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ABSTRACT

By coupling the protection and organization of
single-stranded DNA (ssDNA) with recruitment and
alignment of DNA processing factors, replication
protein A (RPA) lies at the heart of dynamic multi-
protein DNA processing machinery. Nevertheless,
how RPA coordinates biochemical functions of its
eight domains remains unknown. We examined the
structural biochemistry of RPA’s DNA-binding
activity, combining small-angle X-ray and neutron
scattering with all-atom molecular dynamics simu-
lations to investigate the architecture of RPA’s
DNA-binding core. The scattering data reveal com-
paction promoted by DNA binding; DNA-free RPA
exists in an ensemble of states with inter-domain
mobility and becomes progressively more con-
densed and less dynamic on binding ssDNA. Our
results contrast with previous models proposing
RPA initially binds ssDNA in a condensed state
and becomes more extended as it fully engages
the substrate. Moreover, the consensus view that
RPA engages ssDNA in initial, intermediate and
final stages conflicts with our data revealing that
RPA undergoes two (not three) transitions as it
binds ssDNA with no evidence for a discrete inter-
mediate state. These results form a framework for
understanding how RPA integrates the ssDNA sub-
strate into DNA processing machinery, provides

substrate access to its binding partners and
promotes the progression and selection of DNA pro-
cessing pathways.

INTRODUCTION

Replication protein A (RPA) is a modular multi-domain
protein that functions in a wide range of DNA processing
pathways required to maintain and propagate the genome
of all living organisms. RPA functions by interfacing with
dynamic multi-protein machinery and acts as a central
hub that links many DNA transactions. RPA provides
the primary single-stranded DNA (ssDNA) binding
activity in eukaryotes and also serves as a scaffold and
coordinator of DNA processing machinery (1,2).
Binding of ssDNA is critical for shielding DNA strands
from endonuclease activity and preventing the formation
of disruptive secondary structures. RPA couples this
activity to the recruitment of DNA processing factors,
thereby providing a platform for organization of DNA
processing machinery and managing access to the DNA
substrate. Conjectures have been made about how protein
interactions couple to the DNA binding activity of RPA
(2), but uncertainty remains about how this might occur,
and there is no structural framework to work from for
intact RPA.

Despite its central importance in DNA processing ma-
chinery, little information is available on the physical basis
for the coordination of RPA functions. This is in large
part because its modular nature poses a significant
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challenge for current structural methods. RPA is a
heterotrimer of RPA70, RPA32 and RPAI4 subunits
organized into five structural modules connected by
flexible linkers (70N, 70AB, 70C/32D/14, 32N, 32C; see
Figure 1). The trimer core has one domain from each
subunit, from which extend the remaining modules.
Nuclear magnetic resonance (NMR) experiments on
intact RPA have shown that the other modules are struc-
turally independent of the core (3). The dynamic inde-
pendence of the structural modules makes techniques,
such as X-ray crystallography challenging to apply to
full-length RPA and unlikely to fully capture the function-
ally relevant ensemble in solution.

The binding of ssDNA by RPA has been studied for
>20 years, and it is generally held that RPA has three
discrete  DNA-binding modes (2.4,5). Four domains
(70A, 70B, 70C and 32D) are known to engage ssDNA
with progressively higher affinity and 53’ polarity, re-
spectively. An initial 8-10 nucleotide (nt)-binding mode
involves the tandem domains 70A and 70B, which are
connected by a short 10 residue flexible linker. A poorly
characterized intermediate binding mode has been sug-
gested, encompassing an excluded site size of 12-23nt.
In addition to 70AB, this mode is presumed to engage
70C. The final binding mode engages a second domain
from the trimer core, 32D, and occludes up to 30 nt of
ssDNA (6,7).

As DNA processing proceeds, RPA must navigate
between its different DNA-binding states. The differences
in the number of domains directly contacting the DNA in
the three ssDNA binding modes are expected to result in
significant differences in the spatial organization of the
DNA-binding apparatus of RPA. X-ray diffraction,
NMR and scattering studies of isolated 70AB have
provided insight into the initial ssDNA-binding mode
(8-11). Binding of §-10 nt of ssDNA aligns and
compacts the domains, although the complex remains
dynamic, presumably as a consequence of torsional
motion between the two domains (11). The extent to
which isolated 70AB typifies the action of intact RPA
during DNA binding is not known. Here, we combine
small angle X-ray and neutron scattering (SAXS and
SANS) experiments with all-atom molecular dynamics
(MD) simulations to determine the effects of ssDNA
binding on the architecture of RPA. These results
provide new perspectives on how coupling of protein
and DNA-binding activities drive changes in the architec-
ture and progression of DNA processing machinery.

MATERIALS AND METHODS
Materials

The pET15b vector containing human RPA DNA-binding
core (RPA-DBC, RPA70181 616/3243 171/14, RPA70ABC/
32D/14) was a kind gift of A. Bochkarev. Thrombin cleav-
able, 6x-His fusion tags precede the N-termini of the
70ABC and 14 subunits. Active thrombin was purchased
from CALBIOCHEM. All ssDNA substrates-d CCAC,,
dCCAC17, dCCACZl, dCCAC24 and dCCAC27 (le,
d20, d24, d27 and d30, respectively), as well as

fluorescently modified dC,y, dC5q and dC;q oligonucleo-
tides were purchased from Integrated DNA Technologies
(IDT) with standard desalting purification and were resus-
pended in sterile distilled water before use (sequences were
validated by electrospray ionization mass spectrometry
(ESI-MS) analysis performed by IDT). Full-length RPA
used in these studies was prepared as described (3) and
provided as a kind gift by Dr S. Michael Shell.

Expression and purification of recombinant RPA-DBC

Expression and purification of the RPA-DBC have been
described previously by the Bochkarev laboratory during
its initial biochemical description of the construct (12,13).
Modifications to this protocol, along with characteriza-
tion of monodispersity by size-exclusion chromatography
coupled to multi-angle light scattering (SEC-MALS) are
provided in Supplementary Materials.

Fluorescence anisotropy ssDNA-binding assays

The ssDNA-binding activity of RPA-DBC was assessed
by a rise in fluorescence anisotropy as increasing amounts
of protein were added to polycytidine substrates labelled
at their 5-ends with 6-carboxyfluorescein (5'-FAM-dCq,
-dCyq, -dCj5). Triplicate serial dilutions of protein (0-0.5
uM) were prepared in 384-well plates with 20mM
HEPES-KOH (pH 7.5), 200mM NaCl and 10mM B-
mercaptoethanol, then mixed with fluorescently labelled
ssDNA (final concentration 25nM). Polarized fluorescent
intensities were measured with a Spectramax MS5 plate
reader (Molecular Machines) at excitation and emission
wavelengths of 492 and 520 nm, respectively, for 100s
(1 reading/s) and averaged. Dissociation constants (K)
were calculated by fitting the data to a simple two-state
binding model in KaleidaGraph (v. 3.51).

