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Although structures of single-stranded (ss)DNA-bind-
ing proteins (SSBs) have been reported with and with-
out ssDNA, the mechanism of ssDNA binding in
eukarya remains speculative. Here we report a 2.5 AÊ

structure of the ssDNA-binding domain of human rep-
lication protein A (RPA) (eukaryotic SSB), for which
we previously reported a structure in complex with
ssDNA. A comparison of free and bound forms of
RPA revealed that ssDNA binding is associated with a
major reorientation between, and signi®cant confor-
mational changes within, the structural modulesÐ
OB-foldsÐwhich comprise the DNA-binding domain.
Two OB-folds, whose tandem orientation was stabil-
ized by the presence of DNA, adopted multiple orien-
tations in its absence. Within the OB-folds, extended
loops implicated in DNA binding signi®cantly changed
conformation in the absence of DNA. Analysis of
intermolecular contacts suggested the possibility that
other RPA molecules and/or other proteins could com-
pete with DNA for the same binding site. Using this
mechanism, protein±protein interactions can regulate,
and/or be regulated by DNA binding. Combined with
available biochemical data, this structure also
suggested a dynamic model for the DNA-binding
mechanism.
Keywords: crystal structure/DNA binding/OB-fold/
replication protein A/single-stranded DNA

Introduction

The eukaryotic single-stranded (ss)DNA-binding protein
(SSB), replication protein A (RPA), plays a central role in
replication, recombination and repair. Human RPA is a
heterotrimer with three subunits of ~70, 32 and 14 kDa,
which are referred to as RPA70, RPA32 and RPA14,
respectively. In DNA-processing events, RPA also inter-
acts with many additional nuclear proteins, and this
interaction both regulates, and is regulated by, an inter-
action with ssDNA (for reviews see Wold, 1997; Iftode
et al., 1999).

RPA undergoes a conformational change upon ssDNA
binding, as demonstrated by biochemical methods and
electron microscopy. The pattern of RPA digestion with
trypsin is different in the presence and absence of ssDNA

(Gomes et al., 1996). Electron microscopy revealed
three different molecular shapes: globular, elongated
contracted and elongated extended (Blackwell et al.,
1996). ssDNA does not seem to wrap around RPA, as
deduced for bacterial SSB (Raghunathan et al., 1997,
2000), but rather RPA internally reorients and elongates
along the DNA. The molecular details and the functional
role of the proposed conformational change remain
speculative.

RPA binds to DNA with a speci®c polarity and has at
least two, and maybe three, major binding modes. The ®rst
mode, which is considered to be a major one, is
characterized by an occluded binding site of ~30
nucleotides (nt) per trimer (Kim et al., 1992). This binding
mode exhibits high af®nity and low cooperativity. The
second mode, which is less stable and may be a precursor
for the 30 nt mode, has an 8±10 nt binding site and exhibits
a lower af®nity and a higher cooperativity (Blackwell and
Borowiec, 1994). The transition from the 8 to the 30 nt
mode is thought to be a functionally important event
implicated in DNA unwinding (Blackwell and Borowiec,
1994). An intermediate 13±14 nt binding mode has
recently been reported by Lavrik et al. (1999). In this
mode, RPA contacts DNA exclusively through the RPA70
subunit. The functional importance of this mode remains
to be investigated.

The major ssDNA-binding activity of RPA is located
in the central part of the RPA70 subunit [amino acids
(aa) 181±422; RPA70181±422] (Gomes and Wold, 1996;
Pfuetzner et al., 1997). Structural analysis of this fragment
in complex with a (dC)8-oligonucleotide revealed two
structurally similar copies of a structural domain
(Bochkarev et al., 1997) known as an OB (oligonucleo-
tide/oligosaccharide binding)-fold (Murzin, 1993). The
two DNA-binding domains (DBDs) of RPA70, DBD-A
(aa 181±290) and DBD-B (300±422), contact ssDNA in
tandem. Each domain directly contacts 3 nt, with 2 nt
®lling the space between domains.

