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RecR, together with RecF and RecO, facilitates RecA load-

ing in the RecF pathway of homologous recombinational

DNA repair in procaryotes . The human Rad52 protein is a

functional counterpart of RecFOR. We present here the

crystal structure of RecR from Deinococcus radiodurans

(DR RecR). A monomer of DR RecR has a two-domain

structure: the N-terminal domain with a helix–hairpin–

helix (HhH) motif and the C-terminal domain with a Cys4

zinc-finger motif, a Toprim domain and a Walker B motif.

Four such monomers form a ring-shaped tetramer of 222

symmetry with a central hole of 30�35 Å diameter. In the

crystal, two tetramers are concatenated, implying that the

RecR tetramer is capable of opening and closing. We also

show that DR RecR binds to both dsDNA and ssDNA, and

that its HhH motif is essential for DNA binding.
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Introduction

In all forms of life, the repair of damaged DNA is one of

the most fundamental cellular functions. Several different

mechanisms for DNA repair have been characterized such

as homologous recombination, nonhomologous end joining,

base excision repair, nucleotide excision repair, mismatch

repair and reversion repair (Christmann et al, 2003; West,

2003). The progress of replication fork is halted by encoun-

ters with DNA damages such as double-strand breaks (DSBs)

or single-strand gaps (Kuzminov, 1999; Cox et al, 2000;

Marians, 2000; Cox, 2001a, b). For DSB repair, homologous

recombination is the main pathway in simple eucaryotes like

yeast, whereas the nonhomologous end-joining pathway

predominates in mammals. Mutagenic translesion synthesis

by a special class of DNA polymerases can also move a

replication fork past the damage. In bacteria, the major role

of homologous recombination is recombinational repair as-

sociated with the replication of a damaged template DNA

(Cox et al, 2000). It was estimated that at least 10�30% of all

replication forks originating at the bacterial origin of replica-

tion are halted by DNA damage and must undergo recombi-

national DNA repair (Cox, 1999). Recombinational DNA

repair is both the most complex and the least understood of

bacterial DNA repair processes. In Escherichia coli, two major

pathways (or ‘recombination machines’) of homologous

recombination operate: RecBCD and RecF pathways. The

RecBCD pathway is the main route when a DNA nick is

encountered and the RecF pathway seems to act when a DNA

base lesion is encountered (Cox, 2001a). These recombina-

tion machines consist of at least three broad classes of

activities—helicases, nucleases and synapsis proteins.

In E. coli, the RecBCD and RecF recombination machines

use distinct sets of enzymes to produce an ssDNA molecule

coated with RecA proteins. In the RecBCD pathway, all of the

required functions reside in one machine: the RecBCD en-

zyme alone provides the helicase, nuclease and RecA-loading

activities. In comparison, the RecF recombination pathway

requires several separate proteins (RecQ helicase, RecJ

nuclease, RecF, RecO and RecR) to process the DNA into a

presynaptic intermediate. DNA is unwound by RecQ helicase

and the 50 end is digested by RecJ, leaving the 30-tailed ssDNA

coated with single-stranded DNA binding proteins (SSBs).

Then a concerted action of the RecFOR complex directs the

loading of RecA protein specifically onto gapped DNA that is

coated with SSB (Morimatsu and Kowalczykowski, 2003).

Recently, parts of the RecBCD and RecF recombination ma-

chines were shown to be interchangeable in promoting

recombination under special circumstances (Amundsen and

Smith, 2003).

The Rad52 proteins in human and yeast and UvsY in

bacteriophage T4 are functional analogs of RecFOR

(Kreuzer, 2000). These proteins have been termed ‘recombi-

nation mediator proteins’ (Beernink and Morrical, 1999).

Despite the importance of these recombination mediator

proteins, the details about their roles in homologous recom-

bination remain to be characterized. Recently, the RecFOR

complex was shown to be a structure-specific mediator that

targets recombinational repair to ssDNA–dsDNA junctions

and it was proposed that the behavior of the RecFOR protein

is mimicked by the functional counterparts in all organisms

(Morimatsu and Kowalczykowski, 2003). The RecR protein

plays a critical role by forming complexes with either RecF or

RecO, or possibly both (Umezu and Kolodner, 1994; Hegde

et al, 1996; Shan et al, 1997; Webb et al, 1997). However, no

direct interaction between RecF and RecO has been observed

(Morimatsu and Kowalczykowski, 2003). The RecF protein

binds to DNA (Griffin and Kolodner, 1990; Madiraju and

Clark, 1992) and has a weak ATPase activity (Webb et al,
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1995, 1999). The RecFR complex attenuates the extension

of RecA filaments beyond ssDNA gaps (Webb et al, 1997).

The RecO protein promotes renaturation of complementary

ssDNA, catalyzes assimilation of ssDNA into superhelical

dsDNA (Luisi-DeLuca and Kolodner, 1994; Luisi-DeLuca,

1995), and anneals ssDNA with its cognate ssDNA like the

human Rad52 protein (Kantake et al, 2002). RecOR helps

RecA to overcome the inhibitory effect of SSB during homo-

logous pairing of ssDNA with dsDNA (Umezu and Kolodner,

1994), prevents an end-dependent dissociation of RecA fila-

ments from ssDNA (Shan et al, 1997), and modulates the

RecA protein function at 50 ends of ssDNA (Bork et al, 2001).

An alternative, nonrecombinative role for RecFOR was also

suggested (Courcelle et al, 1997, 2001). In this model, at least

two genes in the recF pathway, recF and recR, are required to

reassemble a replication holoenzyme at the site of a DNA

replication fork when replication is disrupted.

