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ABSTRACT: RecA catalyzes the DNA pairing and strand-exchange steps of homologous recombination,
an important mechanism for repair of double-stranded DNA breaks. The binding of RecA to DNA is
modulated by adenosine nucleotides. ATP increases the affinity of RecA for DNA, while ADP decreases
the affinity. Previously, the crystal structures Bf coli RecA and its complex with ADP have been
determined to resolutions of 2.3 and 3.0 A, respectively, but the model for the-R&DR complex did

not include magnesium ion or side chains. Here, we have determined the crystal structures of RecA in
complex with MgADP and MnAMP-PNP, a nonhydrolyzable analogue of ATP, at resolutions of 1.9
and 2.1 A, respectively. Both crystals grow in the same conditions and have RecA in a right-handed
helical form with a pitch of~82 A. The crystal structures show the detailed interactions of RecA with the
nucleotide cofactors, including the metal ion and thehosphate of AMP-PNP. There are very few
conformational differences between the structures of RecA bound to ADP and-RNP, which differ

from uncomplexed RecA only in a slight opening of the P-loop residues/8@ipon nucleotide binding.

To interpret the functional significance of the structure of the MNAMANP complex, a coprotease assay
was used to compare the ability of different nucleotides to promote the active, extended conformation of
RecA. Whereas ATFS and ADP-AIF, facilitate a robust coprotease activity, ADP and AMPNP do

not activate RecA at all. We conclude that the crystal structure of the RBtAAMP—PNP complex
represents a preisomerization state of the RecA protein that exists after ATP has bound but before the
conformational transition to the active state.

RecA is a DNA-dependent ATPase that is the central (EM; 5), and the X-ray crystal structures B§cherichia coli
player in bacterial homologous recombination, an essentialRecA () and its complex with ADP ) have been
mechanism in all cells for repair of double-stranded DNA determined in the absence of DNA but in a helical form that
(dsDNA) breaks1, 2). When presented with single-stranded closely resembles that seen for ReeBNA complexes by
DNA (ssDNA), RecA-adenosine Striphosphate (ATF) EM.

polymerizes on the DNA, forming a right-handed helical  The pinding of RecA to DNA is controlled by adenosine
filament called the presynaptic complex. In a poorly under- ycleotides; ATP increases the affinity of RecA for ssSDNA,
stood reaction that occurs within the RecA nucleoprotein \yhereas ADP decreases its affinig) (DNA stimulates the
filament, the ssDNA is paired with a complementary strand pATpase activity of RecA to a maximal rate of30 min .

of duplex DNA and a strand-exchange reaction proceeds with Nonhydrolyzable ATP analogues such as ASrand ADP-
un|d|rect|qnal branch_mlgratlon. The ReeATP—ssDNA AIF, also enhance the DNA-binding of RecA, but optimal
presynaptic complex is also a cofactor for the self-cleavage grang-exchange activity requires ATP hydrolysis. EM studies
of LexA and related phage repressors, events that initiate o RecA—-DNA filaments reveal essentially two conforma-
the SOS response and induction of lytic phage growth, ionq) states of the protein. A compressed, “inactive” filament
res_pgcnvely’\s, 4). This function of RecA is called coprotease ;ith a helical pitch of~70 A is seen in the presence of ADP
activity. The structural features of ReeADNA complexes o1 ng nycleotide, while a more extended, “active” conforma-
have been extensively characterized by electron microscopysion with a pitch of~95 A is seen in the presence of ATP

T This work was supported by NIH GM 067947 and ACS IRG-98- or ATP analOg.ueSEO.' Crystal structures of bacterial RecA,
278-02 to C.E.B. which have helical pitches of 683 A, are generally thought

*The coordinates of the ReeAMgADP and RecA-MnAMP—PNP to represent the compressed, inactive state of the pr@ein (
structures have been deposited in the Protein Data Bank under accessioz 9—13). However, the structure of the individual protomers

”“TTbgrsv\}é'\rAnV igfrgyosﬁdfﬁg:ag’f%d be addressed. E.mail: @Nd the interactions between them that are seen in the crystals
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diphosphate; ATPS, adenosine'80-(3-thiotriphosphate); AMPPNP, improved EM reconstructions of Ree/DNA complexes
5'-adenylyl imidodiphosphate; EM, electron microscopy; Mtyco- . . .
bacterium tuberculosjsMs, Mycobacterium smegmati®r, Deino- reveal that in the extended, active conformation each

coccus radioduransiclos-2ss residues 93236 of thel repressor. protomer is reoriented from its position in the crystal

10.1021/bi048165y CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/04/2004




RecA Structures with MgADP and MnAMPPNP Biochemistry, Vol. 43, No. 51, 2004.6143

structure, such that the ATP site moves to the subunit E. coliRecA has been a model system, not only for DNA
interface (4). Although this conformational change has not strand-exchange enzymes but also for a broad family of
yet been observed in crystal structures of RecA, very recentenzymes that coordinate ATP binding and hydrolysis with
crystal structures of yeast Rad515( and archaeal RadA  promoting mechanical events. Despite this central impor-
(16), which are RecA counterparts, reveal extended filaments tance, the high-resolution structures of the relevant adenosine
with the ATP site at the subunit interface, just as is seen for nucleotide complexes oE. coli RecA have not been
RecA at lower resolution by EM. Although the details remain determined. Here, we present the crystal structur&s obli
poorly understood, the emerging picture is that ATP binding, RecA in complex with MgADP and MnAMPPNP, a
hydrolysis, and release control subunit movements and othemonhydrolyzable analogue of ATP, at resolutions of 1.9 and
conformational changes within the RecA filament that are 2.1 A, respectively. Although also in the compressed, inactive
somehow coupled to the protei#®NA interactions that ~ conformation, the structures show the detailed interactions
promote the DNA strand-exchange reactidi)( between the protein and nucleotides and for the first time
for RecA include the bound metal ion. We also present data
from a coprotease assay comparing the ability of various ATP
analogues to promote the activated conformation of the
RecA—DNA filament, which helps in interpreting the
functional significance of the structures. Together, the
structural and biochemical data suggest that the MnAMP
PNP complex seen in the crystal structure represents a
preisomerization state of the protein.