RPA has a hierarchy of OB-folds (Philipova et al.,
1996); in addition to DBD-A and DBD-B, several more
OB-folds are present in the protein. These are the
N-terminal domain of RPA70 (aa 1±110; RPA70-NTD)
(Jacobs et al., 1999), whose function is to interact with
other proteins (Braun et al., 1997); the central domain of
RPA32 (aa 43±171), which possesses a weak ssDNA-
binding activity (DBD-D) (Bochkareva et al., 1998); and
RPA14, a subunit with as yet unknown functions
(Bochkarev et al., 1999). The C-terminal domain of
RPA70 (aa 432±616) is also a DNA-binding domain
(DBD-C), which has been hypothesized to contain another
OB-fold (Brill and Bastin-Shanower, 1998).

In the course of DNA-processing events, RPA interacts
with many nuclear proteins. In documented cases of
RPA±protein interactions, where more detailed
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information is available, RPA, the target protein or both
have at least two distinct regions that contact another
protein. This is the case with XPA, whose N-terminal
domain interacts with the C-terminal domain of RPA32
(Stigger et al., 1998) and the central domain with an
RPA70 fragment containing aa 1±327 (Ikegami et al.,
1998). A fragment of UNG2 containing aa 6±18 interacts
with an unidenti®ed target in RPA70 and another fragment
(aa 67±85) with the C-terminal domain of RPA32 (Otterlei
et al., 1999). Binding to p53 requires the N-terminal third
of RPA70 with some contribution from the C-terminal
third (Lin et al., 1996). Also, two-point interaction has
been reported for Rad51 (Golub et al., 1998), RAD52
(Hays et al., 1998), DNA polymerase a/primase
(DNA-pol a) and SV40 large T-antigen (Lee and Kim,
1995; Braun et al., 1997). One region is usually located in
the N-terminus of the RPA70 subunit, and another either in
the C-terminus of this (p53, DNA-pol a), or somewhere in
the RPA32 subunit (XPA, UDG2, Rad51 and Rad52,
TAg).

In this study, we report a crystal structure of the ssDNA-
binding domain of RPA70, whose structure we previously
reported as part of a complex with ssDNA. A comparison
of free and bound forms of this SSB protein revealed
dramatic conformational changes induced by DNA bind-
ing. The structure also suggests a possible mechanism of
RPA±ssDNA and RPA±protein interaction.

Results and discussion

General description of the structure
A structure of RPA70181±422 in complex with (dC)8 was
reported earlier (Bochkarev et al., 1997). A slightly longer
RPA70 fragment (residues 181±432, RPA70181±432) was
crystallized without ssDNA and the structure was solved
using a seleno-methionine (Se-Met)-containing crystal by
the multiwave anomalous dispersion (MAD) method. The
structure has been re®ned at 2.5 AÊ resolution to a working
R-factor 21.5% and free R-factor 28.2%. For more details
see Materials and methods.

The crystals contain two independent molecules per
asymmetric unit, termed molecule I and molecule II
(Figure 1A and B, respectively). Each molecule has two
independent functional motifs, DBD-A (aa 181±290) and
DBD-B (aa 300±426), connected by an extended inter-
domain linker (aa 290±300). The individual DBDs have
a central OB-fold (comprising aa 196±290 for DBD-A
and 315±405 for DBD-B) and an N-terminal extension
(181±196 and 300±315, respectively). Additionally,
DBD-B is ¯anked by a C-terminal helix (405±420). A
similar organization of structural elements is conserved in
RPA14 and RPA32 core domains. In molecule II, the
linker area is disordered and not included in the ®nal
model. In the RPA70181±432 crystals, the conformation of
molecule I is stabilized mostly by intermolecular contacts
with a symmetry-related molecule I, and molecule II with
a symmetry-related molecule II. Most of the contacts
between molecules I and II are contained within a
hydrophobic region between the C-terminal helices of
two DBD-Bs.

