the fork arms), RPA is hyperphosphorylated at
the N-terminus of RPA32 (202). On the other hand, -y-irradiation that causes conventional
DSBs promotes a small increase in phosphorylation, but not hyperphosphorylation (202).
RPA hyperphosphorylation is dependent upon CDKs, ATM, ATR and DNA-PK. One effect
of hyperphosphorylation is a decrease in interaction with DNA replication proteins and
inhibition of replication (203). While hyperphosphorylated RPA is not found associated with
replication machinery, it is found at foci of DNA damage, suggesting that the role of
hyperphosphorylation may be to direct RPA away from replication and to repair of DNA
damage (204). Most studies of RPA phosphorylation have focused on the cell cycle
dependent and DNA damage response phosphorylation of the N-terminus of RPA32. A
recent single-molecule study by Soniat and colleagues has identified the
hyperphosphorylated human RPA as a negative end resection factor in homologous
recombination (205).

In yeast cells lacking Rad9, which accumulate resected sSDNA, RPA was found to be
phosphorylated by Mec1 kinase at two new sites (RPA32 S187/189) that are separate from
the sites typically found to be hyperphosphorylated by Mec1 under other conditions (206).
These findings suggest that different types of RPA phosphorylation, even by the same
kinase, may be critical for both promoting and suppressing resection and homologous
recombination. While there have been many RPA phosphorylation sites found to affect the
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interaction of RPA with partner proteins, direct observation of the effect of phosphorylation
on RPA dynamics has been more challenging. A study by Yates et a/ characterized yeast
RPA with a phosphomimetic mutation at S178D of RPA70 (50). Phosphorylation of this site
is Mec1-dependent in yeast (207,208), while the equivalent site (T180) in humans is
phosphorylated in an ATM/ATR-dependent manner (209). Interestingly, on the three-
dimensional structure of RPA, S178 of RPA70 is located in a close proximity to S187/189 of
RPA32, other targets of Mec1 discussed above (Figure 7a). In yeast, S178 phosphorylation
by Mec1 occurs in response to replication stress induced by hydroxyurea (HU), or exposure
of the cells to UV radiation, ionizing radiation or the alkylating agent methyl methane
sulfonate (207,208). S178 is located in the linker between DBD-F and A of the RPAT70 very
close to the beginning of the DBD-A. Mecl (ATR homolog), the primary replication
checkpoint kinase in budding yeast, is activated when DNA damage sensor proteins
recognize accumulation of ssSDNA indicative of DNA damage. This RPA-coated sSDNA
serves as a platform for Mec1 checkpoint activation (210). The N-terminus of RPA70
interacts with Ddc2 (homolog of human ATRIP); Ddc2 then recruits Mecl to the sSSDNA
bound RPA. RPA phosphorylation on S178 is one of the consequences of this recruitment.
Unlike phosphorylation sites at the N-terminus of RPA32, the effect of this site has not been
well characterized. The study by Yates et a/ focused on the structure of the multi RPA-
ssDNA complexes found that the phosphomimetic RPA containing S178D substitution
showed increased cooperativity of binding to long strands of ssSDNA and an increased
interaction between DBD-A and E on adjacent RPA molecules (50). Due to the presence of
the charged residue near the DBD-A, the increased binding cooperativity was offset by the
reduced binding affinity. One can speculate that despite lower affinity of individual RPA
heterotrimers for sSDNA, cooperatively bound phosphorylated/phosphomimetic RPA may
form more stable platform for the DNA damage signaling and have different preferences for
the downstream partners for the ssDNA handoff.

In addition to phosphorylation, RPA can also be modified by SUMOylation, acetylation, and
ubiquitinylation. In response to DNA damage, particularly that which results in DSBs, RPA
is SUMOylated at RPA70 lysines, K449 and K577 (211,212). SUMOylation of RPA appears
to be important in homologous recombination and stabilizes the interaction of RPA with
Rad51, while lack of SUMOylation of recombination proteins, including RPA, resulted in
less efficient formation of the Rad51 nucleoprotein filament (212). RPA acetylation is
mediated by PCAF/GCNS5 in response to UV-irradiation, promoting interaction with XPA
and DNA repair through NER (213,214). Like phosphorylation and SUMOylation, RPA
ubiquitylation is also stimulated by the accumulation of DNA damage (142). RPA
interactions have been identified with several ubiquitin ligases (Table 2). In addition to RPA
interaction with Rad18, which controls PCNA ubiquitylation (147,196,197), different studies
have identified either PRP19 or RFWD3 as the ligase that ubiquitylates RPA (121,185).The
study by Maréchal and Zou determined that ubiquitylation of RPA mediated by the PRP19
E3 ubiquitin ligase complex is associated with stimulation of RPA phosphorylation and
promoted recombination (185), while the study by Elia and colleagues identified RFWD3 as
the mediator of RPA ubiquitination and discovered an siRNA artifact caused their
observation of what appeared to be PRP19 mediated ubiquitylation (121). It is possible that
both RFWD3 and PRP19 act as mediators in different capacities. Interplay with other
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posttranslational modifications and DNA repair pathways is seen with many of the RPA
posttranslational modifications, with some promoting recruiting the factors that allow for
further modifications.