Preparation of RPA-DBC/ssDNA complexes for SAXS

Purified RPA-DBC was concentrated to 7-12mg/ml,
combined with 1.5-2-fold molar excess ssSDNA substrate
(d10, d20, d24, d27 or d30) and incubated on ice for 6-18 h
(d10, d20) or at room temperature for 30 min (d24, d27,
d30). To remove excess ssDNA and ensure homogeneous
complexes, samples (300 pl) were injected onto a Superdex
200 HR 10/30 gel filtration column (GE Healthcare)
equilibrated overnight in 20 mM HEPES-KOH (pH
7.5), 200mM NaCl, 5mM dithiothreotol (DTT) and 2%
glycerol. Samples for RPA-DBC, RPA-DBC/d10 and
RPA-DBC/d20 eluted as single peaks. Samples for
RPA-DBC/d24, RPA-DBC/d27 and RPA-DBC/d30
eluted with high-molecular weight shoulders, but conser-
vative fractionation (290 pl fractions) of each elution
profile allowed each 2-3 ml peak width to be completely
isolated from multiply DNA-bound species or free
ssDNA. The presence of both protein and DNA in each
fraction was confirmed by ultraviolet absorbance
readings. Calculations based on the K,; values determined
for ssDNA binding to RPA-DBC and the concentrations
of protein and DNA wused for sample preparation
indicated that the amount of free protein was <3% for
the 10mer complex and <1% for the longer ssDNA sub-
strates. Experimental extinction coefficients calculated



from each gel filtration fraction used for SAXS confirmed
1:1 stoichiometry for the purified complexes.

Small-angle X-ray scattering data collection and analysis

SAXS data were collected at the SIBYLS beamline 12.3.1
at the Advanced Light Source, Lawrence Berkeley
National Laboratory. Scattering measurements were per-
formed on 20 pl samples at 15°C using a Hamilton robot
for loading samples from a 96-well plate into a
helium-purged sample chamber (14,15). Data were col-
lected on the original gel filtration fractions from each
SEC run, as well as concentration series from fractions
sampled from the later eluting half of each SEC elution
peak (~2-8-fold concentration). Fractions before the SEC
void volume were used for buffer subtraction of the
original 1x gel filtration fractions, and concentrator
eluates were used for buffer subtraction of each concen-
tration series (2—-8x).

SAXS experiments were performed using an X-ray
beam from a multilayer monochromator of 12keV
(A 1.3A) covering the following momentum transfer
range: 0.011A™  <g<0.322A7", where ¢ is defined as
g = 4n sin (0/2)/1 with scattering angle 0 and wavelength
A. The multilayer monochromator provides increased X-
ray flux, allowing stronger signals for lower protein con-
centrations. Sequential exposures (0.5, 0.5, 2, 5 or 6 and
0.58) were taken, and data were monitored for radiation-
dependent aggregation. All SAXS data were collected
using the MarCCD 165 detector in fast frame transfer
mode and reduced via normalization to the incident
beam intensity. Standard procedures were used for pro-
cessing the data and are described in detail in the
Supplementary Materials. SAXS data from this publica-
tion have been submitted to the BIOSIS database (http://
bioisis.net).

SANS experiments were performed using the Bio-SANS
instrument at the High Flux Isotope Reactor of Oak
Ridge National Laboratory (16), as described in the
Supplementary Materials.

Interpreting RPA-DBC P(r) distributions

A model of free RPA-DBC was constructed from crystal
structures of 70AB (PDB ID: 1FGU) and the trimer core
(PDB 1ID:). Residues for the B-C linker were added in
PyMOL (17) and joined using the Modeller (9v4) interface
in Chimera (18). Multiple inter-domain arrangements
were generated from these starting models using
BILBO-MD (19), from which models were sclected that
matched the experimental D, value of free RPA-DBC.
Inter-domain distances were assessed in PyMOL and
compared with features in the experimental P(r) distribu-
tion. Assignment of P(r) features to specific inter-domain
distances were confirmed by simulating P(r) distances
from the models (using the FoXS server and GNOM)
and examining the impact of removing a given domain
from the model (Supplementary Figure S3). A similar
process was used to investigate P(r) distributions of the
10-nt and 20-nt complexes. The 10-nt model was
generated in a manner similar to the free protein, with
substitution of DNA-bound coordinates for 70AB
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(1JMC), while the 20-nt model was taken from the
trajectory of the compact 20-nt MD simulation.

All-atom molecular dynamics simulations

Crystal structures for 70AB, 70AB/dC8 and RPA70C/
32D/14 were obtained from the RCSB Protein Data
Bank [PDB ID: 1IFGU (9), 1JMC (8) and 1L10 (13)].
Five models were constructed: (i) DNA-free RPA-DBC;
(i) RPA-DBC/dC10; (iii)) RPA-DBC/dC20 compact;
(iv) RPA-DBC/dC20 extended; and (v) RPA-DBC/dC30
(two independent simulations performed). The length of
the ssDNA was adjusted to correspond to the initial
(dC10) and final (dC30) modes of binding ssDNA, and
one of the putative intermediate states (dC20). The
DNA-free RPA-DBC model was built by connecting
70AB (9) and RPA70C/32D/14 (13). The RPA-DBC/
dC10 complex was created directly from the 70AB/dCg
(8) and RPA70C/32D/14 crystal structure (13). For the
20mer models, two limiting cases were considered: the
first engaged only the RPA70A, B and C domains with
nine bases positioned between the 70AB and RPA70C/
32D/14 (‘extended’). In the compact RPA-DBC/dC20
(and also in the RPA-DBC/dC30 complex) all four
domains, 70A, 70B, 70C and 32D, together directly
contact s$sDNA. For the RPA-DBC/dC20 and RPA-
DBC/dC30 complexes, the RPA70C and 32D domains
were assumed to bind ssDNA in a binding mode identical
to the crystal structure of 70AB (8). The RPA70B domains
were aligned to the RPA70C and 32D domains, respect-
ively, by using homologous structural elements, and the
position of the ssDNA fragment was identified based on
this alignment. The residues Phe532, Tyr581 from
RPA70C and residues Trpl07, Phel35 from 32D were
found in position to stack with the ssDNA bases.
Missing loops and the linker between 70B and 70C
domains of RPA were built with the program Modeller
9v4 (20).

