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Replication protein A (RPA) is the ubiquitous, eukaryotic single-stranded
DNA (ssDNA) binding protein and is essential for DNA replication,
recombination, and repair. Here, crystal structures of the soluble RPA
heterodimer, composed of the RPA14 and RPA32 subunits, have been
determined for the full-length protein in multiple crystal forms. In all
crystals, the electron density for the N-terminal (residues 1–42) and
C-terminal (residues 175–270) regions of RPA32 is weak and of poor quality
indicating that these regions are disordered and/or assume multiple
positions in the crystals. Hence, the RPA32 N terminus, that is hyperpho-
sphorylated in a cell-cycle-dependent manner and in response to DNA
damaging agents, appears to be inherently disordered in the unpho-
sphorylated state. The C-terminal, winged helix-loop-helix, protein–protein
interaction domain adopts several conformations perhaps to facilitate its
interaction with various proteins. Although the ordered regions of RPA14/
32 resemble the previously solved protease-resistant core crystal structure,
the quaternary structures between the heterodimers are quite different.
Thus, the four-helix bundle quaternary assembly noted in the original core
structure is unlikely to be related to the quaternary structure of the intact
heterotrimer. An organic ligand binding site between subunits RPA14 and
RPA32 was identified to bind dioxane. Comparison of the ssDNA binding
surfaces of RPA70 with RPA14/32 showed that the lower affinity of RPA14/
32 can be attributed to a shallower binding crevice with reduced positive
electrostatic charge.
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866 RPA Heterodimer Structure
Replication protein A (RPA) plays important roles
in DNA replication, recombination, and repair by
binding and stabilizing single-stranded (ss)DNA
generated during DNAmetabolism.1,2 RPA is a high
affinity, ssDNA binding protein composed of three
subunits that have been named for their molecular
weight as RPA70, RPA32, and RPA14 (Figure 1(a))
and is conserved in all eukaryotic cells.1–4 Recently,
RPA was found to be involved in the cell-cycle
signaling pathway by regulating the function of
ATR–ATRIP complex, and the ssDNA–RPA complex
may function as a DNA damage signal to recruit
down-stream proteins involved in DNA repair or
cell apoptosis.5,6 RPA exists in two soluble forms:
heterotrimer and RPA14/32 heterodimer.7,8 Inter-
estingly when protein expression levels were ana-
lyzed in Saccharomyces cerevisiae using a GFP-tagging
method, there was significantly more RPA32 ex-
pressed as compared to RPA70 or RPA14 (6080,
4100, and 4280 molecules per cell, respectively; the
Figure 1. Structural information
or RPA. (a) Schematic of RPA
eterotrimer19 with DBDs, regions
hat are phosphorylated and that
nteract with proteins and/or DNA
re labeled. (b) The RPA14/3243-171
rystal structure; including RPA32
esidues 45–110, 117–171 andRPA14
esidues 3–116 (PDB ID, 1QUQ).13

ote, the four-helix bundle (in red)
s located at the interface between
abeled heterodimers. (c) The
PA14/3243–171/70436–616 crystals
tructure (PDB ID, 1L1O).26 (d)
MRstructure of theRPA32winged
elix-loop-helix domain, including
PA32 residues 204–270 (PDB ID,
DPU).33 Ribbon diagrams were
ade with Pymol [http://pymol.
ourceforge.net/] and rainbow-
olored blue to red from the N to
-terminal ends.
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RPA70 level was measured in triplicate with error±
500).9 The heterotrimer is thought to be the bio-
logically important form of RPA in the cell; however,
the RPA14/32 heterodimer has been observed in
vitro,8,10 in cells undergoing apoptosis11 and may be
important in binding telomere sequences.12 Here
several crystal structures of RPA14/32 have been
solved and analyzed.
RPA can bind both ssDNA and proteins involved

in DNA metabolism.2 There are four DNA binding
domains (DBDs) located in RPA70 and one located in
RPA32 (Figure 1(a)). RPA70 has the highest ssDNA
binding affinity among the three subunits. RPA14 is
involved in heterotrimer formation and, although it
contains a similar fold, DNA binding has not been
demonstrated in humans.1,2,13 A recent study byGao
et al has shown that in yeast the RPA32 and RPA14
subunits interact with telomere sequences.12 RPA32
contains a weak DBD,14 an N-terminal phosphoryla-
tion domain,15–17 and a C-terminal protein–protein
interaction domain.2,16 There are six to nine N-
terminal Ser and Thr residues on RPA32 which can
be phosphorylated specifically during the cell cycle
and in response to DNA damage.18,19 Phosphory-
lated RPA32 serves as a marker for damaged DNA
and is thought to reduce association of RPA with
replication centers.20 RPA32 is involved in several
DNA repair pathways and specifically binds several
repair proteins, including XPA in nucleotide excision
repair,21 Rad52 in double strand break repair,22 and
UNG2 in base excision repair.23