Although crystallization of RecO from Thermus thermo-

philus has been reported (Aono et al, 2003), no structural

information is currently available for RecF, RecO or RecR. In

order to provide a structural framework for understanding

the role of the RecR protein in homologous recombinational

DNA repair, we have determined the crystal structure of RecR

from Deinococcus radiodurans (DR RecR), a 220-residue

protein. It was found to play an important role in the

resistance to interstrand crosslinks in this bacterium

(Kitayama et al, 2000). DR RecR, as a homotetramer, displays

a ring-shaped architecture with a central hole. This structural

feature, together with the observation of concatenated octa-

mers in the crystal, provides insights into the role of RecR in

homologous recombination.

Results and discussion

Structure determination and overall structures

The structure of DR RecR was solved at 2.5 Å resolution using

two sets of multiwavelength anomalous diffraction (MAD)

data collected from a mercury-soaked crystal of the seleno-

methionine (SeMet)-substituted protein and a mercury deri-

vative crystal of the native protein (Table I). The model has

been refined using the mercury-derivatized native data to

crystallographic Rwork and Rfree values of 24.8 and 31.5%,

respectively, for reflections with no sigma cutoff in the

resolution range 43.4�2.5 Å. R values remain a little higher

than usual due to the limited quality of the data, which was

caused by the inherent limitation of the crystals. After

repeated trials, this data set was found to be the best that

we could collect. The refined model contains 791 residues of

the four independent monomers in the asymmetric unit of the

crystal (residues 1–199, 2–199, 2–197 and 2–199 for mono-

mers A, B, C and D, respectively), 65 water molecules, four

zinc ions and five imidazole molecules. Residues 200–220 as

well as the C-terminal eight-residue tag are disordered in the

crystal and are not visible in the electron density map. An

alignment of RecR amino-acid sequences shows that the

disordered C-terminal residues are not conserved among

RecR proteins (Figure 1) and thus are not critical for the

function of RecR proteins. Four monomers of DR RecR in the

asymmetric unit adopt similar conformations. The r.m.s.

differences are 0.43, 1.17, 1.24, 1.55, 1.13 and 0.62 Å for

196 Ca atoms for comparing the chains A–B, A–C, A–D, B–C,

B–D and C–D, respectively. A and B subunits (or C and D

subunits) are more similar to each other than other pairs.

Table I Statistics on MAD data collection, phasing and refinement

Crystal Data set X-ray wave-
length (Å)

Resolution (Å) Total/unique
reflections

Completeness
(%)a

I/s(I) Rmerge (%)b

I SeMet-1 (remote) 0.97182 50–3.1 (3.2–3.1) 149 335/18 551 98.1 (99.5) 7.1 (1.7) 8.7 (24.7)
SeMet-2 (edge) 0.97950 50–3.1 (3.2–3.1) 167 793/18 623 98.5 (100) 6.7 (1.5) 9.2 (26.8)
SeMet-3 (peak) 0.97936 50–3.1 (3.2–3.1) 215 277/18188 99.4 (100) 6.5 (1.6) 9.3 (27.4)

II Hg-1 (remote) 0.99999 50–2.4 (2.5–2.4) 239 055/38 694 97.7 (100) 6.3 (2.0) 9.2 (39.2)
Hg-2 (edge 1) 1.00921 50–2.4 (2.5–2.4) 323 573/38 306 96.3 (100) 5.7 (1.9) 11.1 (38.6)
Hg-3 (edge 2) 1.00883 50–2.6 (2.7–2.6) 316 760/30 578 97.3 (100) 7.0 (2.3) 10.6 (34.3)
Hg-4 (peak) 1.00812 50–2.6 (2.7–2.6) 252 982/30 299 96.8 (100) 6.5 (2.2) 12.6 (42.0)

Figure of meritc for MAD phasing: 0.46 (before RESOLVE)/0.53 (after RESOLVE) for 30–2.5 Å

Refinement (Hg-1 data set)
Resolution
range (Å)

No. of reflectionsd No. of atomse Rwork/Rfree

(%)f
R.m.s. deviationg Average B factorh Ramachandran

ploti

43.4–2.5 34134 (5148) 6036/65/4/
25

24.8/31.5 0.007/1.44 46.3(48.0/49.2/47.8/45.1)/
38.5/30.6/55.6

85.5/14.5/0.0/
0.0

aCompleteness for I/s(I)41.0, high-resolution shell in parentheses.
bRmerge¼

P
hkl

P
i|I(hkl)i�/I(hkl)S|/

P
hkl/I(hkl)S, where I(hkl)i is the ith measurement of the intensity of reflection hkl and /I(hkl)S is the

average intensity.
cFigure of merit¼/|

P
P(a)eia/

P
P(a)|S, where a is the phase and P(a) is the phase probability distribution.

dNumbers reflect the reflections with F/s(F)40; numbers in parentheses reflect statistics for the last shell (2.66–2.5 Å).
eProtein/water/zinc ion/imidazole.
fR¼