While there have been some studies that investigate the effects of posttranslational
modifications on RPA interaction with DNA, they have largely focused on binding to
alternative structures or damaged DNA. Current research has largely focused on the effect of
these modifications on RPA interactions with partner proteins. While this is necessary to
better understand the interplay of RPA and downstream proteins, it does not paint a full
picture. With the recent finding that phosphorylation can change RPA binding to ssDNA and
induce cooperativity (50), further studies of how modifications affect the basic DNA binding
functions of RPA and conformational dynamics of the RPA-ssSDNA complex are necessary.

Concluding Remarks

Recent advances in single-molecule biophysics allow real time observation of the protein-
nucleic acid interactions at the level of individual complexes, and more importantly
individual domains within the protein. These studies have clarified and updated the existing
models for the handoff of ssDNA from the main eukaryotic sSDNA binding protein RPA to
numerous downstream partners that bind ssSDNA with much lower affinity than RPA. The
model we currently favor builds upon previously proposed binding modes model, but
suggest that the handoff involves matching the rates of the microscopic dynamics of binding/
dissociation of the individual DBDs of RPA macroscopically bound to ssDNA with the
association rate and the binding site size for the correct downstream partner. Various
posttranslational modifications and proteins that interact with RPA can modify its
conformational dynamics thus guiding the RPA-ssDNA complex to specific events in
cellular DNA metabolism. Biochemical and single-molecule evidence (36,39,40,47) has
validated this model for the ssDNA handoff during homologous recombination. It will be
very interesting to see if the same holds for other transactions involving RPA and whether
the DNA substrate itself can actively influence the RPA conformational dynamics and its
modulation by protein partners and posttranslational modifications. The same experimental
strategies can be applied to other dynamic, multi-subunit nucleoprotein complexes where
physical concepts of stochasticity and conformational plasticity may drive subunit exchange
and substrate DNA recognition. The ultimate challenge, however, would be to observe the
behaviors consistent with this model in living cells.
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Figure 1. Structure of eukaryotic RPA-ssDNA complex.
(a) Primary structures of the three RPA subunits. The regions that
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A, B, C, D, E, and F, and the winged helix domain (WH) are shown as colored rectangles.
The numbers below the map indicate residue numbers in the human RPA amino acid
sequence where the domains start and end; in parentheses are the numbers for S. cerevisiae

RPA. Areas between the domains are the flexible linkers. (b) Mod
RPA from Chen et al (36). Individual domains are shown in the sal
primary structure. (c) Structure of the RPA-ssDNA complex from
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PBD 4GOP). Ustilago maydis RPA construct consists of the DBDs A-E (depicted in the
same color scheme as above); ssDNA is shown in elemental colors. TriC marks a
trimerization core comprised DBDs C-D. (d) Cryo-EM reconstruction of the two S.
cerevisiae RPA heterotrimers bound adjacently on ssDNA. The structure reveals an
interaction between the DBDs A and E of the adjacent heterotrimers. This structure from
Yates et al (50) also suggested that RPA extends ssSDNA instead of folding it into a u-shaped
structure as in the Ustilago maydis RPA crystal structure. Inset shows a representative 2D
class average for the 2xRPA-ssDNA complex. (€) Schematic representation of the RPA-
ssSDNA complex in the u-shape and extended conformations. (f) FRET-based ssDNA binding
experiment that suggests that in solution RPA induces ssDNA into a linear conformation
(see text for details). Data are from (50).
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Figure 2: Oligonucleotide/oligosaccharides binding folds (OB-folds) are conserved across all
domains of life.