A wealth of structural data on RPA has been
provided by X-ray crystallography and solution
NMR. The crystal structures of RPA70181–422 alone
and in a complex with a short oligonucleotide,
showed how the oligosaccharide/oligonucleotide
binding-folds (OB-folds) of DBDs A and B bind
ssDNA with high affinity.24,25 The crystal structure
of RPA14/3243–171, containing a fragment of RPA32
that was resistant to proteolysis, showed that RPA14
and the RPA32 core were structurally homologous,
both containing an OB-fold with a conserved N-
terminal extension and a C-terminal α-helix.13 The
loop between β strands 3 and 4 (L34 loop) of the
OB-fold of RPA3243–171 was disordered and not
included in the model. Two C-terminal α-helices
were identified to form a four-helix bundle interface
between RPA14/32 heterodimers (Figure 1(b), red
helices). The crystal structure of the trimerization
core, RPA14/3243–171/70436–616, revealed the struc-
ture of zinc-containing RPA70 DBD-C and the
complex was mediated by three C-terminal helices
arranged in parallel (Figure 1(c), red helices).26

These observations that the OB-folds in RPA tend
to form aligned helical bundles is a central part of
the current hypothetical mechanism for heterotri-
mer formation and the conformational changes
associated with ssDNA binding.26,27 A structure of
the RPA32 C terminus, including residues 172 to
270, in complex with DNA repair factors such as
UNG2 was determined by NMR and showed that
the C terminus has a winged helix-loop-helix
domain (wHLH) (Figure 1(d)).28 The N-terminal
portion of this fragment, including residues 172–
204, was unstructured in solution. Solution NMR
heteronuclear single quantum coherence (HSQC)
data on full-length RPA14/32 indicated that resi-
dues 1–40 were intrinsically disordered and suggest
that the wHLH domain tumbles independently of
RPA14/3243–171.

28 The crystal structures of full-
length RPA14/32 reported here shed light on the
structural features of the full-length RPA14/32 and
how they relate to function.

Structure of full-length RPA14/32

Native X-ray diffraction data were collected from
two crystal forms of full-length RPA14/32 which
belonged to orthorhombic and tetragonal space
groups and contained four and two molecules of
RPA14/32 heterodimer in the crystallographic
asymmetric unit, respectively (Table 1). Crystal-
lographic phases were solved by molecular replace-
ment using the previously solved RPA14/3243–171
core structure (PDB ID, 1QUQ) as a search model.
Additional molecular replacement calculations were
attempted including the RPA32 C-terminal wHLH
domain28 (PDB ID, 1DPU; Figure 1(d)) but without
success. Then, portions of the 1QUQ search model
(∼10%) were systematically omitted from the phase
calculation and these non-biased electron density
maps were visually inspected to ensure that the
molecular replacement calculations were correct.
The maps from both the orthorhombic and tetra-
gonal crystals had excellent electron density in the
central core region and relatively poor electron
density for the N and C-terminal regions (residues
1–40 and 177–270, respectively; Figure 2(a)). The
orthorhombic structure was of higher data quality
(2.0 Å resolution); therefore it was completely
remodeled, including refitting the side-chains for
correct hydrogen bonding, rebuilding the ends of
the core search model and extending the ends by
two and six more residues on the N and C termini of
RPA32, respectively; the RPA14 subunit was nearly
completely modeled (chain F in the crystallographic
asymmetric unit), and solvent molecules (244 water
and 4 dioxane) were modeled. The 6XHis tag was
disordered in all crystals. The remaining density for
the missing N and C-terminal regions was weak and
not continuous. To ensure that the crystals contained
fully intact RPA14/32, the crystals were dissolved,
and SDS–PAGE analysis indicated that the RPA14/
32 in the crystal was intact (Figure 2(b)). All attempts
to improve crystal quality failed (see Supplementary
Data). The coordinates were refined against the
diffraction data to a final crystallographic R value of
23.2% with Rfree 25.5% with reasonable stereochem-
istry (Table 1).
Selenylmethionine crystals were grown and mul-

tiple-wavelength anomalous dispersion (MAD)
diffraction data collected in order to obtain experi-
mental phases without model bias. The hexagonal
crystal had a suspiciously low solvent content
that could indicate twinning so the diffraction
data was interrogated using the Merohedral Crystal