P
||Fobs|�|FcalcJ/

P
|Fobs|, where Rfree (Brünger, 1992) is calculated without a sigma cutoff for a randomly chosen 10% of reflections, which

were not used for structure refinement, and Rwork is calculated for the remaining reflections.
gDeviations from ideal bond lengths/angles.
hTetramer(A/B/C/D subunits)/water/zinc ion/imidazole.
iPercentage of non-glycine residues in the most favored regions/additional allowed regions/generously allowed regions/disallowed regions.
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Figure 1 Amino-acid sequence alignment of 14 RecR proteins. The signature sequence of the HhH motif (hxxhxGhGxxxAxxhh) is marked in a
pink box and the Walker B motif (R/KxxxGxxxL/VhhhhD) in a cyan box. Cysteine residues of the zinc finger are marked by blue triangles
above the sequence. The conserved acidic residues found in Toprim domains are denoted as ‘E’ and ‘DxD’ above the sequence.
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Each monomer of DR RecR has approximate dimensions

of 70 Å� 50 Å� 40 Å and it can be roughly divided into two

domains (Figure 2). The N-terminal domain (N-domain;

residues 1–53) contains three a helices: the first two helices

(a1 and a2) are folded into a helix–hairpin–helix (HhH) motif

and the third helix (a3) serves as a linker between the two

domains. The C-terminal domain (C-domain; residues 54–

199) consists of seven b strands, four a helices and two 310

helices, and is folded into three distinct motifs (the Cys4 zinc-

finger motif, the Toprim domain and the Walker B motif) and

a C-terminal tail consisting of helix a7 and the strand b7

(Figure 2). Comparisons with the structural database in

Protein Data Bank using the program DALI (Holm and

Sander, 1995) found structural similarity between DR RecR

and E. coli topoisomerase I (PDB code 1ECL, Z score¼ 7.5,

r.m.s. deviation¼ 3.9 Å for 89 structurally aligned residues of

DR RecR between residues 79 and 187) and E. coli DNA

primase (PDB code 1DD9, Z score¼ 6.2, r.m.s. deviation

¼ 2.6 Å for 82 structurally aligned residues of DR RecR

between residues 55 and 162). These residues encompass

roughly the Toprim domain of DR RecR.

Four DR RecR monomers in the asymmetric unit of the

crystal form a ring-shaped tetramer of 222 symmetry

(Figure 2C), with dimensions of 90 Å� 70 Å� 30 Å, and the

tetramer has a central hole with approximate dimensions of

30 Å� 35 Å in the narrowest section and with approximately

30 Å thickness. In each tetramer, the HhH motif (a1 and a2)

of the N-domain is domain-swapped with the same motif of

an adjacent subunit (Figure 3A). Furthermore, the C-terminal

region including the Walker B motif (residues 167–182), helix

a7 and strand b7 of the C-domain is also domain-swapped

with the equivalent region of another neighboring subunit

(Figure 3D). Surprisingly, two such tetramers are concate-

nated in the crystal and form an octamer with approximate

dimensions of 120 Å� 80 Å� 60 Å (Figure 2C). To the best of

our knowledge, this kind of concatenation of two identical

closed circular oligomers has not been observed in proteins

before. We have found by dynamic light scattering analyses

that DR RecR and Helicobacter pylori (HP) RecR exist

in solution as tetramers at a protein concentration of

1 mg ml�1 and as octamers at 5 mg ml�1, respectively.

Figure 2 Overall structure of DR RecR. (A) Ribbon diagram and
topology diagram showing the overall fold of a monomer. (B) Ca
stereo view of a monomer. (C) DR RecR tetramer and octamer. A/B/
C/D subunits are drawn in red/green/blue/pink, and zinc ions and
the side chains of Lys23 and Arg27 are drawn in cyan in the
tetramer model (left). Two tetramers (pink and cyan) are concate-
nated to form an octamer (right).

Figure 3 Detailed views of domains/motifs in DR RecR. (A) HhH
motifs from two monomers are swapped. Gly21, Arg23 and Lys27
are shown. Primed residues belong to the second subunit B in
Figure 2C. (B) Cys4 zinc-finger motif. (C) Toprim domain with
residues Glu86, Asp90 and Glu146. Corresponding positions (142
and 144) of the ‘DxD’ sequence are indicated by red balls. (D) The
C-terminal regions from two monomers are swapped. Arg167 and
Asp182 are the fingerprint residues of the canonical Walker B motif.
Double-primed residues belong to the third subunit C. The orienta-
tions of domains/motifs are roughly similar to those in subunits B
(colored in white green), D (purple) and C (white blue) in Figure 2C.
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Analytical ultracentrifugation indicates that both RecRs are

tetramers at 1 mg ml�1 (Figure 4A). We have also discovered

that octamers of both RecRs dissociate into tetramers by the

addition of 0.2–1.0% (v/v) Tween 20 (polyoxyethylenesorbi-

tan monolaurate) or by diluting the protein. The conversion

from octamers to tetramers was not influenced by magne-

sium ions, ATP or ssDNA, as analyzed by dynamic light

scattering. And the purified octamers and tetramers did not

re-equilibrate spontaneously in the absence of detergent. We

have also grown crystals in the presence of 80 mM MgCl2 and

2 mM ATP; the structure refined at 3.4 Å is again concate-

nated octamers. As the intracellular concentration of RecR

would be very low, the quaternary structure of RecR inside

the bacterial cell would be the ring-shaped tetramer

(Figure 2C). We suspect that the concatenated octamers of

DR RecR in the crystal have resulted from a high protein

concentration required for crystallization and the ability of

DR RecR tetramer to open and close. However, it should be

emphasized that the nature of the octamers in solution

remains an open question. This is because many ring proteins

often form the ‘back-to-back’ rings in solution and there is no

reason to assume that the concatenated octamers of DR RecR

seen in our crystal are the same form as the octamers in

solution.

Motif/domain structures of a monomer

RecR protein sequences contain an HhH motif, a Cys4 zinc

finger, a Toprim domain and a Walker B motif (Peláez et al,

2001). We describe the structural details of these motifs or

domains below (Figure 3).