Hydrogen atoms were introduced using the tLeap
module of AMBER 11 (21). To accelerate sampling of
the conformational ensemble for each of the systems, we
carried out the simulation without inclusion of explicit
water using a modified Generalized Born implicit solvent
(GBIS) model (22,23), which dramatically reduces the
number of degrees of freedom in the system and speeds
up the sampling of domain motions. All systems were
minimized for 5000 steps with backbone atoms fixed,
followed by 5000 steps of minimization with harmonic
restraints to remove unfavourable contacts. The systems
were then gradually brought up to 300 K and run for 50 ps
while keeping the protein backbone restrained. The
ssDNA substrates were ‘fixed’ into each DNA-binding
domain during the equilibration period only by defining
distance restraints that maintained canonical Dbase-
stacking interactions between aromatic residues and
DNA bases based on the initial X-ray crystal structures
(8). The equilibration was continued for another 50ns,
and the harmonic restraints were gradually released.
Production runs were continued for 140ns for the
RPA-DBC system and 200ns for all ssDNA-containing
systems. Two independent simulations for RPA-DBC/
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dC30 system were carried out. All simulations used an
integration time step of 2fs with the SHAKE algorithm
being applied to fix the bonds between hydrogen atoms
and heavy atoms in the systems. The r-RESPA multiple
time step method (24) was adopted with a 2 fs time step
for bonded, 2 fs for short-range non-bonded and 4 fs for
long-range electrostatic interactions. The cut-off for
non-bonded interactions and computation of the effective
Born radii was set to 18 A. Dielectric constants of 1
(interior) and 78.5 (exterior) were used in all GBIS-MD
simulations. Tonic strength was set to 0.15M to mimic
physiological conditions. All simulations were performed
using the NAMD 2.8 code (25,26) with the AMBER
Parm99SB parameter set (27) containing the basic force
field for nucleic acids and proteins, as well as the refined
parameters for backbone dihedrals for protein (SB) and
nucleic acids dihedrals (BSC0) on Hopper 11, a Cray XE6
system at the National Energy Research Scientific
Computing Center.

Analysis of MD simulations

Computation of scattering profiles from the simulation
and comparison to the experimental data used the FoXS
code (28). For each of the five models, we computed the-
oretical scattering profiles for all conformations in the tra-
jectory (last 100000 frames or 200ns, except for the
DNA-free model with 140ns and 70000 frames). The
first 50 ns were excluded as equilibration. The theoretical
scattering curves were then averaged over the entire
ensemble, and these average profiles were compared with
the experimental scattering data. This approach of
calculating the X-ray scattering from the entire trajectory
is distinct from minimal ensemble searches, which typic-
ally select only three to five models based on ensemble fits
to the data. Averaging over the entire conformational
ensemble is expected to better represent solution-phase
scattering compared to using a single conformer. To
further characterize the structural ensemble, root mean
square deviation (rmsd)-based clustering was performed
using PTRAJ utility in AMBER 11 and based on a pre-
viously reported clustering algorithm (29). The 100000
frames taken from the trajectory were clustered according
to the RMSD, using a cut-off of 6 A. Data were further
analysed using the PTRAJ utility and custom VMD TCL
scripts. The 2D histogram figures were generated using
Origin 8.0.

RESULTS

The DNA-binding apparatus of RPA consists of the
tandem domains 70AB and the trimer core (Figure 1).
As the other three RPA domains (70N, 32N, 32C) are
structurally independent (3,11,30,31), we used a construct
containing only the DNA-binding core (70ABC/32D/14,
RPA-DBC) (12,13) (Figure 1C and D). This construct fa-
cilitates interpretation of the scattering data because the
extra non-DNA-binding domains would add complexity
to the analysis without improving the information content
in regard to the binding of ssDNA. The long linkers to the
32C and 70N domains are flexible, and 32N is dynamically
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Figure 1. Modular, multi-domain RPA has an independent DNA-
binding core. (A) Domain organization of the RPA70, RPA32 and
RPA14 subunits. (B) The RPA trimer interface involves domains
70C. 32D and 14. Flexible linkers connect the remaining domains.
(C) Three proposed modes of RPA binding of ssDNA: the initial
8-10nt, intermediate 12-23nt and final 28-30nt modes engage
domains 70A-70B, 70A-70B-70C and 70A-70B-70C-32D, respect-
ively. (D) Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
of purified RPA-DBC, with molecular weight standards (left lane) in
kDa. (E) Binding curves from fluorescence anisotropy assays of RPA
(squares) (K; 58 £04nM) and RPA-DBC (diamonds) (Ky
14.2 +£ 0.2nM) binding to dCjy,. Solid lines are fits to a two-state
binding model.

disordered; thus, the architecture of the isolated DBC in
the absence and presence of ssDNA is expected to be the
same as that in full-length RPA.

To test that this model system accurately reproduces the
behaviour of full-length RPA, ssDNA-binding affinities
were measured using a fluorescence anisotropy assay.
To ensure binding of 70A at the 5-end of each substrate,
poly-dC substrates were used with a single adenine at
position 3, as reported previously (11). As anticipated,
the affinities of RPA and RPA-DBC were similar
(Figure 1E) and consistent with those reported previously
(32). Subsequent SEC-MALS analysis confirmed the
monodispersity of RPA-DBC alone and in complex with
its ssDNA substrates (Supplementary Figure S1) and es-
tablished optimal solution conditions for examining this
system by small-angle scattering (33).

The effect of binding ssDNA on the architecture of
RPA was investigated using both SAXS and SANS,
powerful low-resolution techniques for characterizing the
structure of proteins and protein complexes in solution
(34-36). SAXS data were acquired on isolated
RPA-DBC and complexes with 10-, 20-, 24-, 27- and
30-nt substrates, whereas complementary SANS contrast
variation experiments were performed only on the 30-nt
complex (Supplementary Figure S2). Guinier analysis
verified an absence of sample aggregation in all cases
(Supplementary Figures S2 and S6). Joint analysis of the
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Figure 2, DNA-free RPA-DBC has a dynamic but condensed architecture. (A) Experimental scattering profile at ~2.4mg/ml, (B) Kratky analysis
and (C) P(r) distribution of RPA-DBC. (Inset) Arrows identify features in the P(r) function corresponding to distances between domain
centres-of-mass: 70A (red), 70B (green) and 70AB (blue) to-trimer core. (D) Averaged ab initio molecular envelope of RPA-DBC from 15 runs
of GASBOR. (E) Docking of the 70AB scattering envelope (dark blue) and trimer core crystal structure (ribbon) into the RPA-DBC envelope. The

bottom panel in D and E is rotated 90° towards the viewer.

SANS and SAXS data for the 30-nt complex was found to
be in full agreement with the analysis performed on the
SAXS data alone (Supplementary Figure S2). The lower
signal-to-noise of the SANS data resulting from the inher-
ently lower flux available on SANS instruments did not
provide additional constraints on the models. As only
SAXS data were collected for isolated RPA-DBC and
the remaining ssDNA complexes, the results described
later in the text are based on the SAXS data alone.