The 2.3 A crystal structure of uncomplexed RecA provided
a framework for interpreting a wealth of genetic and
biochemical dataf). Briefly, RecA folds into an N-terminal
domain (residues-133) that packs against the neighboring
subunit in the filament, a core domain (residues-289)
that has the ATP and primary ssDNA- and dsDNA-binding
sites, and a C-terminal domain (residues-2382) that has
a site for binding dsDNA8). The regions of RecA thought
to be principally involved in DNA binding are two loops EXPERIMENTAL PROCEDURES
L1 (residues 157164) and L2 (residues 19%09) of the

core domain 19), which are not resolved in the crystal Pr’gtem Expressmdn,f PunﬂcgtjrolrzbandtCr);\lstalhzatlon. g
structure but point toward the central axis of the filament, ~cc/* WasS €Xpressed from a p vector (Novagen) an

where the DNA is known to binc2(). The overall fold of purified as has been describdd®). The purified protein has

the RecA core domain is seen in a diverse group of proteinsthe extra sequence Gly-Ser-His-Met at the N terminus.

oo : Residues 93236 of thel repressor Aclos-235) Were ex-
that couple the energy of ATP binding and hydrolysis to o :
promoting mechanical processes. This structural family, for pressed and purified as has been describedtlgsz-2s6 (26).

. . : . .~ All crystals were grown at 22C by hanging drop vapor
which RecA is the founding member, includes DNA heli- °.. ™~ .
cases 21), F1 ATP synthasgeZQ) ABC transporters23— diffusion. For the RecAMgADP complex, the reservoir
24), and ,the Rad50 DNA rep,air enzym@5. Thus, a solution consisted of 45% ethylene glycol and 100 mM MES
common structural scaffold has evolved to couple ATP- at pH 6.0 and the hanging drop was prepared by mixing 2

. : : uL of reservoir solution with 2.L of 10 mg/mL RecA, 20
mediated conformational changes to a diverse array ome Tris-HCl at pH 8.0, 1 mM dithiothreitol, 10 mM NaF,
cellular processes.

T ) _ - ) 4 mM MgCl,, and 2 mM ADP. For the RecAMnAMP—
The ATP-binding site on RecA was identified by soaking pNpP complex, the reservoir solution consisted of 36%
ADP into crystals of RecA alone, and the structure of the ethylene glycol and 0.1 M MES at pH 6.0 and the hanging

RecA—ADP complex was determined to 3.0 A(However,  drop was prepared by mixinga. of reservoir solution with
the model for RecA'ADP did not include magnesium ion 2 4 of 10 mg/mL RecA, 20 mM Tris-HCI at pH 8.0, 2

or side chains, and thus, the detailed interactions betweenmm AMP—PNP, and 4 mM MnGl

the protein and nucleotide have not been characterized. X-ray Data Collection, Structure Determination, and
Crystal structures of RecA fromycobacterium tuberculosis  RefinementCrystals were mounted in nylon loops (Hampton
(MtRecA) andM. smegmatifMsRecA) have been deter- Research) directly from the hanging drops and frozen in
mined at resolutions of 3-63.8 A in the presence of various liquid nitrogen. X-ray diffraction data for the ReeAMgADP
adenosine nucleotides, including ABRIF4, ATPyS, and  complex were collected at beamline 19-ID at the Advanced
dATP (9—11). These structures are in a helical form with a Photon Source using a CCD detector and processed using
pitch of ~74 A and are otherwise very similar to tEe coli HKL2000 (27). X-ray diffraction data for the RecA
RecA structures. Notably, even though there is no DNA in MnAMP—PNP complex were collected using a Rigaku
the crystals, the DNA-binding loops L1 and L2 are each RUH3RHB rotating anode generator and an RAXISHY
resolved in at least one of the structures of MtRecA, although image plate detector and processed using CrystalClear
not together in a single structure. Although the ordering of software (Molecular Structure Corporation). Structures were
the loops is apparently affected by the presence of magne-determined by molecular replacement using the original
sium and the adenosine nucleotides, the precise mechanisnRecA crystal structure (PDB code 2REB) as a search
for this is not clear. The structure of RecA frdbeinococcus model. Molecular replacement was performed with the
radiodurans (DrRecA) has been determined at 2.5 A AMoRe program 28) of the CCP4 package29). Crystal-
resolution in complex with ATPS in a helical filament with lographic refinement used the CNS softwaBg)( with the

a pitch of 67 A (3). None of the bacterial RecA structures overall anisotropic temperature factor, bulk solvent correc-
includes the magnesium ion that coordinates the phosphatesions to the data, and a maximum-likelihood target. Refine-
and is essential for activity. All of these structures have RecA ment included rigid-body minimization, simulated annealing,
in a compressed helical filament with the ATP-binding site conjugate-gradient minimization, and individuBHactor
facing the central axis of the filament, away from the subunit protocols. A total of 10% of the data was used for the
interface, as seen in the original coli RecA structure. calculation of the freeR factor. Model building used the



16144 Biochemistry, Vol. 43, No. 51, 2004 Xing and Bell

program O 81). Figures were prepared using MOLSCRIPT Table 1: Crystal Data and Refinement Statistics
(32), RASTERSD @3), and O.