HhH motif: The distinctive sequence of the HhH motif,

hxxhxGhGxxxAxxhh (where h is any hydrophobic residue,

VILMWFYA), is conserved in the N-terminal part (residues

14–29) of DR RecR corresponding to the helices a1 and a2

(Figure 1). HhH motifs are present in many DNA replication

and repair proteins (Doherty et al, 1996; Aravind et al, 1999),

including endonuclease III from E. coli (Thayer et al, 1995),

AlkA from E. coli (Labahn et al, 1996), MutY from E. coli

(Guan et al, 1998) and human DNA polymerase b (Mullen

and Wilson, 1997). The r.m.s. differences between HhH

motifs of DR RecR and endonuclease III/AlkA/MutY/DNA

polymerase b are 0.71/0.72/0.48/1.02 Å for 18 Ca atom pairs,

respectively. The presence of HhH motifs has been implicated

in sequence-nonspecific DNA binding (Thayer et al, 1995;

Doherty et al, 1996). In the DR RecR tetramer, two HhH

motifs from two adjacent monomers (subunits A and C, or

subunits B and D) are domain-swapped and form a compact

domain (Figures 2C and 3A). Interestingly, the conserved

basic residues Lys23 and Arg27 in the second helix of the

HhH motif line the central hole of the RecR tetramer, with

their side chains pointing toward the hole (Figure 2C). The

conserved Gly21 also lines the surface of the central hole. We

suspected that the HhH motif containing these conserved

residues might play an important role in DNA binding.

Indeed, we were able to show by making deletion and

point mutant proteins (DR RecR34–220, HP RecR39–193, DR

RecR(K23A/R27A)) that the HhH motif is essential for DNA

binding, as discussed further below.

Cys4zinc finger: The side chains of four strictly conserved

cysteine residues (Cys57, Cys60, Cys69 and Cys72) coordi-

nate a very strong electron density, which was interpreted as

a zinc ion, and these residues are part of a Cys4 zinc-finger

motif (Figure 1). The zinc-finger motifs lie on the outside of

the DR RecR ring (Figure 2C). Cys4 zinc fingers are frequently

present in many DNA-binding proteins such as the DNA-

binding domain of hormone receptors (Schmiedeskamp and

Klevit, 1994; Klug and Schwabe, 1995; Mackay and Crossley,

Figure 4 Biochemical data of RecR. (A) Sedimentation equilibrium
of HP RecR and DR RecR at 1 mg ml�1 concentration. (B) Effect of
ATP on the circular dichroism spectrum of HP RecR. (C) DNA-
binding assay of RecR. Lane 1, supercoiled pUC19; lane 2,
pUC19þDR RecRþ 4 mM ATP; lane 3, pUC19þDR RecRþ 40 mM
MgCl2; lane 4, pUC19þDR RecRþ 4 mM ATPþ 40 mM MgCl2; lane
5, pUC19þDR RecR34–220þ 4 mM ATPþ 40 mM MgCl2; lane M,
DNA size marker; lane 6, fX174 virion DNA (circular ssDNA)þ
DR RecR; lane 7, fX174 virion DNAþDR RecRþ 40 mM MgCl2;
lane 8, fX174 virion DNAþDR RecRþ 1 mM ATP; lane 9,
pUC19þDR RecRþ 1 mM ATPþ 40 mM MgCl2; lane 10,
pUC19þDR RecR(K23A/R27A)þ 1 mM ATPþ 40 mM MgCl2; lane
a, ssDNA (30 mer; 50-AAGGAGGAGAAGGAGAAGAAGGAGGAGAAG-30);
lane b, ssDNAþHP RecRþ 4 mM ATPþ 80 mM MgCl2; lane c,
ssDNAþHP RecR39–193þ 4 mM ATPþ 80 mM MgCl2; lane d,
ssDNAþHP RecR1–164þ 4 mM ATPþ 80 mM MgCl2. For lanes 9
and 10, the wild type and the double mutant K23A/R27A of DR
RecR were present at the same concentration, respectively.
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1998), NADþ -dependent DNA ligase (Lee et al, 2000) and the

human DNA repair protein XPA (Ikegami et al, 1998). An E.

coli strain carrying a mutant zinc finger of RecR displayed

decreased survival, suggesting the importance of the zinc

finger in the function of E. coli RecR (Clark, 1991). Plausible

roles of the RecR zinc-finger motif are a structural role in

protein folding and/or a direct role in DNA binding. The

recombinant zinc-finger deletion mutants of both DR RecR

and HP RecR (DR RecR73–220 and HP RecR77–193) were pro-

duced as inclusion bodies in E. coli. We have also prepared

several point mutants. DR RecR(C60S) and HP RecR(C61S)

were expressed at very low levels and as inclusion bodies in

E. coli. DR RecR(C69S), DR RecR(C72S) and HP RecR(C76S)

were expressed at high levels and as inclusion bodies. Thus

we could not examine the role of the zinc-finger motif in DNA

binding with these deletion and point mutants.

Toprim domain: The overall fold of the Toprim domain of

DR RecR (residues 78–166) resembles the Rossman-like nu-

cleotide-binding fold, with a parallel four-stranded central b
sheet flanked by one a helix (a4) on one side and two a
helices (a5 and a6) on the other side in each monomer

(Figure 2). In the ring-shaped tetramer, the C-terminal b
strand (b7) from an adjacent monomer lies antiparallel to

the central b sheet and the C-terminal helix (a7) from an

adjacent monomer flanks the a4-covered side of the central b
sheet (Figure 2C). Similar Toprim domains are also present in

topoisomerases (I, II and VI), primases and members of the

OLD nuclease family (Lima et al, 1994; Berger et al, 1996;

Nichols et al, 1999; Keck et al, 2000; Podobnik et al, 2000;