The RPA DNA-binding core exhibits a dynamic, but not
fully extended, architecture

The scattering profile, 1(q), of free RPA-DBC reveals a
dynamic architecture with flexibility between RPAT0A,
RPA70B and the trimer core, as plots of I(q) versus q
lack the fine structure expected for a fixed spatial arrange-
ment (Figure 2A) (37,38). Convergence in the Kratky
transformation at high g-values indicates a significant per-
centage of ordered globular structure (Figure 2B) (34).
Interestingly, Guinier analysis yields an R, value of
38.8 A, substantially smaller than that back-calculated
from models in which the linkers between domains are
fully extended (~53A) (e.g. Supplementary Figure S3).
This suggests that although RPA-DBC occupies a range
of architectures, it favours those that are more condensed
than fully extended.

The distance distribution function, P(r), of free
RPA-DBC exhibits a maximum at ~34 A originating
from paired electron distances within the OB-fold

domains (Figure 2C). Shallow secondary shoulders are
observed at ~70, ~100 and ~130 A, which we attribute
to paired electron distances between trimer core and 70B,
70AB and 70A, respectively (Figure 2C inset,
Supplementary Figure S3). The considerable smoothing
of these secondary peaks is consistent with dynamic
averaging of paired electron distances between
RPA-DBC modules (38). The D,,. of 171 A indicates a
finite population of architectures in the ensemble with full
extension of the A-B and B-C linkers (Figure 2C and
Supplementary Figure S3), also consistent with dynamic
averaging. The presence of inter-domain fluctuations
agrees with previous SAXS and NMR studies on
RPA70AB and the full-length protein (3,10,11).

To gain further insights into the ensemble of RPA-DBC
architectures, ab initio low-resolution structural models
(molecular envelopes) were generated from the data and
analysed using the existing high-resolution structures of
70AB and the trimer core (8,9,13). Examination of the
RPA-DBC scattering envelope reveals a ‘bilobal’ organ-
ization (Figure 2D). The globular trimer core can be
accommodated by the larger globular end of the
envelope, whereas the extended protrusion is suggestive
of the 70A and 70B domains, which are expected to be
dynamic in the absence of ssDNA (3.11). Automated
docking of the high-resolution structures using the
collage module of SITUS supports these domain assign-
ments within the molecular envelope (Figure 2E).
Nevertheless, 70AB crystal structures fail to fit into the
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Figure 3. MD simulations provide atomic insights into the architecture
of DNA-free RPA-DBC. (A) Overlay of the experimental scattering
curve (red) with the averaged scattering curve (black) calculated from
the 70000 MD models (x =3.2). (B) 2D histogram comparing
goodness-of-fit to the experimental data (x) versus radius-of-gyration
(R,) for each model. Roman numerals indicate the primary populations
observed in the plot. (C) Ribbon (left) and surface (right) diagrams of
representative models of RPA-DBC from each R, population in 3B.
Colour-coding: 70A (light blue), 70B (blue), 70C (dark blue), 32D
(green), 14 (red) and B-C linker (orange).

corresponding region of the RPA-DBC envelope, which
we attribute to heterogeneity arising from dynamic
inter-domain fluctuations (Supplementary Figure S4). In
contrast, the low-resolution SAXS envelope of 70AB (11),
which incorporates the inherent inter-domain dynamics,
provides an excellent fit to the relevant portion of the
RPA-DBC envelope (Figure 2E). The remainder of the
extended density between the 70AB and trimer core is
presumed to arise from fluctuating residues in the B-C
linker, although we note that molecular envelopes gener-
ally tend to over-estimate extended architectures.

Inter-domain linkers limit extension between
DNA-binding domains

The presence of inter-domain dynamics within the
DNA-binding core suggests that RPA-DBC can assume
a range of inter-domain arrangements in solution. At the
same time, its notably low R, value indicates that RPA-
DBC has a significant preference for more condensed
architectures over those that are fully extended. To inves-
tigate the conformational space accessible to RPA-DBC,
all-atom MD simulations were performed on the
DNA-free protein.

Discerning molecular details about the structural
dynamics of RPA-DBC poses a fundamental challenge
for simulation: the computational cost of all-atom simu-
lations during the time needed to fully characterize the
movements of RPA domains is prohibitive. To resolve
this problem, 140ns of all-atom simulations were per-
formed with a GBIS model. The use of GBIS has two
principal benefits. First, the number of degrees of freedom
in the system is dramatically reduced resulting in simula-
tion speed up. Second, the absence of explicit solvent mol-
ecules eliminates their kinetic hindrance of the motions of
the RPA domains resulting in accelerated sampling of
conformational space. To evaluate the simulation
globally, scattering profiles were back-calculated from
the full trajectory and averaged. The averaged profile
was then compared with the experimental scattering
data. Variations in RPA-DBC architecture throughout
the trajectory were also examined (Figure 3 and
Supplementary Figures S5 and S9).

The averaged scattering profile of the 70000 models
sampled shows reasonable correspondence to the experi-
mental scattering data (Figure 3A), considering the com-
plexity of sampling the architecture of large flexible
biomolecules and the potential biases in the modelling
from the force field and the implicit solvent model. As
expected for a protein with flexible linkers, there is no
single conformation that perfectly fits the data, and
many conformations agree with the data equally well
(Figure 3B). Notably, although the simulation samples
architectures across a relatively broad range of R, values
(~30-43 A), the majority of architectures are close to the
experimental R, of 38.8 A (Figure 3B). To better charac-
terize the inter-domain arrangements, distances between
70A and 70B and between 70B and the trimer core were
calculated for each model, and the magnitude of oscilla-
tion in these distances was plotted (Supplementary Figures
S5 and S9). In addition, the inter-domain dihedral angle



describing the spatial relationship of 70A, 70B and the tri-
mer core was calculated and plotted versus the distance
between 70B and the trimer core (Supplementary Figure
S5). The A-B and B-C inter-domain distance ranges
(~28-43 and ~40-75 A, respectively) are consistently less
than the distances when the A-B and B-C linkers are fully
extended (~54 and ~70 A, respectively). Similarly, the
dihedral angle range (~90-150°) is less than the 180°
value for an extended linear arrangement, revealing that
the domains occupy an arc. The oscillations in these par-
ameters are notable, for example, the 70A-70B distance
varies broadly over the course of the simulation with
multiple states in between (Supplementary Figures S5
and S9). Overall, the simulations predict that although
RPA-DBC is found to substantially favour architectures
that are more compact than fully extended, 70A, 70B and
the trimer core are uncoupled and moving independently
in the DNA-free protein.