Coprotease AssayS.he coprotease assay used SDS crystal data RecAMg—ADP _RecA-Mn—AMP—PNP
PAGE to monitor the self-cleavage of a fragment of the b (Y o g
repressor Aclgs—236¢) in the presence of RecA, ssDNA, and c) 82.2 81.9
adenosine nucleotides. All reactions were performed at 22 resoL;monb(i\) g 53-7%19-34 38-15;32-1176
°C. Each reaction (5@L) contained 1Q«M RecA, 30uM humber unigue 37004 26179
(nucleotides) 15-mer ssDNA oligonucleotide with the se- completeness (%) 99.1 (100°0) 94.8 (66.3)
quence 5TGGTGGTGGTGGTGG-3(University of Penn- ;eemd“”?;)r)‘fy 5130(‘})3593-?) 5467(353'8
sylvania Nucleic Acid Facility), 2M Aclgz—236 20 MM Tris- i 62.4 (6.5) 18.4 (2.9)
HCI at pH 7.4, 2 mM MgC4, and 50 mM NaCl. The 15-  refinement statistics
mer ssDNA was added to a 1:1 binding site ratio with RecA Leusrg'g‘é'rorr“ef(élﬁ ons 320553555 R aaosa7
(1 RecA molecule binds 3 nucleotides of DNA). As (working/free)
indicated, some reactions contained 1 mM ADP or 1 mM Comdp'fte”?;s (I"f)) 95.7 94.8
ATPyS. Reactions with ADPAIF, contained 1 mM ADP, rmzon?sr?/}\)ea' Y 0.005 0.005
2 mM AI(NOg)s, and 10 mM NaF. Reactions with ADP angles (deg) 1.1 1.2
BeFx contained 1 mM ADP, 2 mM Begland 10 mM NaF. fg/(fj)"dctoﬂffeeRfactOf 20.2/23.5 22.4126.2
Reactions with ADP-vanadate contained 1 mM ADP and modeled residues 3156 3-156
3 mM sodium vanadate. Reactions with pyrophosphate 172-194 167195
contained 3 mM sodium pyrophosphate. For eqch reaction, . umber of water %?328 5%5328
all of the components excepiclgs 235 Were mixed and molecules

incubated for 30 min before the reactions were initiated by 2 For comparison, the unit cell dimensions of the form 1 crystal are
the addition ofAclgs—236 Aliquots of the reactions were a=b=102.4 A anc: = 82.7 A and the resolution is 2.3 ANumbers
removed at each of the indicated time points, and the in parentheses refer to the highest resolution shell Siferge= ¥ [In
reactions were stopped by adding 0.25 volume ofSDS- N E.”a‘llz'h'd""here i is the average '”te”ﬁ'ty over symmetry
PAGE loading buffer and heated to 85 for 5 min. Samples ~ $3V& ents' R factor = 3 [Fous — Fead/Fovs The freeR factor is

; . calculated from 10% of the reflections that are omitted from the
were run on 13.5% SDSPAGE gels and stained with  refinement.

Coomassie brilliant blue.
AMP—PNP complex, the electron density in the active-site

RESULTS AND DISCUSSION region was more optimal with the manganese ion. Thus, the

Crystal Growth and PropertiesThe RecA protein used MnAMP—PNP structure is reported here. The crystals do
in this study was purified as an N-terminal 6His-fusion not grow in the presence of dADP, ABR/O,4, ADP—BeF;,
protein. After removal of the 6His tag by thrombin cleavage, or pyrophosphate. The adenosine nucleotide-binding site is
the purified RecA protein contains the extra residues Gly- distant from the crystal-lattice contacts; therefore, the effects
Ser-His-Met at the N terminus. This protein, hereafter of the different compounds on crystal growth apparently arise
referred to as RecA, has ssDNA-dependent coprotease androm their influence on the overall conformation of the RecA
ATPase activities that are indistinguishable from native RecA filament.
(data not shown). RecAMgADP and RecA-MnAMP— On the basis of the crystallization properties, we conclude
PNP were crystallized at pH 6.0 fromd0% ethylene glycol  that the crystal form 5 presented here represents specifically
solutions with 100 mM MES buffer and no salt. The X-ray the ADP-bound state of the protein, which is also consistent
crystal structures of the complexes were determined by with the AMP—PNP-bound state. Although AMFPNP
molecular replacement to 1.9 and 2.1 A, respectively (Table binds to RecA, it apparently does not elicit the conforma-
1), using the original RecA structure (PDB code 2RBB; tional transition to the activated filament strongly enough to
as a starting structure. In the crystals, RecA forms a perfectly disrupt the crystal-lattice contacts. In contrast, ABPand
6,-symmetric helical filament with a pitch 0£82 A (Figure ADP—AIF, induce the conformational transition to the
1). There is one monomer of RecA in the asymmetric unit extended, activated filament, which is incompatible with the
of the crystal. This crystal form, which we will call form 5, form 5 crystal-lattice contacts. Consistent with this inter-
is very similar to that reported for the original RecA crystal pretation, soaking of ATP or ATFS into crystals of the
structure, called form 1, but with some key differences. Aside RecA—MgADP complex results in their immediate shatter-
from being produced from significantly different solution ing, as has been observed previously with the form 1 crystals
conditions, form 1 crystals were grown in the absence of (34).
nucleotide 6, 34). In contrast, form 5 crystals do not grow Effect of Different Adenosine Nucleotides on RecA Co-
at all in the absence of adenosine nucleotide. Whereas theprotease Actiity. To further interpret the effects of the
form 5 crystals grow within 2 days in the presence of various adenosine nucleotides on the crystallization of RecA,
MgADP or MgAMP—PNP, they do not grow initially in the ~ we used a coprotease assay to test the ability of the different
presence of ATPS or ADP-AIF, but appear after~3 nucleotides to induce the activated conformation of RecA.
weeks, presumably because of slow hydrolysis of AP  Binding of LexA and related phage repressors to RecA
or oxidation of aluminum. The electron density in the active- ssDNA—-ATP filaments results in the self-cleavage of the
site region, determined from crystals grown with Af3Pand repressors at a specific peptide bond, between Alalll and
ADPAIF, appears identical to the MgADP complex, and Gly112 in the case of thérepressor. The extended ReeA
these crystals were not pursued further. Manganese couldssDNA—ATP complex forms a docking site for repressor
be substituted for magnesium, and in the case of the RecA molecules that stabilizes them in a cleavage-competent