Table 1. Crystallographic data and refinement statistics

A. Data collection statistics
Crystal form Tetragonal Orthorhombic Hexagonal
Temperature (K) 100 100 100
X-ray source Rigaku-FRE SSRL BL7-1 APS IMCA-CAT BL17-ID
Space group P41 P212121 P65

Peak Edge Remote

Wavelength (Å) 1.54 1.08 0.9794728 0.979609 0.999879
Cell dimensions (Å)
a 96.7 81.5 63.4
b 96.7 139.8 63.4
c 126.3 171.8 272.7
Resolution (Å) 3.0 2.0 2.5
No. observations 32,072 124,950 24,160 24,253 24,393
Redundancy 3.1 (3.0) 3.5 (2.8) 6.0 (5.9) 6.0 (5.9) 6.0 (5.9)
Completeness (%) 95.8 (99.5) 100 (98.7) 95.7 (97.1) 88.3 (88.6) 95.7 (97.2)
I/σ(I) 11.2 (2.9) 19 (2.7) 16 (3.8) 15 (2.1) 24 (3.5)
Rsym (%) 9.3 (40.1) 5.5 (40) 9.8 (53.3) 8.7 (56.4) 8.4 (58)

B. Refinement statistics
PDB ID 2Z6K 2PI2 2PQA
No. RPA14/32 in ASU 2 4 2
Solvent (%) 60 55 24
Rcryst (%) 24.9 23.2 22.8
Rfree (%) 29.0 25.5 27.9
No. of atoms 3823 7883 3779
No. of water molecules 0 244 0
rms deviations from ideality

Bond lengths (Å) 0.008 0.011 0.012
Bond angles (deg.) 1.2 1.37 1.51

Ramachandran plot
Most favored (%) 81.0 89.7 87.3
Additionally allowed 18.2 9.5 11.9
Generously allowed 0.8 0.8 0.8

Human RPA14/32 was expressed and purified in the presence of a cocktail of protease inhibitors as described.7 Selenomethionyl RPA14/
32 was prepared using a methionine pathway inhibition method.42 The proteins were concentrated using an Amicon Ultra centrifugal
filter and stored at −80 ° C in 10 mMHepes (pH 7.5), 200 mM KCl, and 10 mM dithiothreitol (DTT) with native protein at 20 mg/ml and
selenomethionyl protein at 7.8 mg/ml. Crystals of RPA14/32 were grown by hanging drop vapor diffusion with 4 μl drops composed of
an equal volume of protein and reservoir solution. The tetragonal crystals grew in 0.95 M potassium sodium tartrate, 0.1 MMes (pH 5.9),
and 10 mM DTT. The orthorhombic and hexagonal crystals were grown as described.7 Crystals were cryo-protected by immersion in
reservoir solution with 30% (v/v) glycerol for a few seconds and/or by coating with paratone-N oil and then cryo-cooled in a 100 K N2
gas stream. Diffraction data for the orthorhombic crystal were collected Stanford Synchrotron Radiation Laboratory beamline 7-1 as
described.7 Diffraction data for the tetragonal crystal was collected in-house with a Rigaku-FRE X-ray generator, R-axis IV++ detector and
Xstream 2000 low temperature system. Diffraction data were integrated and intensities scaled with the HKL2000 package.43 PDB entry
1QUQwas used as the search model to solve the tetragonal and orthorhombic crystal forms by molecular replacement using Phaser44 as
implemented in the CCP4 package.45 Phases were improved with DM.46 The MAD data for the hexagonal crystal were collected at the
Advance Photon Source (APS) beamline IMCA17 BL17-ID at three wavelengths, integrated with PROW47 and intensities were scaled
with the HKL2000 package. SHELX48 was applied to find 16 selenium sites and four more sites were identified from Fourier map analysis
using SHARP.49 These 20 Se sites were applied to calculate the initial MAD phasing information by using SOLVE/RESOLVE50 with
10% solvent flattening (FOM=0.51). Restrained crystallographic refinement were undertaken using Refmac.51