Kato et al, 2003). In the Toprim domain structures of E. coli

topoisomerase I and yeast topoisomerase II, and the modeled

structure of the DnaG-type primases, a conserved glutamate

and two conserved aspartate residues in the DxD sequence,

that is, the fingerprint acidic residues, cluster together to form

a highly acidic surface patch (Aravind et al, 1998; Podobnik

et al, 2000; Kato et al, 2003). It was suggested that the DxD

motif might coordinate a magnesium ion (Aravind et al,

1998). Indeed, a magnesium ion was found to bind to the

predicted site in the structures of Methanococcus jannaschii

topoisomerase VI (Nichols et al, 1999), E. coli DnaG primase

(Keck et al, 2000; Podobnik et al, 2000) and T7 primase (Kato

et al, 2003). In RecR sequences, the glutamate residue in the

first turn of the Toprim domain (at position 86 of DR RecR,

denoted as ‘E’ in Figure 1) is semiconserved, whereas the

DxD sequence (at corresponding positions 142–144 of DR

RecR, denoted as ‘DxD’ in Figure 1) is not conserved.

However, several other acidic residues are highly conserved

in RecR sequences (Figure 1): Asp90, Glu95, Glu136, Glu146

and Asp148 in DR RecR. Glu86, Asp90 and Glu146 line the

central hole; Glu95, Glu136 and Asp148 are located outside

the central hole. Glu86, Asp90 and the carbonyl group of

Gly142 make a hydrogen bond to a water molecule in three of

the four subunits of the tetramer.

Walker B motif: A highly diverged version of the Walker B

motif signature sequence (R/KxxxGxxxL/VhhhhD, where x is

any residue and h is a hydrophobic residue; Walker et al,

1982) is present in RecR sequences (Figure 1). The Walker B

motif of DR RecR between positions 167 and 182 forms a long

loop containing a 310 helix at its C-terminus between b6 and

a7. It is involved in forming the dimer interface between

subunits A and B (or C and D) by motif swapping. The C-

terminal deletion mutant proteins DR RecR1–167 and HP

RecR1–164 lacking the Walker B motif showed a tendency to

aggregate upon purification. This result may have been due

to a failure to form ring-shaped tetramers. The conserved

aspartate residue in Walker B motifs was proposed to be

important for magnesium binding in adenylate kinase and

phosphofructokinase (Walker et al, 1982). Circular dichroism

spectra indicated that the a helical content of DR RecR and HP

RecR increased in the presence of ATP (Figure 4B), whereas

spectra were not affected by the addition of magnesium ions.

This suggests that the Walker B motif of DR RecR is likely to

interact with ATP and that there is a conformational change

in the Walker B motif upon binding ATP. We could not detect

ATPase activity for both DR RecR and HP RecR. Similarly,

Streptomyces coelicolor RecR did not show ATPase activity

(Peláez et al, 2001). However, ATP enhanced the DNA-bind-

ing activity of Bacillus subtilis RecR (Alonso et al, 1993).

Although it has not been clearly established how ATP influ-

ences the RecR function, we may imagine a possible regula-

tory role of ATP binding to RecR. The Walker A motif

signature sequence (GxxxxGKT/S) is not present in RecR

sequences. Both Walker A and B motifs are present in RecF

sequences (Ayora and Alonso, 1997), being consistent with a

weak ATPase activity of RecF. In contrast, neither Walker A

nor Walker B motif is present in the RecO sequences. It is also

conceivable that the ATPase activity of RecR is cryptic and its

interaction with another protein, likely RecO, switches on its

ATPase.

Functional implications for RecR

The overall shape of DR RecR tetramer is strikingly similar to

the ring-shaped structures of DNA polymerase processivity

factors including the b subunit of E. coli DNA polymerase III

(Kong et al, 1992), gp45 of T4 DNA polymerase (Moarefi et al,

2000) and PCNA of yeast and human DNA polymerases d
(Krishna et al, 1994; Gulbis et al, 1996) (Figure 5A). Among

DR RecR, the b subunit of E. coli DNA polymerase III, gp45 of

T4 DNA polymerase and PCNA of eucaryotic DNA poly-

merases d, there is little sequence similarity. They also differ

in their quaternary structures: DR RecR is a homotetramer

and E. coli b clamp is a homodimer, whereas T4 gp45 and

eucaryotic PCNAs are homotrimers. A large number of other

proteins involved in DNA metabolism also adopt a toroidal

(or ring-shaped) structure, even though they have completely

unrelated functions (Hingorani and O’Donnell, 2000). They

include NADþ -dependent DNA ligase (Lee et al, 2000), l
exonuclease (Kovall and Matthews, 1997), hexameric heli-

cases, topoisomerases, the trp RNA-binding attenuation pro-

tein, the bacteriophage head-to-tail connector and translin

(Hingorani and O’Donnell, 2000, and references therein).

Since RecR proteins show no sequence similarity to any of

the toroidal proteins that act on DNA, it is difficult to predict

with confidence a possible function of RecR solely on the

basis of its shape and sequence homology. However, the ring-

shaped architecture of the tetrameric DR RecR with a central

hole and the presence of concatenated octamers in the crystal

raise an intriguing possibility that DR RecR might function as

a kind of DNA holding clamp that is capable of opening and

closing. This possibility does not necessarily assume that

RecR slides along dsDNA like the processivity factors.

Instead, we speculate that RecR, in complex with RecF or

RecO, or both, might function as a nonsliding clamp that

recognizes the structural features of the ssDNA–dsDNA
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junctions (Morimatsu and Kowalczykowski, 2003). It is also

possible that RecR plays other functional roles, which may

not be obvious from its ring-shaped structure.