RecA Structures with MgADP and MnAMPPNP Biochemistry, Vol. 43, No. 51, 200416145

a. p3nnnnn

Ficure 1. Structure of the RecAMNAMP—PNP complex. (a) Stereoview of two complete turns of the RecA helical filament, with
alternating subunits colored green and yellow and ANPP in cyan. The view is perpendicular to the filament axis (crystallographic
axis), which is shown as a red line. Theénd of ssDNA would be bound at the top of the filament in this orientation. The N- and
C-terminal residues of the model are labeled for the uppermost monomer of the filament. Notice that the bounBN¥MfRces the
central axis of the filament and does not contact the neighboring subunit. (b) Stereoview of a monomer of thdVIRAbP—PNP
complex. The orientation is approximately the same as for the uppermost monomer of the filament in-aPNFIRNd the side chains

of key residues of RecA that contact AMIPNP are shown in a ball-and-stick model. The Walker A motif, residues786is colored
yellow, and the Walker B motif, residues 13944, is colored blue. The flanking residues of the two disordered loops L1 and L2 are
indicated by the red and orange spheres and labels. The manganese ion is a pink sphere re&ell&s and3 strands are labeled
according to Story et al6}.

conformation. Thus, the formation of the extended RecA in the presence of ATP, ATES, or ADP-AIF,. It has been
ssDNA—ATP filament can be assessed indirectly by moni- reported that AMP-PNP increases the affinity of RecA for
toring the cleavage of a repressor protein. Here, SBSGE ssDNA, although not to the same extent as ABP(@).

is used to monitor the self-cleavage of residues 236 of AMP—PNP has been shown to produce an extended con-
the A repressor AClgz-23¢) in the presence of RecA, a 15- formation of RecA-DNA filaments, as seen by EML{). It

mer ssDNA, and different adenosine nucleotides (Figure 2). may be that AMP-PNP does not elicit the extended
ATPyS and ADP-AIF, strongly activate the coprotease conformation of RecA strongly enough to overcome the
activity of RecA, resulting ir~50% cleavage oflcloz—236 crystal-packing forces or promote coprotease activity. It is
within about 15 min and 100% cleavage within 24 h. also conceivable that AMPPNP causes specific structural
Interestingly, there is consistently more cleavage in the alterations in the RecAssDNA complex that somehow
presence of ADPAIF, than with ATP/S, implying that the disrupt coprotease activity towaridtlss 236

transition-state analogue is somewhat better at promoting the Owverall StructuresThe structures of the RecAVIgADP
active conformation of the RecAssDNA complex. ADP and RecA-MnAMP—PNP complexes reported here (Figure
and AMP-PNP are not able to activate the coprotease 1) are overall very similar to one another and to the structure
activity of RecA at all; even after 24 h, there is no detectable of uncomplexecE. coli RecA. Monomers from the RecA
cleavage oficlgs—236 Similarly, pyrophosphate, ADPVO,, MgADP and RecA-MnAMP—PNP structures can be su-
ADP-BeF;, and the absence of adenosine nucleotide all perimposed to an root-mean-square deviation (rmsd) of 0.16
result in no detectable cleavage after 24 h (data not shown).A for all main-chain atoms or 0.15 A for the core domains
We conclude that like ADP, AMPPNP does not promote  only. Superimposing the structure of uncomplexedcoli

the extended, active conformation of RecA that is observed RecA (PDB code 2REB) to the MgADP complex gives an
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A L2E ES SRS 74 8 reported here are essentially the same as the original structure
W W W W TR W W W RocA of uncomplexed RecA§).