The cartoon at the center of the figure is the basic OB-fold motif. While there is some
variation, the five beta sheets (purple) that form the mixed beta barrel and the alpha helix
(teal) that caps the barrel are generally conserved. OB-folds are represented in each of the
structures (bacterial SSB, archaeal SSB, archaeal RPA, and eukaryotic RPA and are also
present in numerous sSDNA binding proteins represented here by the Hiran domain of HLTF
and the ssDNA binding domain of human BRCA2) using the same purple beta sheet/teal
alpha helix/grey loops scheme. Additional structural components are colored differently to
highlight them. In the eukaryotic RPA structure the winged helix (WH) domain is depicted
in red. In the BRCA2 structure the tower domain is depicted in red and the helix domain is
depicted in yellow.
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Figure 3: Proposed RPA-ssDNA binding modes.
Proposed structural basis for the distinct RPA-ssDNA binding modes. (a) PDB: 1JMC (76)

structure of the human RPA DBD-A (pink) and DBD-B (orange) in complex with 8nt
poly(dC) ssDNA represents an 8 nt binding mode schematically depicted on the right.
Atoms of the four conserved aromatic residues F238 and F269 (in DBD-A) and W361 and
F386 (in DBD-B) are shown as spheres. (b) PBD: 4GOP (50), which represents the high
affinity (30 nt) ssDNA binding mode of Ustilago maydis RPA is shown with the same
orientation of the DBDs A and B. Cartoon on the right represents the proposed transition
between the 8nt and 30nt binding modes. (c) Overlap of the DBD-B from 4GOP (orange)
and 1JMC (light grey) suggests different paths the ssSDNA can take through this DBD likely
due to the presence of the flexible linker connecting DBD-B and DBD-C. See text and (50)
for extended discussion.
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Figure 4: Single-moleculeinterrogation of the RPA-ssDNA complex.
(a) Schematic representation of an ssDNA curtain experiment (see (11,39,96) for details),

side view. The ssDNA molecules are stretched parallel to each other over the surface of the
TIRFM slide. Binding of the RPA-GFP (green) is visualized as appearance of the
fluorescence along the DNA molecules. (b) The DNA curtains experiments allowed to
propose the mechanism underlying facilitated exchange of RPA on ssDNA. When no
additional RPA is present in the solution, RPA molecules remain stably bound to sSDNA
even though their individual binding modules may microscopically dissociate from and
rebind to ssDNA (e.g. transition between 8 nt and 30 nt binding modes). In the presence of
unlabeled RPA in solution, microscopic dissociation of the trimerization core (30 nt — 8 nt
transition) opens a landing spot for the RPA from solution and subsequent exchange of the
GFP labeled protein on the sSDNA with the unlabeled counterpart. Two color experiments
with RFP-labeled RPA and GFP-labeled Rad52 showed that the recombination mediator
Rad52 stabilizes some RPA molecules on ssDNA resulting in the RPA-Rad52 clusters from
which the Rad51 nucleoprotein filament grows. (c) Magnetic tweezer experiment to
characterize the RPA-mediated DNA duplex melting (47). (d) These experiments suggested
that a microscopic association of the individual RPA DBDs creates a “toehold” that traps
spontaneously melted DNA duplex at the sSDNA-dsDNA junction and promotes duplex
destabilization by RPA.
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Figure 5. Model of RPA dynamic binding and therolein recruitment of weaker binding
downstream proteins.

(a) The dynamic binding model differentiates between two types of binding referred to as
macroscopic, where the molecule as a whole binds/dissociates, and microscopic, where the
molecule as a whole remains bound while individual domains bind/dissociate within the
bound RPA-ssDNA complex. In contrast to the original binding modes model, which implies
that DBDs A and B constitute a high affinity binding module which associates with sSDNA
first and remains associated in both 8 nt and 30 nt modes, the dynamic binding model
suggests that the domain binding events do not occur in a sequential manner (40). (b) With
the understanding that the individual domains of RPA can dissociate, the replacement/
competition model treats these microscopic dissociation events are potential windows for
smaller, weaker binding proteins to access sSDNA that is otherwise saturated with RPA. In
this case, Rad51, the eukaryotic recombinase, would have an opportunity to nucleate and
form a filament to outcompete RPA provides that some domains dissociate from the ssDNA
(87). (c) Facilitated hand-off further explains how downstream proteins may outcompete
RPA. Rad52, an RPA binding protein and recombination mediator, limits the ability of the 3’
RPA DBDs to access ssSDNA. Rad52 also carries Rad51, potentially loading it in the opening
created by preventing these RPA domains form accessing the DNA and promoting Rad51
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activity in DNA repair (40). While these models address RPA replacement in homologous
recombination, other DNA replication and repair processes may exhibit similar mechanisms
as many proteins interact and compete with RPA for access to sSDNA.
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Figure 6. Real time single-molecule observation of the RPA conformational dynamics.
(a) smTIRFM experiment that monitors microscopic association/dissociation of the