The ¯exible nature of the major ssDNA-binding
domain of RPA in the absence of ssDNA
In the RPA70181±422±ssDNA complex structure, the
ssDNA-binding domains DBD-A and DBD-B lie in
tandem (Figure 1C). DBD-A contacts the 5¢-end, and
DBD-B the 3¢-end of (dC)8. DNA tunnels through a
narrow channel in the upper part of the DBDs and makes
numerous stacking and hydrogen bond contacts with two
extended loops, termed L12 and L45.

Although the basic structural elements of the free
protein are the same, major conformational changes were
found to accompany DNA binding. In the absence of
DNA, domains A and B adopt different conformations in

Fig. 1. Comparison of the structures of the RPA70 ssDNA-binding
domain in the presence and absence of ssDNA. Ribbon diagrams of
two crystallographically independent apo RPA70181±432 molecules,
molecule I (A) and molecule II (B), and the RPA70181±422±ssDNA
complex structure (C). The b-strands are colored in blue, a-helices
in green, and loops in gold. Positions of important amino acids and
structural elements are indicated. 3¢- and 5¢-ends of ssDNA are
designated. Structures are aligned in such a way that an orientation
of DBD-B is approximately the same in all panels. The drawing was
generated using the RIBBONS program (Carson, 1997).
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the two independent molecules in the unit cell; these
conformations also differ from those in the DNA-contain-
ing complex. The tandem orientation of DBD-A and
DBD-B in the RPA70181±422±ssDNA complex appears to
be stabilized exclusively by interaction with DNA.
Without DNA, the two OB-folds do not interact. The
interdomain linker, which bridges the two domains, adopts
different conformations in the two independent molecules,
suggesting that it is ¯exible in the absence of DNA. If the
linker (290±300) is excluded, the minimal distance
between DBD-A and DBD-B in molecule I is ~13 AÊ ,
and that in molecule II is ~8 AÊ . The experimental map
contained no electron density that could be interpreted as
the interdomain linker in the second molecule. We
attributed this effect to the ¯exible nature of this linker.
In contrast, the electron density for the linker was well
de®ned in molecule I (Figure 2).

Taken together, our data indicate that the linker is
¯exible in solution, and two DBDs can adopt a range of
conformations without DNA. We cannot exclude the
possibility that ¯exibility of the interdomain linker may be
reduced in the context of the trimer. However, the
proteolytic digestion experiments for the RPA701±442

fragment and the full-size RPA trimer in the presence
and absence of ssDNA reported by Gomes et al. (1996) are
consistent with the interpretation that the ¯exible part of
RPA70 is located in the interdomain linker.

There is strong evidence that two interdomain linkers
¯anking the major DNA-binding domain of RPA70 are
also ¯exible. One linker connects the N-terminal domain
of RPA70 (RPA70-NTD) with DBD-A, and the other
DBD-B with the DBD-C. A ¯exibility of the linker
between RPA70-NTD and DBD-A was demonstrated by
both biochemical methods and NMR (Gomes et al., 1996;
Jacobs et al., 1999). In light of recent characterization of
DBD-C as an ssDNA-binding domain containing aa
433±616 (Bochkareva et al., 2000), an interpretation of
results reported earlier by Gomes et al. (1996) may be
done in more detail. These provide evidence that, without
DNA, the linker between DBD-B and DBD-C is also
¯exible, and, like the linker between DBD-A and DBD-B,
is stabilized upon DNA binding.