Values for highest resolution shell are in parentheses. Rsym=∑hkl|Ihkl–bIhklN|/∑hkl∑Ihkl. Solvent content was calculated based on the
Matthews method.52 Rfactor=∑||Fo|–|Fc||/∑|Fo|, where Fo and Fc are the observed and calculated structure factor, respectively. Rfree is
equal to R-factor for a randomly selected 5% subset of reflections not used in the refinement.53 Ramachandran analysis was performed
with PROCHECK.54

ASU, asymmetric unit.
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Twinning Server and no evidence for twinning was
found.29 The positions of 20 out of a possible 32
selenium positions were identified using direct and
Fourier methods, MAD phases and an electron
density map were calculated. All 20 selenium
positions were located in the RPA14/3243–171 core
structure (see anomalous difference map in Supple-
mentary Data, Figure S1). The missing 12 selenium
positions were not observed in the anomalous
difference electron density maps and were located
in disordered regions. The MAD-phased Fourier
electron density of the core structure was well
ordered and, again, was relatively poor for the N
and C-terminal regions (residues 1–41 and 173–270,
respectively; see Fourier map in Supplementary
Data, Figure S2). Modeling included refitting the
side-chains for correct hydrogen bonding, rebuild-
ing the ends of the core search model and extending
these ends by one to two more residues. An addi-
tional structural feature was built into the hexago-
nal crystal structure that did not exist in any other
crystals. The L34 loop (Figure 2(c)) for RPA32 was
built (chain C in the crystallographic asymmetric
unit). This loop is not well conserved in eukaryotes
and may include a species specific protein–protein
interaction site for human partner proteins (see



Figure 2. Analysis of full-length RPA14/32 crystals. (a) Region of RPA32 where disorder starts from the orthorhombic
crystal. (b) SDS-PAGE analysis of the RPA14/32 crystal (lanes: 1, RPA14/32 full-length crystal; 2, mother liquor that
surrounded crystal; 3, purified RPA14/32 full-length protein). (c) Well-ordered L34 loop of RPA32 from the hexagonal
crystal that was disordered in 1QUQ and the other full-length crystal structures. Stereo diagrams include green final
atomic models and Fourier maps where blue is 2Fo–Fc displayed at 1σ and red is Fo–Fc electron density displayed at 3σ.
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sequence alignments by Millership et al.3 and
Ishibashi et al.4). Thus, by combining results from
the orthorhombic crystal with the hexagonal crystal
the complete secondary structure for RPA32 resi-
dues 41 to 176 and RPA14 residues 2 to 120 were
defined (Figure 3(a)).
It was concluded that the N and C-terminal

regions of RPA32 are disordered when they are not
phosphorylated or bound by partner proteins. In the
heterodimer, both the N and C-terminal domains
have no specific interactions with the protein core
and are connected to the core by flexible linkers. A
relatively large fraction of the protein is disordered,
approximately 37%, and it is remarkable that the
crystals diffract so well. To assist our interpretation
of these data we analyzed the sequence of RPA14
and RPA32 using PONDR software that predicts
naturally disordered regions30–32 and compared
them to the inherent motion of the refined atomic
model (this information is contained in the refined
isotropic B-values). Overall PONDR predicted the
positions where the disordered N and C-terminal
regions begin accurately and the apparent motion in
the refined crystal structure matches the PONDR
prediction very well (see Supplementary Data,
Figure S4). PONDR also predicts that the RPA32
C-terminal wHLH to be intrinsically well-ordered
(Supplementary Data, Figure S4, part A). The failure
of molecular replacement calculations with the
NMR-determined RPA32 C-terminal wHLH do-
main (Figure 1(d)) could be caused by several
factors, including a somewhat different structure
for the RPA32 C-terminal domain in the intact
protein, or that the wHLH domain in full-length
protein adopts multiple positions smearing the
electron density signal to background levels. It is
not possible to distinguish between these two
possibilities; although NMR data on the wHLH
domain alone28 and PONDR analysis support
the latter conclusion. The N-terminal domain is