To identify specific structural features that might drive
the preference for less extended architectures in
RPA-DBC, we inspected representative models, which,
as expected, were only partially extended and exhibited a
curved arrangement of domains (Figure 3C). Two repre-
sentative features observed consistently across the simula-
tion were seen in both structures: (1) a transient helix in the
B-C linker, which results in shorter distances between 70B
and 70C and (ii) the C-terminal helix of 70B uncoils and
merges into the B-C linker. Examination of the trajectory
in its entirety highlighted several transient non-specific
interactions involving the B-C linker with the adjacent
70B domain and trimer core, which also stabilize less
extended architectures. Although interpreting the rele-
vance of such contacts is limited by the use of implicit
solvent in the simulation, these interactions constrain the
inter-domain sampling and, therefore, contribute to the
higher representation of models with less extended archi-
tectures. Hence, these interactions may explain the prefer-
ence for condensed over fully extended architectures
indicated by the SAXS data.

Overall, the simulation provides reasonable agreement
with the experimental data, for example, reproducing the
preference of DNA-free RPA-DBC for more compact
than fully extended architectures. However, there are
some differences. The most significant is that the simula-
tions do not sample a population of fully extended
architectures, as reflected in the gradual slope of the
P(r) function, as it extends out ~170 A (Figure 2C).
Although there appear to be some limitations in exploring
accessible conformational space, the simulations do
provide excellent models for identifying specific structural
features at the origin of the key characteristics of
RPA-DBC architecture.

Transition to the ~10-nt binding mode results in
compaction of RPA-DBC

SAXS analysis of RPA-DBC bound to the 10-nt substrate
reveals a significant reduction in the R, value and D, in
the P(r) distribution relative to the DNA-free protein,
showing a DNA-induced change in architecture leading
to a compaction of RPA-DBC (Table 1, AR, 2.5A,
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Table 1. Summary of measurements from SAXS Studies

Guinier Real-space Dinax (A)b Porod
R, (A)* R, (A)° volume (A%)°

RPA-DBC  38.8 (0.2) 42.1 171 167905

d10 36.3 (0.1) 37.5 124 149 693

d20 349 (0.07) 351 114 136 743

d24 349 (0.04) 355 127 128 189

d27 34.9 (0.05) 352 119 134010

d30 34.9 (0.06) 354 116 139054

*Gunier radius-of-gyration (Rg) determined using the Primus software
package (62). Uncertainties are given in parentheses.

"Real-space R, and Dy, were determined from calculated pairwise
distance distribution functions using GNOM.

‘Porod volumes were calculated directly from the experimental data
according to equations in (39).

AD, .0 4TA, Figure 4B). Compaction of RPA-DBC is
consistent with the known involvement of the high
affinity RPA70AB domains in the first mode of
DNA-binding. Although we find that binding of
RPA-DBC to 10-nt of ssDNA is associated with a signifi-
cant overall compaction, detailed analysis of the SAXS
data reveals that RPA-DBC retains inter-domain flexi-
bility but not to the full extent of the DNA-free protein
(infra vide).

The P(r) distribution of the 10-nt complex exhibits the
single maximum associated with the distances within the
OB-fold domains noted earlier in the text and in addition,
a shallow shoulder at ~70 A that is attributed to distances
between the trimer core and the paired 70AB domains
(Supplementary Figure S3). The explicit shoulders at
~100 and ~130 A and the shallow slope out to ~170A
observed for the DNA-free protein are no longer evident.
The ab initio molecular envelope calculated from the scat-
tering data (Figure 4C) for the 10mer complex is more
compact than for the DNA-free protein, which correlates
with the changes observed in R, and the P(r) function.
Docking of the crystal structures of the trimer core and
70AB-dCg into the molecular envelope provides a better
overall fit than that observed for the DNA-free protein.
Although significant condensation of the envelope
is observed in the extended region fit to RPA70AB
(Figure 4C, right), residual density remains between
70AB and trimer core. This residual density could be
due to flexibility between these modules, although as
noted earlier in the text, we can not be certain because
of the tendency towards over-estimation of extended
architectures in molecular envelope calculations. Because
the compaction of the P(r) function relative to the
DNA-free protein indicates fully extended architectures
are not sampled, the residual flexibility in the 10-nt
complex must involve more limited extensions and tor-
sional motions between the RPA70AB and trimer core
modules.

To gain atomic insight into the binding to 10 nt of
ssDNA, MD simulations were performed and analysed
in the same manner as DNA-free RPA-DBC. The
averaged scattering profile calculated from the ensemble
of 100000 models shows general agreement with the



2320 Nucleic Acids Research, 2013, Vol. 41, No. 4

O

10
10+

10 nt

10°¢ No DNA

Log(Intensity) »

0.0 0.1 0.2 03
q(A?)

e
(¥

No DNA

Normalized P(r) ©
o o
e
4

o
o
S ‘

50 100 150 200
r(A)

o

No DNA ¢

10 nt

Figure 4. SAXS shows progressive compaction of RPA-DBC architecture induced by binding to progressively longer ssDNA substrates.
(A) Experimental scattering profiles of RPA-DBC alone (blue) and bound to 10-nt (magenta), 20-nt (yellow) and 24-30-nt (green) substrates.
The 24-30-nt complexes are indistinguishable. (B) P(r) distributions for RPA-DBC alone (blue) and bound to 10-nt (magenta) and 30-nt (green)
substrates. (C) Averaged ab initio molecular envelopes of RPA-DBC and DNA-bound complexes from 15 independent runs of GASBOR. Panels at
left display molecular envelopes with solid spheres. Panels at right display transparent molecular envelopes with 70AB/dCg (1JMC) and trimer core
(IL10) crystal structures docked (ribbon), which are coloured as 70A (light blue), 70B (blue), 70C (dark blue), 32D (green), 14 (red) and ssDNA
(gold). The scattering envelope of DNA-free RPA-DBC shown at the top uses the 70AB scattering envelope (dark blue).

experimental data (Figure 5A). A broad overall range in
R, was observed (33— 46A) highly reminiscent of the
51muldt10ns for the DNA-free protein (Figure 5B). The
narrower 70A-70B distance distribution (23-28 A) and
the reduced oscillations in the 70A-70B distance range
(~23-27 A) reflect the spatial constraint between these
domains imposed by the binding of DNA (Supplementary
Figures S7 and S9). In contrast, inspection of the
70B-trimer core distance reveals substantial excursions
(~30A) and low-frequency oscillations, which suggest
that 70AB and the trimer core are flexibly tethered and
move independently (Supplementary Figures S7 and S9).
A shift in the distribution of 70B-trimer core distances
relative to the DNA-free protein is observed. This
reflects differences in non-specific interactions between
the B-C linker and neighbouring domains observed in
the simulation, rather than a direct effect of binding
ssDNA (Supplementary Figure S7). Notably, binding of
ssDNA to 70A and 70B did not impact the transient
helical character of the B-C linker and uncoiling of
the 70B C-terminal helix seen in the DNA-free protein
(Figure 5C).