Structure of the RecAMgADP ComplexThe electron
density corresponding to the bound ADP is complete,
allowing for accurate placement of the entire cofactor (Figure
3). There is also a strong peak for the associated magnesium

LR — - S e 03-136 ion, confirmed by an MnADP— MgADP (Fobs — Fobg
P —— 112-236 difference Fourier electron density map, which shows an 18
ADP ATPyS ADP- AMP- o peak near the position of the magnesium ion. As seen
AIF4  PNP previously at a lower resolutiorv), there are five regions
FiGURE 2: Ability of different adenosine nucleotides to promote Of the RecA polypeptide that protrude into the active site to
RecA coprotease activity. The coprotease activity of ReA=£ interact with the bound MgADP. First, the P loop, also called

38 255) is measured by the cleavagélolbs—23s (Mr = 16 388) to the Walker A motif, forms intimate interactions with the
ACl112-236 (Mr = 13 725). Self-cleavage dtlos 236 0CCUrs specif- - 1y 50nagium jon and the phosphates. The sequence of the P

ically at the Alal11-Gly112 peptide bond and is dependent on its . . . .
association with the extended, active form of the Res8DNA loop in E. coli RecA (residues 6673) is GPESSGKT and

filament. Results of reactions with ADP (lanes 1 and 2), ASP  is identical in 57 of 63 eubacterial RecA sequences).(
(lanes 3 and 4), ADPAIF, (lanes 5 and 6), and AMPPNP (lanes The magnesium ion is coordinated with near octahedral

7 and 8) are shown. Lanes 1, 3, 5, and 7 are samples from eachyeometry by the @1 hydroxyl of Thr73, the3 phosphate

reaction after 15 min, and lanes 2, 4, 6, and 8 are after 24 h. Notice - -
that while ATP/S and ADP-AIF, lead to ~50% cleavage of of ADP, and 4 water molecules. The side chain of Thr73

Acles_23Within 15 min, ADP and AMP-PNP resultin no cleavage ~ d0oes not fit the observed electron density well (Figure 3a),
even after 24 h. Also notice by comparing lanes 3 and 5 that the indicating some distortion or disorder that is difficult to
rate of cleavage with ADPAIF, is slightly faster than with ATPS. model accurately from the 1.9 A resolution data, possibly
because of its close proximity to the magnesium ion. The
rmsd of 0.39 A for all main-chain atoms (0.34 A for the negatively charged phosphates of ADP are neutralized by
core domains only) or to the MNAMPPNP complex gives  the magnesium ion, Lys72 of the P loop, and a helix dipole
an rmsd of 0.37 A for all main-chain atoms (0.28 A for the jnteraction with the N-terminal end of helix C, which im-
core domains only). The only significant conformational mediately follows the P loop. The phosphates of ADP form
change in the protein caused by adenosine nucleotide bindinchydrogen bonds to six consecutive backbone amide groups
is a slight opening of the P loop (residues-68) such that  (residues 69 74) of the P loop, as well as to the side chains
the main-chain atoms of Glu68 and Thr73 each move by of Ser70, Lys72, Thr73, and Thr74. The intimate interaction
~1 A, in opposite directions, away from one another. The of the phosphates with the backbone atoms of the P loop
widening of the P loop is seen for both the MgADP and agrees well with the observation that a version of RecA
MnAMP—PNP complexes and for other RecA structures in protein bearig a P loop with the sequence GAAAAGKT
which the active site is occupied by a nucleotide or by a (four consecutive alanine substitutions) retains 90% of the
sulfate or phosphate ior8{-13). Although the functional  recombinase activity of native RecA prote®6]. The side
significance of this conformational change is not known, it chains of Glu68 and Ser69 of the P loop, which are invariant
could conceivably be important for relaying information on  across 63 eubacterial RecA sequen@s énd sensitive to
the occupancy of the active site to the DNA-binding regions amino acid substitution87), do not contact ADP (or AMP
of the molecule. In addition, because the P loop is near the PNP) but instead point out into the solvent. Their functional
monomer-monomer interface in the active form of the importance is not apparent from the present structures;
RadA-MnANP—PNP filament 16), the nucleotide-depend-  although they point toward the central axis of the filament,
ent opening of the P loop could have some role in controlling it has been suggested that they may contact the DNA.
the monomermonomer interactions throughout the strand- A second region of RecA important for adenosine nucle-
exchange reaction. otide binding is the Walker B motif, residues 13944.
Essentially the same amino acid residues of RecA that areAlthough this region is highly conserved among a wide
disordered in the original structure are also disordered in thevariety of ATP-binding proteins, it does not make direct
structures of the complexes reported here. These are thecontact with ADP or AMP-PNP. Asp144 of the Walker B
N-terminal residues-2 (plus the extra GSHM residues that motif approaches to within 4.0 A of the magnesium and binds
are from the vector), residues of the two principal DNA- directly to Thr73 (one of the magnesium ligands) and one
binding loops L1 and L2 (residues 15764 and 195-209), of the water molecules coordinated to the magnesium. As
and the C-terminal “tail” residues 32852 (Table 1). There  seen for the corresponding sequence in all RecA and related
are no differences in the orientation of the C-terminal domain, structures, the Aspl44-Serl45 peptide bond of the Walker
which was seen to vary slightly in crystal forms Bf coli B motif is clearly in the rare cis conformation. A third region
RecA in a more compressed helical filameh) The ATP- of RecA that contacts the ADP is residues-9®3, which
binding site is not at the subunit interface, as is seen by EM form a loop and the beginning of helix D. Residues of this
for the extended conformation of Ree/dANA complexes segment, in particular His97, also participate in interactions
(14), but rather points toward the central axis of the filament, at the subunit interface in the filament. Glu96, which is
as in previous RecA structure6-<7, 8—13). Finally, there thought to be the catalytic base in the ATPase reaction,
is no significant change in the monomenonomer interac-  interacts with a water molecule that is near the magnesium
tions or in the interfilament-bundling interactions. Thus, aside ion and also contacts Ser145 of the Walker B motif. Residues
from the presence of the adenosine nucleotides and the slighB7—99 extend along one side of the ADP-binding pocket
opening of the P loop, the structures of the complexes without making any direct contacts with ADP. There is strong
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Ficure 3: Interactions between RecA and MgADP. (a) Stereoview of electron density in the vicinity of the bound MgADP. The blue cage
isa 1.9 A Fops — Feac electron density map, contoured at1The red cage is a simulated annealfgs — Fcac Omit map, contoured at