Figure 3. Sequence and structure summary of full-length RPA14/32 crystals (a) Annotated protein sequence and
secondary structure analysis using JOY software40 compiled from orthorhombic and hexagonal crystals. The Figure is
organized as follows. Line 1, residue number. Line 2, an asterisk indicates putative ssDNA binding residues that were
identified by the comparison in Figure 6. Line 3, JOY annotation of the protein sequence, where α-helices are red,
β-strands are blue, and 310-helices are green; solvent-accessible residues are in lower case, solvent-inaccessible residues
are in upper case, residues making hydrogen bonds to main-chain amides are in bold, hydrogen bond to main-chain
carbonyl is underlined; and positive phi torsion angle is in italic. Line 4, secondary structure: α-helices have a red
rectangle, 310-helices have a green rectangle, β-strands have a blue arrow. Line 5, major secondary structure elements are
named as defined in 1QUQ structure. (b) Orthorhombic heterodimer (RPA14 red, RPA32 green) superimposed onto the
hexagonal crystal structure (blue) and RPA14/3243–171 (yellow). Common residues between the RPA14 subunits were
superimposed using with RMS differences of 0.57 Å and 0.59 Å, respectively. RPA14 was superimposed with Lsqkab, and
the RMSD of the resulting RPA32 coordinates were then calculated by Molman2.
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probably intrinsically disordered. These observa-
tions are in good agreement with earlier inter-
pretations of NMR data on full-length RPA14/32.33
This would allow the two domains to be indepen-
dent of each other and may facilitate interactions
with various kinases and DNA repair proteins.
Intrinsically disordered proteins are known to often
participate in high specificity/low affinity binding.
Disordered regions may facilitate binding to a wide
variety of structurally distinct substrates34 and
protein phosphorylation is thought to predomi-
nantly occur within intrinsically disordered protein
regions.35

Orientation of the heterodimer subunits

To examine any differences between the RPA14/
3243–171, orthorhombic full-length RPA14/32 and



Figure 4. Comparison of the dimer of heterodimers
quaternary structure in the full-length RPA14/32 crystals:
(a) orthorhombic, (b) tetragonal, and (c) hexagonal crystal
forms. Each subunit is rainbow-colored. The RPA14/32 on
the left and has approximately same orientation in each
panel and in Figure 1(b). In each crystal, the dimer-of-
heterodimers is related by non-crystallographic symme-
try. Subunit names and corresponding chain IDs in the
Protein Data Bank entry are labeled. Note, the four-helix
bundle seen in 1QUQ was not observed in the full-length
crystal structures.
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hexagonal full-length RPA14/32 quaternary struc-
tures, the RPA14 subunits were superimposed
(RMSD 0.6 Å) and then the RPA32 subunits were
examined (Figure 3(b)). After superposition of
RPA14, examination of the RPA32 structures
shows that they are very similar with Cα differences
of 0.90 Å on average. In this analysis the subunit–
subunit interface contacts are essentially the same
with average Cα differences of 0.5 Å. The largest
differences in structure were at the RPA32 surface
loops that differed by 2 Å to 4 Å (Figure 3(b)). The
hexagonal crystal structure also included the L34
loop (Figure 3(b), blue line, behind strands β1, β2,
β3). We conclude that the orientation of the RPA14
subunit with the RPA32 subunit is the same in the
RPA14/3243–171 proteolytic core structure and in
both of the full-length RPA14/32 structures.

Higher-order RPA14/32 interactions and
implications

Historically, the first structure that gave informa-
tion on the subunit–subunit interactions that hold
the RPA heterotrimer together was the RPA14/
3243–171 crystal structure. A four-helix bundle was
observed between RPA14/3243–171 heterodimers
and it was proposed that a similar helical bundle
was involved in the trimerization mechanism of the
RPA heterotrimer.13 This four-helix bundle was
formed by duplicating two parallel helices (helices
α2 of RPA14 and α2 of RPA32;Figure 3(a) and (b))
with a non-crystallographic 2-fold axis of symmetry
(Figure 1(b), red helices). Then, the crystal structure
of the RPA trimerization core RPA14/3243–171/
70436–616 was solved and it contained a parallel
three-helix bundle comprised of RPA14 α2 and
RPA32 α2 helices plus the RPA70 α3 helix (Figure
1(c), red helices).26 As a result of these two struc-
tures, a molecular mechanism involving the coming
together of parallel helical bundles was developed
for how the RPA heterotrimer quaternary structure
forms and changes in the different ssDNA binding
modes of full-length RPA.27 We postulated that if the
heterodimer four-helix bundle was indicative of this
mechanism, this structure should be conserved in all
crystal forms of the full-length heterodimer.
To compare the RPA14 α2 and RPA32 α2 helices of