Overall, the comparison of the experimental data for the
10-nt complex to that predicted from the computational
ensemble shows them to be in qualitative agreement to an
extent similar to that for the DNA-free protein. However,
there are differences. We focus on comparison of the P(r)

distribution, in particular at ~100 A and beyond, as this
provides the most striking change reflecting the compac-
tion on binding of ssDNA. The independent movement of
the RPA70AB module with respect to the trimer core gives
rise to the observed shoulder at 70 A in the P(r) distribu-
tions. The computed P(r) has a much more pronounced
feature at 70 A compared with the more compact experi-
mental P(r) (Supplementary Figure S11). This difference
suggests that the MD simulation did not fully capture the
distribution of compact versus extended structures char-
acteristic of the ensemble in solution. As RPA70AB
remains bound to the ssDNA throughout the simulation,
this ‘extra’ degree of compaction would seem to arise from
some form of allosteric effect of binding DNA. However,
substantial dynamic averaging as we observe for
RPA-DBC can lead to an underestimation of the popula-
tion of more extended architectures in a P(r) distribution
(37,38). Hence, additional information is required to elu-
cidate the detailed molecular basis for the changes induced
in RPA-DBC in the initial mode of binding to ssDNA.

A second transition in RPA-DBC on binding >20 nt

Scattering analysis of the complex with the 20-nt ssDNA
substrate reveals further compactlon of RPA-DBC
(Table 1). A reduction of 1.3A in R, and 10A in D,,m\
relative to the 10-nt complex is observed which we assign
to the trimer core engaging the ssDNA. The P(r) function
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(light blue), 70B (blue), 70C (dark blue), 32D (green), 14 (red), B-C
linker (orange) and ssDNA (gold).

Nucleic Acids Research, 2013, Vol. 41, No.4 2321

for the 20-nt complex is similar to the 10-nt complex but is
narrower and more symmetric, particularly at r values
>50 A (Figure 4B and Supplementary Figure S6).
Moreover, the molecular envelope derived from the scat-
tering data is well fit by 70AB-dCg and trimer core crystal
structures (Figure 4C, right panel). These observations
indicate RPA-DBC favours more compact architectures
in the 20-nt complex than in the 10-nt complex
(Supplementary Figure S3).

Surprisingly, no further changes were found in any of
the scattering parameters for RPA-DBC in complex with
24-, 27- and 30-nt substrates relative to the 20-nt complex
(Figure 4, Supplementary Figure S6 and Table 1).
Examination of the ab initio molecular envelopes
confirms that the compaction of RPA-DBC is the same
for the 20-, 24-, 27- and 30-nt complexes. Overall, the
primary architectural changes induced by binding
>20-nt correlate to two major structural transitions: re-
positioning and alignment of 70A and 70B domains and
closer positioning of the trimer core and 70AB.

The progressive compaction of RPA-DBC seems to be
accompanied by a reduction in inter-domain flexibility.
For example, the spatial volumes of the scattering enve-
lopes become increasingly condensed with each structural
transition and are well fit by the volumes of the
high-resolution domain structures as soon as the trimer
core is engaged (Figure 4C). This decrease in envelope
volume is consistent with a reduction in inter-domain fluc-
tuations (37). Direct extraction of the volume from experi-
mental data supports our hypotheses of DNA-dependent
compaction of the protein. SAXS data limited to the linear
portion of the Porod-Debye region was used to estimate
particle volumes for DBC alone (167905 A ), DBC +10nt
(149 693 Az) DBC+20nt (136 743 A%, DBC+24nt
(128 189A2) DBC +27nt (134010A% and DBC +30nt
(139 054A?) (Tdble 1) (39). Although the addition of
ssDNA should increase the volume, we saw significant
DNA-induced decreases in volume as ssDNA is added
to the 10- and 20-nt substrates, even when subtracting
the increasing volumes for the DNA (Supplementary
Figure S10). These correspond well to the two primary
transitions in RPA-DBC architecture, consistent with a
reduction in inter-domain fluctuations and compaction
of RPA-DBC as the DNA-binding core engages ssDNA.
The 24-, 27- and 30- complexes are similar to each other
and to the 20-nt complex. The downwards and then
upwards trends in these volumes are attributed to full en-
gagement of RPA-DBC and subsequent redistribution of
domains on the substrate.

Models of the architecture and persistence of motion after
the trimer core is engaged

To obtain insights into the molecular architectures
associated with the longer DNA substrates, we performed
MD simulations of RPA-DBC in complex with 20- and
30-nt. The 20-nt intermediate binding mode has been
thought to involve ssDNA binding to just 70A, 70B and
70C, but manual modelling revealed it is physically
possible to also engage 32D. Consequently, separate
starting models representing the extremes of binding
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were created: the first with all four domains bound to the
substrate (‘compact’) and a second engaging only A, B
and C with 9nt between 70B and 70C (‘extended’)
(Supplementary Figure S8).

For the compact 20-nt simulation, the fit of the
averaged scattering profile from 100 000 models to the ex-
perimental scattering data was not as good as observed for
the DNA-free and 10-nt complex (Figure 6A, top).
Inspection of the distribution of R, values indicates a
highly uniform architecture that is more compact than
that detected experimentally (compare ~33 A from simu-
lation versus ~35A from experiment) (Figure 6B, top).
The narrow ranges of 70AB-trimer core distances,
inter-domain angles and oscillations observed in the simu-
lation indicate that the system is highly constrained
(Supplementary Figures S8 and S9), which is inconsistent
with the experimental data. These results strongly suggest
that architectures in which 32D is engaged on 20-nt of
DNA are not significantly populated.

The averaged scattering profile of the 100000 models
from the extended 20-nt simulation also did not fit as
well to the experimental scattering data as was observed
for the DNA-free and 10-nt binding simulations
(Figure 6A, middle). Although the distribution of R,
values, inter-domain distances and angles is reminiscent
of that for the DNA-free protein and 10-nt complex

(Figure 6B middle and Supplementary Figures S8 and
S9), the most common architectures have R, values
>40 A, well in excess of the 35 A measured experimentally.
In fact, there is a greater population of extended architec-
tures in this simulation than for the DNA-free and 10-nt
complex (Figure 6C, middle). Examination of the MD
trajectory reveals that this arises because fewer contacts
are made between the B-C linker and the adjacent
domains, allowing the unbound portions of the ssDNA
and the B-C linker to sample a much wider range of
conformations.

Overall, the simulations on the 20-nt complex support a
model in which RPA engages both 70AB and the trimer
core, although neither of the two limiting cases fit the data
as well as was observed for the DNA-free or the 10-nt
binding mode. As the assumptions inherent to all simula-
tions are the same, this suggests that the two starting
models and subsequent trajectories for the 20-nt
complex were not representative of the complex in
solution. Moreover, the binding of RPA-DBC to 20-nt
of ssDNA seems not to correspond to the simple model
in which domains A, B and C are engaged on the
substrate.