3 g, in which the magnesium and ADP were omitted. The black cage is a R’ ADP — RecA—MgADP difference Fourier magps

— Fopg coONntoured at 1@, showing a peak overlapping the position of the magnesium ion. The view is roughly the same as in Figure 1b.
(b) Stereoview of atomic interactions between RecA and MgADP. Potential hydrogen bonds within 3.5 A are shown as dotted lines. Notice
the octahedral coordination of the magnesium and that the phosphates of ADP form hydrogen bonds with six consecutive amide groups of
the P loop.

electron density for 3 water molecules that bridge the that closes over the adenine and ribose rings of ANPRIP
magnesium ion with the backbone amide groups of Ala98 (16).

and Leu99 and the carboxylate of Asp94 (Figure 3a). A fourth region of RecA that contacts the ATP is residues
Interestingly, the electron density shows some evidence of 262—265, which form a tight turn between the Igsstrand

an alternate conformation for the backbone of Ala98, which (58) of the core domain and the first helix (helix H) of the
lies abow 7 A from the magnesium ion. Although it was C-terminal domain (Figure 1b). Conceivably, this segment
not possible to accurately model this alternative conforma- could be important in relaying conformational changes from
tion, it appears to involve a hydrogen bond between the the ATP site to the C-terminal domain, which have been
backbone carbonyl oxygen of Ala98 and the side chain of observed by EM39). 11e262 packs against the back of the
Asp94, a residue that is invariant but does not participate ribose ring; Tyr264 packs against the adenine ring; and the
directly in interactions with ADP. Conceivably this flexibility =~ backbone amide of Gly265 is within hydrogen-bonding
could be indicative of a conformational change that is more distance of the N3 atom of the adenine ring. Tyr264 is well-
prevalent in other states of the enzyme. Moving further along known for UV-cross-linking to 8-azido ATP4(Q), which

this segment, Asp100 forms a close hydrogen bond with the could occur if the adenine ring, with the 8-azido group
N6 amino group of the adenine ring of ADP, which is stacked attached to the C8 atom, moved to the syn conformation. In
on top of Tyrl03. Aspl100 plays a key role in dictating the other structures of RecA, including the MnAMPNP
specificity of RecA for adenosine nucleotid&8) It is near complex described below, Tyr264 is rotated differently to
this region of the structure that the ADP makes its closest contact the O2hydroxyl of the ribose moiety. The density
approach to the neighboring subunit, in tHedgection of for this side chain is slightly weaker than for most of the
the filament. Residues GIn257, Lys245, and Arg243, which structure, consistent with its being somewhat flexible. There
are on thef7—[8 hairpin of the neighboring subunit, are are no direct hydrogen bonds to the ribose hydroxyl groups
abou 6 A from the adenine ring in this conformation of the of ADP, although the side chains of Ser240 and Arg227 are
filament. In the crystal structure of an extended form of a within about 4-5 A and could conceivably form interactions
RadA—MgAMP—PNP complex, similarly positioned resi-  with them with only slight conformational changes. The ring
dues of the neighboring subunit form an “ATP-cap” motif oxygen (O4) of the ribose of ADP is within hydrogen-
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FiGure 4: Interactions between RecA and MnAMPNP. (a) Stereoview of electron density in the vicinity of the bound MnANARIP.

The blue cageisa 2.1 AR2ps — Fearc electron density map, contoured ab1The red cage is a simulated annealfgs — Fcac Omit map
contoured at ¥, in which the manganese and AMPNP were omitted. The black cage is a RedAnAMP—PNP — RecA—MgAMP—

PNP difference Fourier map contoured at @40showing a peak overlapping the position of the magnesium ion. The yellow cage is a
RecA-MnAMP—PNP — RecA—MnADP difference Fourier map contoured at &)showing a peak overlapping the position of the
phosphate of AMP-PNP. The view is roughly the same as in Figure 1b. Notice thatytpbosphate of AMP-PNP points out to the
solvent (toward the viewer). (b) Stereoview of atomic interactions between RecA and MaRMP. Potential hydrogen bonds within 3.5

A are shown as dotted lines.