Internal ¯exibility of the OB-fold
DNA binding induces large conformational changes in
individual OB-folds. All Ca atoms comprising DBD-A
(residues 183±289) in molecule I were superimposed with
their equivalents derived from the RPA70181±422±ssDNA
complex structure using the LSQ_EXPLICIT function in
program O (Jones et al., 1991). This initial alignment was
then improved using the LSQ_IMPROVE function, which
removed outliers. A similar procedure was repeated with
DBD-B. The improvement procedure excluded from
superposition (as outliers) a fragment containing aa
214±219 in DBD-A, and two fragments, 330±342 and
385±390, in DBD-B. The root mean square deviation
(r.m.s.d.) for the remaining Ca atoms was 0.75 and 0.71 AÊ

for DBD-A and DBD-B, respectively (Figure 3).
The excluded fragments were centered at the tips of the

two extended loops, L12 and L45, which play a central
role in DNA binding. The maximal shift between the
bound and free conformations of the L12 loop was 7.7 AÊ in
DBD-A and 13.4 AÊ in DBD-B. Another large shift (6.3 AÊ )
was observed in the conformation of the L45 loop of
DBD-B, but not DBD-A. Although structural analysis did
not detect a signi®cant conformational change in the L45
loop of DBD-A, we imagine that this is a crystal packing
effect and, in solution, that this loop is also ¯exible. In
short, experimental data con®rm the hypothesis, which we
formulated earlier, that both the L12 and L45 loops are
¯exible in the absence of DNA.

Surprisingly, despite a global structural difference
between molecules I and II in the crystals, pairs of
equivalent DBDs have very similar conformations. Two
DBD-As from the two independent molecules can be
superimposed, all Ca atoms against all, with an r.m.s.d. of
only 0.35 AÊ . The r.m.s.d. for the two DBD-Bs, with all Ca
atoms included, is 0.38 AÊ . We attributed this result to
speci®c intermolecular contacts, which are discussed in
the next section.

Fig. 2. A representative example of electron density in the solvent-
¯attened 2.7 AÊ experimental map calculated with SHARP/SOLOMON.
A region that corresponds to the interdomain linker (aa 290±300) in
molecule I is shown. The protein density is shown in blue. Super-
imposed on the map is the re®ned model of the protein. Contours are
drawn at the 1.25s level.

Fig. 3. Conformational change in DBD-B induced by ssDNA binding.
A superposition of free and bound DBD-B was generated as discussed
in the text. Shown is the Ca trace of the free (bold line) and bound
(thin line) domain. Important amino acids are labeled. Maximal shifts
of the L12 and L45 loop are indicated with dashed lines, and the size
of the shift is indicated in AÊ (large numbers).
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Analysis of intermolecular contacts suggests a
model for RPA±protein interaction
Although the overall conformation of molecules I and II is
different, the details of their intermolecular contacts are
strikingly similar. In the unit cell, the two molecules are
packed in such a way that the conformation of molecule I
is stabilized mostly by intermolecular contacts with a
symmetry-equivalent molecule I, and that molecule II is
stabilized by a contact with the symmetry-related
molecule II. In both molecules, DBD-A forms a pseudo-
dimer with DBD-B coming from a symmetry-equivalent
molecule (DBD-A±DBD-Bsym; Figure 4A). Taken as one
molecule, the pseudo-dimer derived from molecule I can
be superimposed with that derived from molecule II with
an r.m.s.d. of 0.43 AÊ for 232 Ca atoms. Interestingly, in
the crystals, a non-crystallographic (NC) 2-fold symmetry
associates DBD-A±DBD-Bsym pairs from molecules I and
II. Obviously, there is no NC symmetry that relates
molecules I and II; the two have different conformations.

The interaction between DBD-A and DBD-Bsym is
symmetrical. In the pseudo-dimer, DBD-B extends its
ssDNA-binding loop (L12) into the DNA-binding cleft of
DBD-A; the L12 loop of DBD-A, in its turn, is bound in
the DNA-binding cleft of DBD-B. To some extent, this
interaction is reminiscent of the dimerization mechanism
in the gene V protein, in which the L45 loop from one
subunit protruded into the putative DNA-binding groove
of the other (Skinner et al., 1994). The speci®city of
molecular packing suggests that the pseudo-dimer, and not
the single molecule, was a building block during
RPA70181±432 crystal growth. This, in turn, suggests that
there should be a strong interaction between DBD-A and
DBD-B in solution.