The averaged scattering profile from 100 000 models of
the 30-nt complex agrees with the scattering data to an
extent that is comparable with the DNA-free protein and



10-nt complex. Remarkably, although the DNA is longer
and the starting structure for the extended 20- and 30-nt
complexes both incorporated nine bases between 70AB
and the trimer core (Supplementary Figure S§), the agree-
ment with the experimental data is significantly better for
the 30-nt complex and follows the pattern of the 10-nt
complex. An important role for transient non-specific
interactions involving the B-C linker is observed
(Figure 6C, bottom), although in this case, interactions
with the ssDNA substrate are dominant. Overall, the
30-nt simulation reproduces the bilobal architecture of
the ab initio envelope with a convex path for the DNA.
A smaller magnitude and narrower distribution of R,
values relative to the DNA-free protein and 10-nt
complex is consistent with the trend observed in the
experimental data (Figure 6A, bottom). The agreement
between simulation and experiment is also reflected in par-
ameters such as the shorter distances between 70B and the
trimer core (Supplementary Figure S8). The relatively
broad range of distances, angles and oscillations between
70AB and the trimer core indicates that some degree of
flexibility along the B—C linker is retained (Supplementary
Figures S§ and S9). Analysis of the simulations and ex-
perimental data suggests this likely corresponds to tor-
sional motions (e.g. twisting of the domains) and not
extensive excursions from the average architecture.

DISCUSSION

Knowledge of how intact human RPA engages ssDNA
substrates and transitions between its various functional
states has remained inaccessible using conventional struc-
tural techniques. Such dynamic modular proteins are
challenging to analyse but can be characterized by small
angle scattering and computational methods (40—42). The
combination of these methods enables interpretation of
the low resolution SAXS data in terms of underlying
structural models. The application of this approach to
the binding of RPA to ssDNA provided information
about (i) the transitions in the architectural ensembles of
RPA as it binds ssDNA; (i1) hypotheses about the atomic
interactions involved; and (iii) a first estimate of the ‘path’
followed by the ssDNA. Remodelling the architecture of
modular multi-domain proteins is central to their
assembly and function in the dynamic multi-protein ma-
chinery (41,43). The approach used here to characterize
RPA architecture in different functional states should be
broadly applicable to these systems.

Our studies show that the binding of RPA on ssDNA
results in a progressive compaction of the protein. Because
RPA is a modular protein with flexible linkers, its archi-
tecture is best described in terms of an ensemble of
population-weighted architectural states, which might
include low populations of architectures that diverge sig-
nificantly from the mean. The DNA-free protein samples a
large range of architectures because of the flexibility
between the 70A and 70B domains and between the
70AB module and the trimer core (Figure 7A). The
initial 8-10-nt interaction mode causes the 70A and 70B
domains to compact significantly, as observed in previous
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Figure 7. Models for modulation of RPA-ssDNA interactions.
(A} Two major transitions in RPA architecture as it progressively
binds ssDNA: the initial binding mode that compacts and aligns the
70A and 70B domains. the final binding mode that compacts the
DNA-binding apparatus as it engages the trimer core.
(B) Comparison of E. coli (left) and eukaryotic (right) SSB architec-
tures. Surface representations (left) were generated from E. coli SSB
coordinates IEYG and the most populated MD cluster model for the
30-nt complex of human RPA-DBC. (C) Proposed mechanisms for
displacement of RPA from ssDNA. The weaker affinity of the 32D
domain could enable spontaneous dissociation of the trimer core
from the DNA: however. the close proximity to 70AB is retained in
the 10-nt binding mode. which promotes reassociation (top). The
coupling of protein interactions at domains 70N. 32C and 70AB
could shift the equilibrium from final to initial binding mode by ster-
ically limiting reassociation of the trimer core and by increasing the
distance between the trimer core and 70AB (bottom).

X-ray crystal structures and SAXS studies of RPA70AB.
A second major compaction occurs when the trimer core is
engaged in binding ssSDNA. Even binding to as few as 20 nt
of ssDNA is sufficient to cause this transition. Notably, no
further significant changes occur as RPA-DBC binds up to
30 nt of ssDNA. Overall, our results show that RPA-DBC
occupies an ensemble of architectures in solution that can
be best viewed as an equilibrium between a range of
extended, intermediate and compact states with binding
to ssDNA binding driving the equilibrium towards more
compact conformations.

The binding of RPA to ssDNA is more complex than
that predicted by a simple model of consecutive engage-
ment of the four known DNA-binding domains. SAXS
data showed that RPA-DBC favours more compact as
opposed to fully extended architectures. The simulations
suggested that the linker between the 70B and 70C
domains may be critical to the preference for more
condensed states, as the B-C linker was found to form
transient helical structure and participate in a range of
transient interactions with domains 70B and 70C as well
as the DNA. We observed that the 10-nt complex sampled
a range of architectures that was more restricted relative
to the DNA-free protein. Detailed analysis of the SAXS
and simulation results suggested that the extent of com-
paction may not be solely explained by effects on
RPA70AB. However, the challenges of interpreting
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SAXS data for multi-domain proteins makes it difficult to
discern if this observation is a by-product of significant
inter-domain dynamics in RPA-DBC or if there is an allo-
steric effect of ssDNA binding on the B-C linker that
inhibits sampling of fully extended RPA-DBC architec-
tures. The SAXS data showed that binding of RPA-
DBC to 20 nt of ssDNA engages the trimer core, but
the simulations suggested that fixed binding to domains
70C and/or 70D is insufficient to explain the experimental
data. And finally, we note the similarity observed in the
SAXS data for the binding of RPA-DBC to 20, 24, 27 and
30 nt of ssDNA was not anticipated.

One key finding from our results is that the DNA-
binding apparatus of RPA undergoes two architectural
transitions as it binds to progressively longer stretches of
ssDNA. This result is inconsistent with the prevailing view
of three modes of RPA binding to ssDNA with distinct
architectures (2). Moreover, it has been long held that the
30-nt binding mode is fully extended, and the 10-nt
binding mode is compact (2,44). In fact, we find no
evidence that the 10-nt binding mode is more compact
than the 30-nt binding mode—our data show just the
opposite. The previously reported compact architecture
for the 10-nt binding mode was dependent on glutera-
ldehyde cross-linking of RPA in nucleoprotein complexes,
whose structure was monitored indirectly by scanning
transmission electron microscopy (44). Treatment with
cross-linker may have caused RPA to be trapped into
compact architectures that could only bind 8-10 nt.