bonding distance of the,@ atom of Thr74 and is also near for accurate positioning of the manganese atom, which was
Tyrl03. confirmed by a 13y peak in a MNAMP-PNP— MgAMP —
Finally, a fifth region of RecA that approaches the active PNP §ops — Fobg difference Fourier electron density map.
site is GIn194, located at the end @kstrand 5 and Similarly, the position of they phosphate of AMP-PNP
immediately preceding the disordered DNA-binding loop L2. was confirmed by a 14 peak in a MgAMP-PNP —
GIn194 is thought to be a key mediator of the allosteric effect MgADP (Fons — Fong difference Fourier map. The presence
of ATP (41—-42). Here, GIn194 does not contact the ADP of the y phosphate in AMP-PNP does not cause any
directly but comes within abawt A of the 8 phosphate of  significant conformational changes to occur, relative to the
ADP. Weak electron density for the side chain of GIn194 ADP-bound structure, and the ADP portion of AMPNP
indicates that it is flexible. Overall, the ADP buries 65% makes essentially all of the same contacts with the protein
(370 A?) of its surface area upon binding to RecA, leaving as does ADP. One small difference is seen for the side chain
one side partially exposed to the solvent. Moreover, the of Tyr264, which is rotated to contact the ribose hydroxyls
binding pocket is not perfectly complementary to ADP, of AMP—PNP, whereas it is rotated to contact the adenine
leaving some open space, particularly in the region betweenring in the ADP complex. Apparently this side chain, which
the a. phosphate and the adenine ring (Figure 3a). Presum-is nearly invariant, is conformationally flexible, at least in
ably, when the ATP moves to the subunit interface in the the compressed, inactive state of the RecA filament. jThe
extended conformation, it becomes more fully buried, making phosphate of AMP-PNP, which points out to the solvent,
additional close contacts with the enzyme, as is seen forforms contacts with the manganese ion, the backbone amide
RadA (16). of Ser69, the side chains of Lys72 and GIn194, and 2 water
Structure of the RecAMnNAMP—PNP Complex.The molecules. Also nearby are the carboxylate groups of Glu68
electron density for the AMPPNP is very complete, and Glu96. GIn194 is thought to be a key sensor ofjthe
allowing for unambiguous positioning of the entire cofactor phosphate of ATP, relaying allosteric information from the
(Figure 4). A strong peak in the electron density allowed ATP site to the loop L2 residues (19209), which are a
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primary ssDNA-binding site. The position of GIn194 is the they phosphate is not positioned for in-line attack, although
same in the MNAMP-PNP and MgADP complexes. The the precise geometry is likely different in an active complex
electron density for GIn194 is somewhat weak, and the loop with loop L2 of RecA ordered on the bound DNA and ATP
L2 residues remain disordered. Thus, although GIn194 doesat the subunit interface.
appear to contact thg phosphate directly, it seems likely Model of the Actie Form of the RecAMNAMP—PNP
that the key role it plays in relaying the ATP-mediated ComplexDisulfide cross-linking experiments indicated that
conformational change is not fully revealed in this structure. there are ATP-mediated changes in the subunit interface in
Lys72 and Glu96 are two residues that are thought to the RecA filament, as well as differences between the
participate directly in ATP hydrolysi&i3—44). By analogy interactions that exist in solution and the interface that is
with other ATPase enzymes, Glu96 is likely to be a catalytic observed in the original RecA crystal structudb{46).
base that activates a water molecule for nucleophilic attack Fitting of a RecA monomer from the crystal structure into
on they phosphate, while Lys72 stabilizes the transition state density derived from 18 A EM image reconstructions of
of the hydrolysis reaction. While Lys72 contacts the  extended RecADNA filaments provided a pseudoatomic
phosphate of AMP-PNP directly, Glu96 is abdaué A away. model for the active form of the RecA filament, in which
The side chain of Ser145 of the Walker B motif forms a the ATP site is located in the subunit interfadef)( The
close hydrogen bond (2.9 A) with the carboxylate of Glu96, model explained the large cooperativity in ATP hydrolysis,
perhaps helping to precisely position it for catalysis. The and it was noted that several highly conserved residues,
carboxylate groups of Asp144 and Glu96 are within 4.2 A including Phe217, Lys216, Lys250, Arg222, Lys248, and
of one another, likely raising thekp of GIlu96, allowing it Pro254, are brought to the subunit interface to close over
to function as a catalytic base. A water molecule that sits on the ADP that is bound in the active site of the neighboring
top of the manganese atom and also contactg fifeosphate ~ subunit. The model also nicely accounted for the enhanced
and the side chains of Glu96 and Aspl44 seems poised tocooperativity of a Phe217Tyr version of RecA7], which
attack they phosphate of AMP-PNP. The conformation of  was puzzling based on its position in the original RecA
the AMP—PNP that best fits the electron density positions structure. Recent crystal structures of extended archaeal
the y phosphate with the open end pointing away from this RadA (16) and yeast Rad511p) filaments have the ATP
water molecule, such that it is not poised for an in-line attack. site at the subunit interface, as seen in the EM model for
Conceivably, the presence of the fN&tom of AMP-PNP, RecA. In presenting the RadA structure, which includes
which is close to the manganese ion, could distort the bound MgAMP-PNP, it was noted that a highly conserved
positioning of they phosphate relative to the way ATP would  proline residue (Pro254 dE. coli RecA) closes over the
bind. Alternatively, the appropriate geometry for ATP active site to contact the adenine ring. The Rad51 structure
hydrolysis may fall into place only in the extended, active is unique in that two distinct subunit interfaces are observed,
conformation of the protein, in which ATP is at the subunit indicating that there is a built-in asymmetry in the intersub-
interface. Because the ATPase activity of RecA is DNA- unit interactions that may be mechanistically relevant.
dependent, the correct geometry for ATP hydrolysis may also  Although the structure of the ReeAAMP—PNP complex
require bound DNA, which could promote a different presented here is clearly in the compressed, inactive con-
position of the side chain of GIn194 than is observed here. formation, it is possible to construct a model of the active
In the structure of archaeal RadA bound to MgAMPNP form of the RecA-AMP—PNP complex (Figure 5) that is
in an extended conformation with AMFAPNP at the subunit ~ based on the recently reported structure of the extended form
interface, the conformation of AMPPNP is such that thg of the RadA-MgAMP—PNP complex in which the AMP
phosphate is better positioned for an in-line attack by a PNP is at the subunit interfac&®). This model is similar
similarly positioned water moleculdl§). In this structure, to the one constructed for the active formf coli RecA
which does not have bound DNA, the DNA-binding loop by Wu et al. (L6), except now the model is based on the 2.1
L2 is disordered and GIn257, which corresponds to GIn194 A structure of RecA reported here that includes bound
of RecA, is positioned witli 4 A of they phosphate of MnAMP—PNP. Although there are some steric clashes in
AMP—PNP and the putative-hydrolyzing water molecule, this model, most of them, aside from those involving the
as seen here for RecAAMP—PNP. N-terminal domain, could be alleviated by reorientations of
It is interesting to compare the structure of the RecA the side chains and small movements of the backbone. There
MnAMP—PNP complex reported here with a model of the are several interesting features that come to light from this
RecA—MgATP complex proposed by Story and Steitz that model that have not been discussed previously. For instance,
was based on the structure of the Reg®DP complex and  the side chains of Lys248 and Lys250 from the neighboring
other ATPase and GTPase enzymés The structure and  subunit project into the active site to potentially interact with
model share many common features, such as the interactiorthe phosphates of AMPPNP. In fact, in the model, thedN
of Lys72 with the y and 8 phosphates, the coplanar atom of Lys248 approaches to within 3.0 A of the
interactions of Thr73 and the and § phosphates with  phosphate of AMP-PNP and thus would appear to be
magnesium ion, the proximity of the GIn194 side chain to suitably positioned to function in stabilizing the transition
the y phosphate, and the interaction of the carboxylate of state of ATP hydrolysis, much like the “Arginine finger”
Glu96 with a water molecule near thrgphosphate. Features that extends across the subunit interface of other ATPase
of the structure determined here that were not emphasizedand GTPase enzyme#§). Lys248 is invariant among
in the model include the proximity of Asp144 of the Walker bacterial RecA enzymes and when substituted to alanine
B motif to the carboxylate of Glu96 and the putative catalytic results in the RecA protein with no ATPase or DNA strand-
water molecule and the interaction of theohosphate with exchange activity49). Lys250 is also invariant, and in the
the backbone amide of Ser69 of the P loop. In the structure, model, this residue approaches to within 3.2 A of thand
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Ficure 5: Close-up view of a model of the active form Bf coli RecA with bound AMP-PNP at the subunit interface. Starting with the
coordinates of the RadAAMP—PNP subunit in the asymmetric unit (PDB code 1T4®), a neighboring subunit was generated by the
crystal symmetry to form a dimer. Then, the structure of the R&EIAMAMP—PNP complex determined here was superimposed onto both
subunits of the RadA dimer, to generate a RecA dimer with the AMRP at the subunit interface. The subunit with bound MnAMP
PNP is shown as a yellowdCtrace, and the neighboring subunit from the model is shown in green. Highly conserved amino acid residues