Several lines of evidence suggest that the interdomain
interactions that were revealed in this structure are not
simply juxtapositions enforced by crystal packing, but
rather are associations that are important (directly or
indirectly) for RPA functions. First, similar interactions
are observed in two independent and conformationally
different molecules in the crystals. Secondly, this inter-
action can be explained from an electrostatic point of view

in both global and local scale. Globally, the isoelectric
point (pI) for DBD-A is 8.9 and for DBD-B is 4.9. At close
to neutral pH, two oppositely charged DBDs should
interact, forming a dipole. Locally, in the RPA70±ssDNA
complex structure, the L12 loop of DBD provides basic
amino acids for interaction with acidic phosphate groups
of DNA, and the acidic environment of the DNA-binding
cleft interacts with the DNA bases. In the absence of DNA,
basic groups from L12 take the place of bases in the
binding cleft. Thirdly, distantly similar and functionally
important contacts have been reported to stabilize an
interaction between two subunits in the telomeric ssDNA-
binding protein (Horvath et al., 1998) (Figure 4B) and the
gene V protein of bacteriophage f1 (Skinner et al., 1994).

The mechanism for DBD interaction may have regula-
tory implications. ssDNA binding is known to regulate,
and be regulated by, the interaction with other nuclear
proteins. In one example, in the absence of ssDNA, RPA
binds to and inhibits sequence-speci®c double-stranded
(ds)DNA-binding activity of the tumor suppressor protein
p53 (Miller et al., 1997). The presence of ssDNA
eliminates the RPA±p53 interaction and activates p53 for
sequence-speci®c dsDNA binding. p53 might extend a
loop into one of RPA's DBDs. Binding of ssDNA to RPA
would release p53, thus activating it. The proposed
mechanism of protein±protein interaction is not unpreced-
ented. In telomeric ssDNA-binding protein, an extended
loop of the small subunit binds reversibly to an OB-fold of
the large subunit. This interaction is modulated by
protein±DNA binding, which is initiated by other parts
of the two subunits (Figure 4B).

Our ®nding expands the repertoire of known OB-fold
functions. Initially, the OB-fold was characterized as an
oligonucleotide/oligosaccharide-binding fold. Later, an
oligopeptide-binding representative of the OB-fold was
described. The term OB then evolved to mean oligonu-
cleotide/oligosaccharide/oligopeptide-binding fold, or for
short, oligo-binding fold (Horvath et al., 1998). Here, we
have demonstrated that the same OB-fold serves both
as a DNA-binding and a protein-binding element.
Furthermore, the binding of protein and DNA is mutually
exclusive, as both share the same binding site. A
competition for this site can, therefore, regulate RPA
activity. Thus, we propose that the OB-fold can also ful®ll
regulatory functions.

In total, there are ®ve, and perhaps six, OB-folds in
RPA; potentially, each can participate in protein±protein
interactions. Together, these folds provide a basis for an
extensive and ¯exible network of RPA±protein inter-
action. Three factors can regulate those interactions,
namely: direct competition between DNA and proteins
for a binding site (has been discussed above), allosteric
effects of DNA binding (to be discussed below), and RPA
phosphorylation (will not be discussed here).

General model of RPA±ssDNA interaction
Upon ssDNA binding, RPA changes from a globular to an
elongated conformation. We hypothesize that this con-
formational change is associated with the ¯exibility of the
interdomain linker between DBD-A and DBD-B (linker
290±300), with additional contribution provided by linkers
connecting the RPA70-NTD with DBD-A (linker
110±180) and DBD-B with DBD-C (linker 420±432). In

Fig. 4. The OB-fold can ful®ll regulatory functions. (A) Pseudo-dimer
of DBD-A (green) and symmetry-related DBD-B (DBD-Bsym; gold)
(both DBDs derived from molecule I). The L12 loop of DBD-Bsym is
in the ssDNA-binding cleft of DBD-A. The DBD-A orientation is
approximately the same as in Figure 1C. (B) Functional interaction in
the telomeric SSB; an OB-fold of the large subunit (fragment 344±495;
green) binds an extended loop (fragment 142±194) of the small subunit
(PDB entry 1OTC).
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the absence of DNA, interdomain and intersubunit inter-
actions stabilize the globular conformation (Figure 5A). In
this conformation, all three linkers are susceptible to a
proteolytic cleavage.