full-length protein with RPA14/3243–171, ribbon
drawings were made with the orientation of one
RPA14/32 heterodimer set so that the relative
positions of the α2 helices would be easily observed
(left side RPA14/32 has same orientation in Figure
1(b) and Figure 4). The orientation of the four helices
are similar between the tetragonal and the orthor-
hombic crystal structures (Figures 4(a) and (b)),
while the helices do not form a bundle at all, but are
stacked in the hexagonal crystal structure (Figure
4(c)). The four helices do not form a four-helix
bundle structure in any the three full-length crystal
structures. In fact, the dimer–dimer interface is com-
pletely different compared to the orientation in the
RPA14/3243–171 structure (Figure 1(b)) in all three
structures (see also Supplementary Data, Tables S2,
S3, and S4 that list the residues involved in the
dimer–dimer interface).
To compare the orientation of the RPA14 α2 and

RPA32 α2 helices of full-length RPA14/32 with the
RPA70 α3 helix from the trimerization core RPA14/
3243–171/70436–616, the Cα positions of RPA14/32
dimers were superimposed and only the helices
displayed (Figure 5). As was originally noted by
Bocharev, the RPA70 α3 helix from the trimerization



Figure 5. Comparison of the quaternary structure of
full-length RPA14/32 structures with the RPA trimeriza-
tion core structure.26 The C-terminal helices of the RPA
trimerization core (all three helices are gray) are displayed
with corresponding helices from the following RPA14/32
crystal structures (RPA14 α2 helices are red and RPA32 α2
helices are green): (a) RPA14/3243–171 (PDB ID, 1QUQ;
RMSD 0.42 Å), (b) orthorhombic crystal forms (RMSD
0.36 Å) (c) full-length hexagonal crystal (RMSD 0.42 Å). For
superposition, the entire RPA14/3243–171 component of the
trimerization corewas superimposedwith the correspond-
ing residues in the RPA14/32 crystal structures.
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core lies in between the RPA14 α2 and RPA3243–171
α2 helices (Figure 5(a), gray helices). The orientation
of the RPA70436–616 α3 helix (gray) is at a 15–25
degree angle and antiparallel to the RPA14 α2
and RPA3243–171 α2 helices of the heterodimer core
(Figure 5(a), red and green helices). In similar com-
parisons, the orientation of the RPA70436–616 α3 helix
is at a 75–85 degree angle with the RPA14 α2 and
RPA32 α2 helices of full-length RPA14/32 from the
orthorhombic and tetragonal crystal forms (Figure
5(b)) and bears no relationship to the helices from
the hexagonal crystal from (Figure 5(c)). Thus, the
helical bundle quaternary structure does not form
consistently and may be an artifact of the crystal or
the deletion mutation. On the other hand, we believe
that these differences in quaternary structure may
reflect the actual structural repertoire of the RPA
heterotrimer and the relative locations of the non-
superimposed RPA14/32 α2 helices in Figure 5 may
represent alternate locations for the RPA70 α3 helix.
Also, these structures could predict the locations
of C-terminal helices of DBD-B and DBD-C relative
to RPA14/32 α2 helices in the sequential binding
model for RPA (see Figure 2 of Bochkarev &
Bochkareva27). Future work would include point
mutation studies to deconvolute these possible
quaternary structures of the RPA heterotrimer.
The RPA heterotrimer quaternary structure is

remarkably stable and does not dissociate in 6 M
urea.36 This level of stability suggests that a signifi-
cant amount of surface area is buried when the
heterotrimer complex is formed. The full-length
RPA14/32 structures all form a more extensive
heterodimer–heterodimer interface (buried surface
areas of 1546 Å2 for orthorhombic, 1780 Å2 for
hexagonal) relative to the RPA14/3243–171 structure
(1126 Å2 for RPA14/3243–171). Thus the higher
buried surface area observed with the full-length
RPA14/32 dimer crystals suggests that this interface
may represent possible interfaces available to the
heterotrimer in solution.