The diameter of the central hole of tetrameric RecR is

B30 Å in its shortest dimension and B35 Å in its longest

dimension, just large enough to accommodate dsDNA

(Figure 5). And the conserved basic residues (Lys23 and

Arg27) of the HhH motif are located on the surface of the

central hole in the tetrameric ring (Figures 2C and 5B). The

HhH motif-truncated deletion mutant proteins of RecR (DR

RecR34–220 and HP RecR39–193) exist as stable dimers in

solution and they do not bind to either dsDNA or ssDNA.

The DNA-binding affinity of the double mutant DR

RecR(K23A/R27A) was also considerably reduced (Figure 4C,

lane 10). Therefore, it seems reasonable to suggest that

dsDNA would bind within the central hole of tetrameric

RecR (Figure 5C) and that the HhH motifs play an essential

role in dsDNA binding. We suspect that conserved acidic

residues Glu86, Asp90 and Glu146 of DR RecR that line the

central hole (Figure 5B) may play a role in the observed

Mg2þ -enhanced DNA binding (discussed below), since they

might bind magnesium ions and thus reduce the electrostatic

repulsion between the negatively charged side chains and the

phosphate backbone of DNA bound within the central hole.

Asp182 of DR RecR lies on the surface of the central hole

(Figure 5B). This residue may also be partly responsible for

the observed Mg2þ -enhanced DNA binding by DR RecR.

If we assume that the RecR proteins play a clamp-like role

in homologous recombinational DNA repair and that dsDNA

is bound within their central hole, the tetrameric ring might

be capable of opening and closing in a manner analogous to

that proposed for T4 gp45 processivity factor (Alley et al,

1999) and E. coli DNA polymerase III b clamp (Jeruzalmi et al,

2001). T4 gp45 forms a closed trimeric ring in the crystal, but

it was speculated that it might be in equilibrium between an

open and closed form in solution (Alley et al, 1999). In the

case of E. coli b clamp, it was suggested that the dimeric ring

opens spontaneously once one of the two dimer interfaces is

perturbed by the d wrench (Jeruzalmi et al, 2001). We

observed by dynamic light scattering analyses that DR RecR

and HP RecR exist as either tetramers or octamers in solution

and a conversion between tetramers and octamers is possible.

We also observed that two tetrameric rings of DR RecR are

concatenated to form an octamer in the crystal (Figure 2C).

These observations raise an intriguing possibility of opening

and closing of the DR RecR tetrameric ring.

Within the DR RecR tetramer, there are two types of

interface between the neighboring subunits and each mono-

mer makes two types of intersubunit interaction with the

neighboring monomers. The two types of interface have

similar areas of buried surface. The interface area between

A and C subunits (or between B and D subunits) is B2420 Å2

and that between A and B subunits (or between C and D

subunits) is B2350 Å2. However, the interaction between the

HhH motif-swapped subunit A–C (or B–D) pair appears to be

weaker than that between the Walker B motif-swapped sub-

unit A–B (or C–D) pair. The A–C (or B–D) interface involves

five hydrogen bonds and one (or no) salt bridge, whereas the

A–B (or C–D) interface involves 36 (or 29) hydrogen bonds

and two salt bridges. The polar/hydrophobic interactions are

32.0/68.0% (or 31.3/68.7%) of the total interactions in A–C

(or B–D) pair and 36.9/63.1% (or 34.8/65.2%) for A–B (or

C–D) pair, respectively (protein–protein interaction server,

http://www.biochem.ucl.ac.kr/bsm/PP/server). Therefore, it

would be easier for the RecR ring to open at the weaker A–C

(or B–D) subunit interface. It is conceivable that protein–

protein interactions, possibly involving RecF, RecO, or both,

could induce opening of only one of the two equivalent

interfaces in the tetrameric ring.

HhH motif is essential for DNA binding by RecR

There have been conflicting results regarding the DNA-bind-

ing properties of RecR proteins and there has been no report

on which regions of RecR are responsible for DNA binding. B.

subtilis RecR binds to both ssDNA and dsDNA, and the RecR–

DNA complex formation is markedly stimulated by ATP and

Figure 5 A possible DNA clamp model for RecR. (A) Comparison
of DR RecR with DNA clamp proteins. Ribbon diagrams and
electrostatic potential at the molecular surface are shown for DR
RecR, E. coli DNA polymerase III b subunit, T4 gp45 and human
PCNA. The diameter of the central hole is about 30–35 Å for DR
RecR and about 35 Å for other clamp proteins. The molecular
surface was colored according to the electrostatic potential: blue,
10 kT; white, 0 kT; red, �10 kT. (B) Conserved residues of DR RecR
located in the putative DNA-binding region of the central hole (left).
Strictly conserved residues are colored in green and semiconserved
residues in yellow, as deduced by aligning 14 RecR sequences in
Figure 1. Negatively charged residues of the Toprim domain and the
Walker B motif that may play a role in Mg2þ -enhanced DNA
binding (right). (C) Model for dsDNA binding by DR RecR.
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divalent cations (Alonso et al, 1993; Ayora et al, 1997). In

contrast, E. coli RecR does not bind to either ssDNA (Umezu

and Kolodner, 1994) or dsDNA (Webb et al, 1995). The E. coli

RecR protein, however, greatly facilitates RecF binding to

dsDNA in the presence of ATP (Webb et al, 1995). Since

our structure suggests a possible DNA clamp model for RecR,

we examined DNA-binding properties of both DR RecR and

HP RecR by electrophoretic mobility shift assay (EMSA). We

have found that the wild-type DR RecR and HP RecR bind to

supercoiled circular pUC19 dsDNA at high (40 or 80 mM)