We propose that DNA binding rearranges the domains
and orients them in tandem on DNA via a multistep
pathway. In agreement with the existing model, RPA
initially binds DNA in the 8±10 nt binding mode, which is
associated with DNA binding by DBD-A and DBD-B
(Figure 1C), and with the globular shape of the molecule
(Figure 5B). Being a prerequisite for higher order binding
modes, this binding orients and stabilizes RPA on DNA
and makes the linker between DBD-A and DBD-B
(residues 290±300) resistant to proteolysis (Gomes et al.,
1996).

In the next step, the DBD-A±DBD-B duet is joined by
DBD-C (Figure 5C). Indicative of this binding is a
protection of linker 420±432 from proteolytic cleavage
(Gomes et al., 1996). Three factors taken together indicate
that DBD-C cannot make contacts to the 5¢-protruding end
of ssDNA in front of DBD-A: (i) the limited size of linker
420±432; (ii) the location of the point it initiates from
(amino acid 420) >50 AÊ away from the 5¢-end, but close to
the 3¢-end of ssDNA; and (iii) directionality of the protein
backbone at this point toward the 3¢-end (Figure 1).
Therefore, DBD-C should contact the 3¢-end, in tandem
after DBD-B. If, as postulated by Brill and Bastin-
Shanower (1998), DBD-C contains an OB-fold, which
binds DNA through a similar mechanism, DBD-C would
be predicted to contact 3 nt, and a further 2 nt would be
required to bridge the space between DBD-B and DBD-C.
Thus, 13±15 nt are predicted to be contacted by the trio of
DBD-A, DBD-B and DBD-C, the number that exactly
coincides with the 13 nt binding mode reported by Lavrik

et al. (1999). In this mode, again in agreement with results
of Lavrik, RPA contacts ssDNA exclusively through the
RPA70 subunit. We associate this mode with the elongated
contracted conformation.

Finally, the central OB-fold of RPA32 (DBD-D) joins
the trio in tandem after DBD-C (Figure 5D). Based on
similar assumptions, one should predict 18±20 nt as a site
directly contacted by the quartet. This correlates with the
®nding that RPA demonstrates different af®nities to the 5¢-
and 3¢-protruding arm of ssDNA, but only if their length is
19 nt or shorter; af®nities to 23 nt arms are similar, if not
equal (de Laat et al., 1998). Indeed, within our model,
20 nt and longer fragments of ssDNA protruding in either
direction provide enough room to accommodate all four
DBDs of RPA. In contrast, shorter fragments might restrict
some domains from binding; this restriction could be
different depending on the directionality of DNA.

The 18±20 nt binding mode is associated with the
elongated extended conformation and 30 nt occluded
binding site (30 nt binding mode). There is no con¯ict
between the 18±20 nt contacted site and the 30 nt mode.
28±30 nt was de®ned to be the occluded size per RPA
trimer. The remaining 10±12 nt can ®ll the space between
trimers. Although there are no data supporting direct
interaction of the remaining two RPA OB-folds, RPA70-
NTD and RPA14, with DNA, the two might just occupy
this space. Interestingly, if we formally count 5 nt (3 nt to
contact an OB-fold and 2 nt to bridge the space) per two
remaining OB-folds, RPA70-NTD and RPA14, the total
comes to 28±30.

The binding of DBD-A and DBD-B to DNA should, in
its turn, be a multistep process. Most likely, it is initiated
by DBD-A (Figure 5; black palm), as the domain with
higher activity and ¯exibility, which binds the 5¢-end of
ssDNA, and then supported by DBD-B. This scenario is in
agreement with the experimental observations that RPA
binds to DNA with a 5¢ to 3¢ polarity (de Laat et al., 1998;
Iftode and Borowiec, 2000).