In addition to correcting the model for the initial 10-nt
and final 30-nt binding modes, our results show there is no
distinct architecture associated with the intermediate
12-23-nt binding mode. The evidence in support of this
intermediate binding mode included photo-cross-linking
of RPA subunits to DNA substrates and testing the
DNA-binding capability of domain-specific point
mutants (4,5). Although these approaches establish the
participation of a particular domain in ssDNA binding,
they are indirect and do not reflect the structural organ-
ization of the molecule. Our direct physical analysis by
SAXS is consistent with RPA having only two not three
DNA-bound architectural states.

The architecture and binding of ssDNA by RPA are
fundamentally different from that of the simpler and
well-studied homotetrameric ssDNA-binding proteins
(SSBs) found in prokaryotes (45). Crystal structures of
Escherichia coli SSB reveal a compact back-to-back and
base-to-base arrangement of the four OB-fold domains
(46). As a result, SSB DNA-binding clefts face opposite
directions relative to each other, compelling ssDNA sub-
strates to encircle the SSB tetramer to occupy two (35-nt
state) or all four (65-nt state) binding domains
(Figure 7B). In contrast, flexible linking of RPA’s
DNA-binding domains allows each binding surface to
orient in a similar direction and enables the core to
organize in a convex manner around the ssDNA. This
opens up the possibility for RPA to function in two
ways, either like SSBs by inducing ssDNA to organize
around the protein or conversely, by adapting its architec-
ture in response to the DNA (Figure 7B). Our results
support the latter. The greater versatility afforded by the

flexible arrangement of OB-folds permits RPA to accom-
modate variations in the available length and binding
context of DNA substrates across multiple DNA process-
ing pathways. Such differences between prokaryotes and
eukaryotes highlight the importance of modular structure
for the more complex eukaryotic DNA processing
machinery.

Investigations of the diffusion of bacterial SSBs along
ssDNA suggest a mechanism for initiating displacement of
SSBs from their ssDNA substrates (47,48). In this model,
transient thermal dissociation of single DNA-binding
domains combines with limited re-association to the
ssDNA. For RPA, 32D possesses the weakest affinity of
the four DNA-binding domains (49) and is the most
plausible mediator of initial dissociation. Once 32D and
70C are disengaged, there can be an increase in the separ-
ation of the trimer core from 70AB (Figure 7C). It is con-
ceivable that this promotes diffusion along the ssDNA
and thereby enables access to the substrate. However,
our observation that RPA-DBC does not significantly
populate highly extended architectures suggests the rela-
tively close proximity of 70AB and the trimer core likely
promotes subsequent re-engagement of the trimer core
onto the DNA (Figure 7C).

If the 32C and 70D domains are readily re-engaged,
how is it possible for RPA to be displaced from ssDNA?
We have previously reported that the interaction of RPA
with other DNA processing proteins within the DNA pro-
cessing machinery can promote or inhibit its binding to
ssDNA [e.g. (50)]. In our model, these interactions shift
the equilibrium between multiple relatively compact RPA
architectural states, facilitating binding or release of
ssDINA. Bacterial SSBs have been proposed to use inter-
action with their disordered C-terminal tails to promote
release of ssDNA (51). The primary protein recruitment
modules in RPA are 70N and 32C, which are independent
structural modules. However, in most, if not all, cases,
RPA binding partners interact via multiple contacts,
also engaging the 70AB structural module. The interaction
with 70AB alone could promote dissociation from the
ssDNA either via direct competition for the DNA
binding sites or allosteric effects from binding to the
A-B linker (50,52,53). However, these interactions are in-
variably much weaker than 70AB interaction with
ssDNA, and it is difficult to imagine they are sufficient
to cause RPA to dissociate.

Our data suggest an alternative mechanism: the involve-
ment of RPA70AB and one or both of the 70N and 32C
protein interaction modules places steric or other con-
straints on RPA architecture that lead to increased separ-
ation of 70AB and the trimer core (Figure 7C). This
increased separation would amplify intrinsic dissociation
of the trimer core from the ssDNA, lower the overall
affinity, and increase the probability of diffusion along
the ssDNA and/or provide access to a competing
DNA-binding domain from the binding partner
(Figure 7C). The increasing recognition that RPA and
other DNA processing proteins interact through multiple
contact points [e.g. SV40 Tag helicase (50,53), polymerase
o- primase (54,55), XPA (31,56), Rad52 (31,57)] suggests
that this mechanism for protein-mediated displacement of



RPA from DNA could be conserved across DNA process-
ing pathways. It is anticipated that this mechanism for
obtaining access to DNA will be generally applicable, in
light of the increasing recognition of the importance of
architectural remodelling in DNA processing machinery
(58-60).

A crystal structure of the RPA-DBC homologue from
the fungus Ustilago maydis in complex with d T3, and dTg,
in two space groups was published during the final revi-
sions of this manuscript (61). A key feature in this struc-
ture is the collapsed quaternary structure driven by
contacts between RPA70B, RPA70C, 10 of the B-C
linker residues and the ssDNA intervening between the
nucleotides bound in the B and C domains. Comparison
with the SAXS curves of human RPA-DBC bound to 10-
30 nt of ssDNA indicates the conformational ensemble in
solution differs from the highly condensed crystal struc-
ture (Supplementary Figure S12). However, crystal-like
compact architectures may be populated in solution.
Notably, interfaces in the crystal packing are larger than
the interfaces within the DBC in the structure. This obser-
vation suggests that this architecture is not likely to be
highly populated in solution, which is consistent with
our SAXS data.

Overall, the SAXS/MD and crystallographic studies
provide highly complementary information. For
example, both support condensation of the architecture
of RPA on binding ssDNA and place the four binding
sites for ssDNA along a curved trajectory on one face of
the DBC. The crystal structure provides a DBC structure
at near-atomic resolution. It also highlights interactions
involving domains B and C, the B-C linker and the nu-
cleotides between those bound in domains B and C, which
are also found in the MD simulations. On the other hand,
the SAXS/MD and crystal structure data provide two dif-
ferent models for RPA function: (i) in the crystal struc-
ture, keystone interactions centred on the B-C linker
create a unique four-way interface that stabilizes a
closed conformation for 30-nt bound RPA, whereas (ii)
in the SAXS/MD data, a dynamic two-state condensation
on ssDNA binding is defined with considerable flexibility.
Importantly, the flexibility in our model naturally incorp-
orates interactions with multiple RPA partners whose
modular interfaces may stabilize a given functional archi-
tecture in concert with DNA binding. Our SAXS and
computational results in combination with the crystal
structures marks a new era in understanding architectural
remodelling of RPA. Testable hypotheses can now be
generated for the roles of the B-C linker, allosteric com-
paction of the DNA binding core promoted by the binding
of DNA and architectural changes induced by partner
protein binding, as well as a framework for understanding
how RPA functions in so many DNA processing
pathways.
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