magnesium ion concentrations (Figure 4C, lane 9) but they

do not bind to the same dsDNA at low (2 or 5 mM) magne-

sium ion concentrations. Addition of 4 mM ATP did not affect

dsDNA binding. We have also found that HP RecR binds to a

30-nucleotide ssDNA in the presence of 80 mM magnesium

chloride (Figure 4C, lane b). With 40 mM magnesium chlor-

ide, DR RecR binds to fX174 virion DNA (a closed circular

ssDNA) but it does not bind to the same ssDNA with 1 mM

ATP (Figure 4C, lanes 6–8). At 0–2 mM magnesium chloride,

DR RecR does not bind to fX174 virion DNA. Our results are

in general agreement with the observations with B. subtilis

RecR (Alonso et al, 1993; Ayora et al, 1997). RecR binding to

dsDNA and ssDNA is likely to be considerably facilitated by

its physical interaction with RecF and RecO. B. subtilis RecF

binds to both ssDNA and dsDNA, and its interaction with

ssDNA is markedly stimulated by divalent cations (Ayora and

Alonso, 1997). E. coli RecF binds to the ssDNA–dsDNA

junction (Morimatsu and Kowalczykowski, 2003). E. coli

RecO binds to both ssDNA and dsDNA, and promotes rena-

turation of complementary ssDNA molecules (Luisi-DeLuca

and Kolodner, 1994; Luisi-DeLuca, 1995). It is conceivable

that DR RecR and HP RecR could bind to ssDNA and dsDNA

at physiological magnesium ion concentrations, when they

form a complex with corresponding RecF or RecO, or both. To

be optimally active, RecA protein-mediated DNA strand ex-

change requires 6–8 mM Mg2þ in excess of that required to

form complexes with ATP (Lusetti et al, 2003). It has been

proposed that the C-terminus of the RecA protein acts as a

regulatory switch, inhibiting homologous DNA pairing and

strand exchange at low magnesium concentrations (Lusetti

et al, 2003).

In order to determine which parts of RecR are crucial

for DNA binding, we have tried to express several deletion

and point mutant proteins: DR RecR34–220, DR RecR73–220, DR

RecR1–167, HP RecR39–193, HP RecR77–193, HP RecR1–164,

DR RecR(K23A/R27A), HP RecR(C61S), HP RecR(C76S),

DR RecR(C60S), DR RecR(C69S) and DR RecR(C72S). DR

RecR73–220, HP RecR77–193, HP RecR(C61S), HP RecR(C76S),

DR RecR(C60S), DR RecR(C69S) and DR RecR(C72S) were

expressed as inclusion bodies and we could not test their

DNA-binding activity. The C-terminal Walker B motif-trun-

cated deletion mutants DR RecR1–167 and HP RecR1–164

showed a tendency to aggregate upon purification and we

could not determine their oligomeric state. However, these

mutants appear to bind to ssDNA (Figure 4C) and dsDNA.

The HhH motif-truncated deletion mutants DR RecR34–220 and

HP RecR39–193 exist as stable dimers in solution according to

the dynamic light scattering measurements and they do not

bind to either dsDNA or ssDNA. This finding indicates that

the HhH motif of RecR is essential for DNA binding in two

ways. Indirectly, the lack of DNA binding by the RecR

mutants without the HhH motif could be due to the failure

of tetramer formation. In a direct way, the conserved Gly21,

Lys23 and Arg27 of the HhH motif may play important roles

in sequence-nonspecific binding to DNA (Figure 5B). The

importance of two of these residues was demonstrated by

showing that the double mutant DR RecR(K23A/R27A) ex-

hibited much weaker DNA-binding affinity than the wild type

(Figure 4C, lanes 9 and 10).

Conclusions

We determined the crystal structure of DR RecR, and carried

out mutational and DNA-binding studies to elucidate its

functional role in the recombinational DNA repair. DR RecR

forms a ring-shaped tetramer with a central hole of 30�35 Å

diameter, displaying a striking overall structural resemblance

to DNA polymerase processivity factors. This architecture,

together with the observation of concatenated octamers in

the crystal, raises an intriguing possibility that the tetrameric

ring of DR RecR might be capable of opening and closing, and

RecR in complex with RecF or RecO, or both, might function

as a kind of structure-specific, nonsliding DNA clamp. We

also showed that the HhH motif is essential for DNA binding

by RecR. We summarize a working model for the formation of

RecA filaments onto gapped DNA in the RecF pathway in

Supplementary data.

Materials and methods

Protein preparation, crystallization and data collection
Recombinant DR RecR with a C-terminal eight-residue tag was
overexpressed and crystallized as described elsewhere (Lee et al,
2004). The C-terminal His6-tagged HP RecR was purified by the
same procedure. Genes encoding six deletion mutant proteins DR
RecR34–220, DR RecR73–220, DR RecR1–167, HP RecR39–193, HP RecR77–

193 and HP RecR1–164 were cloned into the pET-28b(þ ) vector in the
N- and C-terminal His-tagged form. Without the N-terminal tag,
these proteins were not expressed in E. coli. Recombinant DR
RecR73–220 and HP RecR77–193 were produced as inclusion bodies in
E. coli. DR RecR34–220, DR RecR1–167, HP RecR39–193 and HP RecR1–

164 were purified using a Hi-trap chelating column and a Superdex
200 prep grade column (Amersham Pharmacia Inc.). Point mutants
were prepared using the QuikChange Site-Directed Mutagenesis kit
(Stratagene). The mutations were confirmed by sequencing. We
obtained crystals of both the full-length DR RecR and HP RecR; only
the crystals of DR RecR were suitable for structure determination.