A comparison of the structure of RPA70181±432 with that
of the RPA14/32 core complex suggested that RPA might
switch from a globular to an elongated conformation by
means of `helical shuf¯ing'. The RPA14/32 core dimer is
stabilized by contacts between two C-terminal helices
provided by the RPA14 and RPA32 core. In the RPA14/32
core crystals, two independent dimers contributed their
two helical interfaces to form the four-helix bundle, which
stabilized the dimer-of-dimers (Bochkarev et al., 1999).
Two helices from the second dimer were proposed to
compensate for a helical environment that is normally
provided by RPA70, the subunit not included in the
dimeric complex. The C-terminal domain of RPA70 has
been suggested to contribute a helix or two to the
trimerization interface. DBD-B also contains a
C-terminal helix. Like the crystals of the RPA14/32
core, the crystals of RPA70181±432 are stabilized by a
hydrophobic two-helix packing arrangement (Figure 6).
Molecular contacts suggest that, in the context of intact
RPA, DBD-B might contribute the C-terminal helix to
interact with the multi-helical trimerization interface.
Unlike stable helical interaction within the trimerization
core, an interaction of the helix provided by DBD-B might
be reversible (here helical shuf¯ing), depending on the
DNA-binding mode; the association of this helix with the

Fig. 5. Suggested multistep ssDNA-binding pathway. (A) Free RPA in
globular conformation. (B) 8 nt binding by DBD-A and DBD-B
(8±10 nt binding mode). (C) 13±15 nt binding by DBD-A, DBD-B and
DBD-C. (D) 18±20 nt binding by DBD-A, -B, -C and -D. The four
DBDs together with RPA70-NTD and RPA14 occlude 28±30 nt (30 nt
binding mode). DBDs are represented by palms and labeled as A, B, C
and D, respectively. DBD-A is colored in black. DNA is represented by
an arrow; 5¢- and 3¢-ends of DNA are indicated. See text for more
details.
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multi-helical interface could stabilize the globular con-
formation, whereas DNA binding could induce its dis-
sociation.

Possible allosteric regulation of RPA±protein
interactions
A reorientation of DBDs induced by DNA binding may
play a regulatory role for the RPA±protein interaction.
Proteins such as p53, XPA, UNG and many others interact
with RPA via a `two-point interaction', in which two
distinct areas of the interacting protein contact two distinct
areas of RPA. In all known cases of the two-point
interaction where detailed information is available, one
contact is originated from the N-terminal half of RPA70
and the other from either RPA70-CTD or RPA32, which is
adjacent to RPA70-CTD. We speculate that, in the
globular conformation, the two contacting areas are
juxtaposed. In this conformation, the two-point interaction
with RPA is enabled for a group of proteins associating
with free RPA. After DNA binding, the N- and C-termini
of RPA70 move apart, as do the two binding areas. This
reorientation allosterically switches the two-point inter-
action, making it unfavorable for proteins associating with

free RPA in favor of those having higher af®nity to the
DNA-bound forms of RPA.