individual DBD within the macroscopically bound RPA. The ssDNA is immobilized on the
surface of TIRFM flow chamber. After 30 sec of observation, RPA labeled within the DBD-
D with an environmentally sensitive MB543 dye is injected in the reaction chamber. RPA
binding to surface-tethered ssSDNA molecules is observed as appearance of the fluorescence
signal in specific spots on the flow chamber surface. After 90 sec, the unbound RPA is
removed by flashing in the buffer with or without Rad52. (b) A representative trajectory
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(time-based change in the fluorescence in a specific spot on the slide surface) depicting
conformational dynamics of an individual RPA-DBD-DMB543 molecule. The data are from
(40). “ON” marks the macroscopic association of the RPA molecule with sSDNA; “OFF/
bleach” indicates the moment when the signal is lost due to either RPA dissociation or
MB543 dye bleaching. Raw normalized fluorescence is shown in green; the black line
corresponds to the idealized trajectory after global analysis of all trajectories using ebFRET
(215), which has identified four distinct states interpreted as different degrees of sSDNA
engagement by DBD-D (40). (c-€) Analysis of the dwell times of the RPA conformational
states. (c) Exponential fits to the dwell time distributions after buffer wash (4 states) and in
the presence of Rad52 (3 states). (d) Visitation frequencies for all states in the presence and
absence of Rad52 show that state 4, which is the most engaged state of the DBD-D is lost in
the presence of Rad52. Visitation of the state 3 also decreases in the presence of Rad52,
while states 1 and 2 are visited more often. (€) Each of the four states exists on a second time
scale (t = 1/k, where k is the decay rate constant for each exponential fit); The presence of
Rad52 results in disappearance of the state 4 and longer average dwell in state 3.
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Figure 7. Protein-protein interaction and posttransational modificationsinvolving RPA.
(a) Schematic representation of the RPA primary structure with sites of posttranslational

modifications and the same modifications mapped on the model of human RPA.
Phosphorylation sites are marked with a P in a red circle and with the amino acid noted.
SUMOylation sites are marked with an S in a black circle. Ubiquitinylation (U in a blue
circle) has been identified on each of the RPA subunits, though specific site are not noted.
*Asterisks note phosphorylation sites that were found in yeast RPA. S187/189 have only
been noted in yeast. T180 is the corresponding site in human RPA that was identified as
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S187 in yeast. (b) Sites of Protein-Protein interactions mapped on the structural model of
human RPA. Each box is labeled with the location on the RPA molecule that the listed
proteins have been found to interact with. In the case of several proteins, multiple binding
sites have been identified. While some proteins have only been tested for interaction with
entire subunits of RPA, others have been found to bind to specific portions of a subunit, in
which case the protein in only noted in the most specific region instead of the subunit. Table
2 indicates the specific amino acid regions where it is known.
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Table 1:
Dissociation constants of RPA constructs
Construct Kd Method Reference
RPA (full-length) 0.4 nM EMSA (79)
RPA (full-length) binding to Gq23 (SELEX-derived preferred G-quadruplex 40 nM FPA (73)
forming sequence)
RPA (full-length) binding to PolyA 80 nM FPA (73)
RPA (full-length) binding to PolyG 200 nM FPA (73)
DBD-A 2uM Heteronuclear NMR (69)
DBD-B 16.8 M Heteronuclear NMR (69)
DBD-A/B 52 nM Fluorescence Quenching (69)
DBD-A (185-292) > 100 uM EMSA (79)
DBD-B (293-406) > 100 pM EMSA (79)
DBD-A/B (185-406) 13.7nM EMSA (79)
DBD B/B (298-424:301-422) > 10 uM EMSA (79)
DBD A/A (179-298:181-303) 0.17nM EMSA (79)
RPA70 (169-441) 12.5nM EMSA (62)
RPA70(R234A) 15nM EMSA (79)
RPA70(K263A) 22nM EMSA (79)
RPA70(E277A) 4nM EMSA (79)
RPA70(R382A) 10 nM EMSA (79)
RPA70(F238A/F269A) 1.8nM EMSA (79)
RPA70(W361A/F386A) 2.8n1M EMSA (79)
RPA14.32 None/Low EMSA (80)
RPA14.32-(43-171) 10-50 M EMSA (80)
RPA70-(181-422) 50-100 nM EMSA (80)
Trimerization Core 5uM EMSA (80)
Trimerization Core binding to Gq23 DNA 0.64 uM FPA (73)
Trimerization Core binding to polyA 6.6 UM FPA (73)
Trimerization Core binding to polyG 10.04 pM FPA (73)
SCRPA 29.2nM Stopped flow fluorescence | (40)
ScRPA DBD-FAB 82.8nM SMTIRFM (40)
RPA WT 680 pM (fast) | smTIRFM (36)
60.2 pM (slow)
RPA-AroA Mutant 1.28 nM (fast) smTIRFM (36)
81.9 pM (slow)
RPA-AroB Mutant 926 pM (fast) SMTIRFM (36)
111 pM(slow)
RPA-AroA/B Mutant 556 pM (fast) smTIRFM (36)
49.0 pM (slow)
RPA/sSRNA 15nM SmTIRFM (FRET) (48)
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The dissociation constants of various RPA constructs are listed. Constructs are human RPA, with the exception of two from saccharomyces
cerevisiae, denoted with a ‘sc’. The monomer, DBDs, or residues are noted for each RPA construct that was not full-length, wild-type RPA.
Mutations are noted where relevant. The methods used to determine the dissociations constants are included in the third column. NMR - nuclear
magnetic resonance; EMSA — electrophoretic mobility shift assay; FPA — fluorescence polarization anisotropy; smTIRFM - single-molecule total
internal reflection fluorescence microscopy.
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RPA Interacting Proteins