The best crystals of DR RecR grew when the reservoir solution
for the hanging-drop vapor diffusion crystallization consisted of
100 mM imidazole (pH 8.0), 16–20% (w/v) polyethylene glycol
1000, 200 mM calcium acetate and 20% (v/v) (7)1,3-butanediol.
The native enzyme crystallized into the C2221 space group with unit
cell parameters of a¼ 106.22 Å, b¼ 121.39 Å and c¼ 150.00 Å. The
asymmetric unit contains four monomers. A set of Se MAD data was
collected from an ethylmercurythiosalicylate (EMTS)-soaked crystal
of the SeMet-substituted DR RecR and another set of Hg MAD data
was collected from an EMTS-soaked crystal of the native protein
using the Bruker CCD detector at beamline BL-6B of Pohang Light
Source, Korea. Diffraction data were processed and scaled using the
programs SMART, SAINTPLUS and PROSCALE (Bruker AXS Inc.).
Dynamic light scattering was measured on the model DynaPro-801
instrument (Protein Solutions).

Structure solution and refinement
Heavy atom sites were located with SOLVE (Terwilliger and
Berendzen, 1999): nine Se sites from the EMTS-soaked SeMet-
substituted protein crystal and three Hg sites from the EMTS-soaked
native protein crystal. Initial phases were improved using the
program RESOLVE (Terwilliger and Berendzen, 1999), yielding an
interpretable electron density map. Noncrystallographic symmetry
(NCS) matrices were found from a partial model built from the
initial electron density map and phases were further improved by
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the four-fold NCS averaging, solvent flattening and histogram
matching with the program DM (Collaborative Computational
Project, Number 4, 1994). The model was built with O (Jones
et al, 1991). The protein model was refined using the CNS program
(Brünger et al, 1998) against the remote data from the EMTS-soaked
native crystal, including the bulk solvent correction and relaxing
the four-fold NCS restraints at the last stage of the refinement.

Measurements of biochemical activities and circular
dichroism spectra
We checked the DNA-binding properties of RecR by EMSA using
both dsDNA and ssDNA. For dsDNA, we used the supercoiled
circular plasmid pUC19. In all, 1ml DR or HP RecR (B2mg) and 1 ml
dsDNA (B1mg) were mixed with 25 ml buffer containing 20 mM
HEPES (pH 7.5), 10 mM ammonium sulfate, 0.2% (v/v) Tween 20,
30 mM potassium chloride, 40 or 80 mM magnesium chloride and 0
or 4 mM ATP; the reaction mixtures were incubated for 1 h. RecR–
DNA complexes were analyzed by 1% (w/v) agarose gel electro-
phoresis in 1�TAE buffer (45 mM Tris-acetate, 1 mM EDTA). DNA
bands were visualized by ethidium bromide staining. For closed
circular ssDNA, we used fX174 virion DNA and the experimental
conditions are the same as above, except that 1 mM ATP was used.
To compare the DNA-binding affinity of the wild-type and the
double mutant K23A/R27A of DR RecR, we used pUC19 and
B0.2mg of each protein. For linear ssDNA, we used a 30-nucleotide
oligomer (50-AAG GAG GAG AAG GAG AAG AAG GAG GAG AAG-30),
which was labeled using [g-32P]ATP (Amersham, UK) and T7
polynucleotide kinase (Promega, UK). In all, 2ml HP RecR
(B0.7mg) and 1ml ssDNA (B50 000 counts per min) were mixed
with 17ml buffer containing 10 mM Tris–HCl (pH 7.5), 50 mM
sodium chloride, 10% (v/v) glycerol, 0.5 mM EDTA, 0.5 mM
dithiothreitol, 80 mM magnesium chloride and 4 mM ATP; the
reaction mixtures were incubated for 30 min. Then, the mixtures
were loaded on a 6% (w/v) polyacrylamide gel in 0.5�TBE buffer
(45 mM Tris-borate, 1 mM EDTA), and subjected to electrophoresis
for 120 min. The dried gel was exposed for autoradiography on
X-ray films at �701C for 18 h.

ATPase activity of both DR and HP RecR was measured by
detection of free phosphates released from ATP using the
PhosFreeTM phosphate assay kit (Cytoskeleton Inc.). The malachite
green specifically binds to free phosphate ions and results in an
increase in absorbance at 650 nm.

Sedimentation equilibrium experiments were performed in a
Beckman Optima XL-A instrument equipped with a four-hole rotor
(An60Ti) with six-channel standard cells at a rotor speed of
10 000 rpm for 24 h at 201C. Each of DR RecR and HP RecR was
dissolved at 1 mg ml�1 concentration in a buffer solution consisting
of 50 mM Tris–HCl (pH 7.5) and 100 mM NaCl. For the molecular
mass analysis, data were fit to an ideal, single-component model
using partial specific volumes of 0.7387 and 0.7405 cm3 g�1 for DR
RecR and HP RecR, respectively, and a solution density of
1.05 g cm�3.

Circular dichroism spectra were recorded on a JASCO J-715
spectropolarimeter using a 0.2 cm path length with 2.0 nm
bandwidth and 8 s response time. HP RecR was dissolved at
0.1 mg ml�1 concentration in a buffer solution consisting of 20 mM
HEPES (pH 7.5), 10 mM ammonium sulfate, 30 mM potassium
chloride, 0.2% (v/v) Tween 20, 2 mM MgCl2 and 0–0.2 mM ATP.
The standard far-UV spectra were collected at 201C with a scan
speed of 50 nm min�1 and 0.2 nm scan resolution. A total of 10
individual scans were averaged, followed by subtraction of the
solvent signal.

Accession numbers
Atomic coordinates and the structure factor data have been
deposited in the Protein Data Bank under ID code 1VDD.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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