Materials and methods

The construct pET15b-RPA70181±432 was described previously
(Pfuetzner et al., 1997). The protein was expressed in Escherichia coli
BL21 (DE3) cells (Stratagene) as a fusion to an N-terminal His6 tag,
puri®ed according to original protocol (Novagen) using HiTrap Chelating
and HiTrap Heparin columns (Pharmacia Biotech), concentrated to
8±10 mg/ml, and stored frozen in 15 mM HEPES pH 7.0, 350 mM NaCl
and 5 mM dithiothreitol. To incorporate selenomethionine (Se-Met) in the
protein, BL21 (DE3) cells were grown in a methionine-depleted medium
as previously described (Van Duyne et al., 1993; Bochkarev et al., 1999).
The Se-Met-containing protein was puri®ed using the same protocol.
Crystals suitable for data collection were grown by the method of sitting
drop vapor diffusion against a reservoir solution containing 0.1 M
K,NaH2PO4, 0.1 M Tris pH 8.5 and 3.8 M NaCl. The sitting drops were
formed by mixing 2 ml of reservoir solution and 2 ml of the protein. The
space group was P212121 and the unit cell parameters
63.5 3 84.9 3 119.1 AÊ . There were two independent molecules per
asymmetric unit. MAD data at four-wavelength (2.7 AÊ ) and high
resolution data set (2.5 AÊ ) were collected from a single Se-Met-modi®ed
RPA70181±432 crystal on the 19ID beamline at the Structural Biology
Center, Argonne National Laboratory. Diffraction was anisotropic and
extended to 2.3 AÊ in one direction and 2.7 AÊ in another. Data were
integrated and scaled with Denzo/Scalepack (Otwinowski and Minor,
1997). Coordinates of eight Se atoms were located and initially re®ned in
PHASES (Furey and Swaminathan, 1997) and then in SHARP
(de La Fortelle and Bricogne, 1997). In the experimental map, continu-
ous density was observed for both crystallographically independent
molecules in the interval 181±426, except for a fragment 290±297 in the
second molecule, which corresponds to the interdomain linker (Figure 2).
The model was built with O (Jones et al., 1991) and re®ned against 2.5 AÊ

resolution data using the CNS program (Brunger et al., 1998). The ®nal
model contains 3795 non-hydrogen atoms and 32 ordered water
molecules, has a working R-factor of 21.5% and free R-factor of 28.2%
for 19 729 re¯ections (86.2%), with F > 1.5s between 20.0 and 2.5 AÊ .
Eighty-three percent of amino acids are in most favorable areas with one
outlier, Asn239. Characteristically, the same amino acid was in
disallowed conformation in the RPA70181±422±ssDNA structure. Data
collection and re®nement statistics are summarized in Table I. The atomic
coordinates have been deposited at the Protein Data Bank (ID code
1FGU).

Fig. 6. Hydrophobic helix±helix interaction between two independent
DBD-Bs stabilizes the crystals. The non-crystallographic axis is
represented with a dashed line.

Table I. Data collection and re®nement statistics

Data processing (DENZO/SCALEPACK)

Experiment Se-Met MAD High resolution

Data set 1 (peak) 2 (in¯ection) 3 (high energy) 4 (low energy) (low energy)
Wavelength (AÊ )/energy (KeV) 0.9793/12.660 0.9795/12.658 0.961/12.9 1.033/12.0 1.033/12.0
Anomalous or isomorphousa ano ano ano ano iso
Resolution (AÊ ) 2.7 2.7 2.7 2.7 2.5
No. of re¯ections measured 161 599 162 599 162 452 162 769 247 836
No. of independent re¯ections 33 748 33 910 33 905 33 948 22 963
R-factor (%) (overall/outer shell) 4.9/38.3 4.2/36.9 4.2/40.6 3.7/30.8 5.2/19.0
I/s (overall/outer shell) 25.7/2.7 26.4/2.8 25.5/2.4 29.3/3.4 37.1/4.6
Completeness (%) 98.8/98.4 99.2/98.7 99.1/98.5 99.2/98.2 98.6/96.0

Experimental phase calculation (SHARP) Structure re®nement (CNS)

Resolution (AÊ ) 20±2.7 resolution (AÊ ) 20±2.5
No. of Se sites 8 No. of re¯ections with F > 1.5s 19 729 (86.2%)
No. of phased re¯ections 15 874 R/R-free (%) 21.5/28.1
FOM (acentric) 0.59 No. of protein atoms 3795
FOM (centric) 0.50 water molecules 32

model r.m.s.d. from ideality
bonds/angles (AÊ /°) 0.019/2.2

The parameters are de®ned as in SCALEPACK, SHARP and CNS.
aI(+) and I(±) are processed as independent (ano) or equivalent (iso).
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