TABLE 2:

RPA Interacting Protein Region of interaction on RPA Species | Reference
Activation induced Cytidine Deaminase (AID) | RPA32 h (101)

ATRIP RPA70(DBD F) h (102-104)
Bloom Syndrome Helicase (BLM) RPA70(168-308) h (105)

BRCA2 ? h (106)

DDX11 ? h (107)

DNA2 RPA70(DBD F and C-term) sc (108,109)
EXO5 RPA70(DBD-F) h (110)

FACT RPA70(DBD F), RPA32 sc (111,112)
Fancl ? h (113-116)
FBH1, F Box Helicase 1 ? h (117)

H3-H3 RPA70(DBD-F) sc (112)

Heat Shock Factor 1 RPA70 h (118)

HELB RPA70(DBD F) h (119,120)
HERC2 RPAT70 h (121)

HIRA RPA70(DBD-C) h (22)

HLTF, Helicase Like Transcription Factor RPA70? h (121,122)
Mre11-Rad50-Nbs1 RPA70(DBD F) h (123-126)
Nucleolin RPA14 h (127,128)
p53 RPA70(1-120) h (129-132)
Papilomavirus E1 RPA70(181-291) h (133,134)
Parvovirus NS1 RPA70, RPA32 h (135)

PCNA RPAT70 bo, h (136,137)
Pol-prim RPA70(1-327), RPA32 bo,h (5,138,139)
Polymerase delta RPA70 h (140)

PP2A ? h (141)
PRP19/BCAS2 RPA70(DBD-F, DBD-C) h (121,142,143)
Rad17 RPA70(DBD F) h, sc (144-146)
Rad18 RPA70(167-452), RPA32 sc (147)
RAD51, Rad51 RPA70(181-291) h, sc (148,149)
RAD52, Rad52 RPA70(169-326), RPA32(224-271) | h, sc (150-154) (155)
RAD9 RPA70, RPA32 h (156)
RECQL1 RPAT70 h (113,157,158)
RECQL5B ? h (159,160)
RFC RPAT70 h, sc (140,161)
RFWD3 RPA70, RPA32 WH h (121,162,163)
RNF4 ? h (164)

scPfhl RPA70, RPA32, RPA14 sc (165,166)
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RPA Interacting Protein Region of interaction on RPA Species | Reference

scPifl ? sC (167)
SMARCAL1 WH h (168-170)

SV40 T antigen RPA70(181-327), WH h, sc (133,134,171-173)
Tipin WH h (174)

Uracil-DNA glycosylase (UDG) RPA32(163-217) h (152,175,176)
Werner Syndrome Helicase (WRN) RPA70(168-308) h (105,177)

XPA RPA70(183-296), WH h (152,175,178-181)
XPF-ERCC1 ? h (83,182,183)

XPG ? h (83,183,184)

A list of proteins that interact with RPA complied from a variety of reviews and sources (100,185,186).

The site on RPA that the interaction occurs

at, if it has been identified, is listed. The species in which the interaction was identified is noted (h:human, sc: saccharomyces cerevisiae, bo:bovine.
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