Identification of an organic ligand binding site

Crystallization of the full-length RPA14/32 het-
erodimer was facilitated by the addition of organic
solvents.7 These solvents included acetonitrile,
ethanol, isopropanol and dioxane. Since the orthor-
hombic crystal form diffracted to 2.0 Å resolution,
ordered solvent molecules were easily observed in
the well-ordered core regions of the protein. In this
crystal a dioxane binding site was also clearly
observed in the electron density (Figure 6(a)).
Organic solvent was also visible in this location in
the hexagonal crystals (data not shown). The
dioxane binds at the subunit–subunit interface of
the heterodimer and is nestled between residues
Q86 and K88 of RPA14 and E123, Y125, and L149 of
RPA32. Dioxane forms hydrogen bonds with main-
chain amide nitrogen atoms of Y125 and K88. The
electrostatic surface at the dioxane binding site is
negatively charged with a small positively charged
surface created by K88 (Figure 6(b), top view,



Figure 6. Surface analysis of RPA binding sites. (a) Electron density for the dioxane binding site from the
orthorhombic crystal. Stereo diagram includes green final atomic models (carbon green, oxygen red, nitrogen blue) and
Fourier maps where blue is 2Fo–Fc displayed at 1σ. (b) Three orthogonal views of the electrostatic surface of RPA14/32
from the hexagonal crystals. The dioxane binding site (green spheres) is shown in the top view. A putative dC4
oligonucleotide (green lines) binding site is show in the bottom views. The oligonucleotide was positioned by
superimposing the OB-fold from RPA70A (PDB ID, 1JMC) onto RPA32. (c) Electrostatic surface and oligonucleotide
binding site of RPA70AB (PDB ID, 1JMC).24 Electrostatic surfaces were calculated with CCP4mg.41
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dioxane atoms are green). Molecular modeling
indicates that pyrimidine bases could also fit into
the dioxane site (G.E.O. B., unpublished results). The
physiological relevance of this binding site is
currently uncertain but it could represent a pre-
viously unidentified regulatory site on RPA. Pre-
liminary data indicate that 5% (v/v) dioxane
significantly lowers the affinity of RPA for ssDNA
(A. Prakash, unpublished results) and has no detect-
able effect on the subunit composition of RPA (X.
Deng, unpublished results). It is possible that this
organic ligand binding site on RPA could be of
pharmaceutical/experimental use and perhaps this
binding site could be exploited in the future to find/
design molecules that specifically affect the function
of RPA. The specific regulatory effects of this binding
site on RPA function will require further study.

Putative ssDNA binding site

RPA heterotrimer binds ssDNAwith several DNA
binding domains (Figure 1(a)) andwith high affinity.
RPA70 DBDs A and B constitute the high affinity
ssDNA-binding core and bind with only 101-fold
lower affinity than the intact heterotrimer.37,38

RPA14/32 DBD-D has weak ssDNA binding affinity
that is approximately 106-fold lower than the
heterotrimer and 103-fold lower than RPA70
DBD-A. Interestingly RPA14/32 may be involved
in binding telomeric sequences.12 How structure
relates to ssDNA binding affinity was apparent
when the electrostatic surfaces of RPA70 were com-
pared with RPA14/32 (Figure 6(b) and (c)). Oligo-
nucleotide binding to RPA14/32 was predicted by
superimposing the OB-folds of RPA32 DBD-D onto
RPA70 DBD-Awith its corresponding ssDNA.39 For
RPA70 DBDs A and B, the loops between β strands 1
and 2 (L12 loop) and β strands 4 and 5 (L45 loop)
form a deep ssDNA binding pocket that has an
overall positively charged surface (Figure 6(c)). The
L12 and L45 loops on RPA32 DBD-D are shorter
making a binding pocket that is relatively shallow,
narrow and has less positive charge on its surface
(Figure 6(b)). The relatively narrow, and shallow
ssDNA binding cleft and weak electrostatic inter-
action cause RPA14/32 to have millimolar ssDNA
binding affinity (O. Dickson & M.S.W., unpublished
results). The dramatically higher affinity of RPA70
DBD-A and B can be attributed to containing two
OB-folds, deeper binding pocket that electrostati-
cally complements the negatively charged phos-
phate backbone of the ssDNA. Interestingly, the loop
between β strands 3 and 4 (L34 loop) that was
observed and modeled in the hexagonal crystals is
located below the DNA binding site (Figure 6(b)),
and it is heavily, negatively charged. The L34 loop
may play a role in regulating protein–DNA/pro-
tein–protein interactions.

Database accession numbers

Structure factors and atomic coordinates for the
orthorhombic and hexagonal RPA14/32 crystals
have been deposited in the RCSB Protein Data
Bank with accession codes 2Z6K, 2PI2 and 2PQA,
respectively.
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