that make contacts at the interface are shown in a ball-and-stick model. Steric clashes are evident in the model because it has not been

energy-minimized. Notice that theamino groups of Lys248 and Lys250 of the neighboring subunit approach phesphate of AMP

PNP.

y phosphates. Interestingly, similarly positioned positively

It should be noted that similar models of the active form

charged residues are not also seen in the RadA structure. Irof the RecA-MnAMP—PNP complex can be constructed
fact, in the RadA structure, there are no direct interactions based either on the 18 A EM reconstructions of extended

between the, phosphate of AMP-PNP and side chains of

RecA—DNA complexes (PDB code 1NO34) or on the

the neighboring subunit. Instead, a network of water- X-ray structure of yeast Rad51 with a pitch of 130 A (PDB

mediated interactions is formed between theand y
phosphates of AMPPNP and Asp302 and Arg285 of RadA,
which correspond to Lys248 and Arg222 of RecA, respec-
tively. Thus, it is not obvious from the RadA structure how

code 1SZP15). In the case of Rad51, two such models can
be constructed, because there are two distinct alternating
interfaces observed in the filament in the crystal structure.
Each of these models has AMIPNP located at the subunit

AMP—PNP (as opposed to ADP) causes the subunit reori- interface, but the detailed intersubunit interactions seen in
entation that moves the ATP site to the subunit interface. the four models are quite different. For example, while

Along these lines, it would be interesting to view a structure
of RadA in a compressed, inactive form with bound ADP.

At the periphery of the ATP-binding site in the model of
the active form of thee. coli RecA-MnAMP—PNP com-

Lys248 and Lys250 are close to thephosphate of AMP
PNP in the model based on the extended RadA structure,

they are each 8 A from they phosphate in the model based

on the EM data 14), which instead has Lys216, Phe217,
and Asn213 near thg phosphate of AMP-PNP. In the

plex, several invariant or nearly invariant residues are brought ,,odel for the active state of RecA that is based on the
near one another at the interface. While Phe217, Lys216, syrycture of an extended yeast Rad51 filament, the side chains
Lys250, Arg222, Lys248, and Pro254 have already been of | ys248 and Lys250 are-56 A from the y phosphate.

mentioned based on the EM mod&#, it is apparent from

Because predicting detailed interactions from these models

the model in Figure 5 that GIu68, Ser69, Tyr264, and Phe255is speculative, a high-resolution structureEofcoli RecA in
should also be added to this list. All of these residues are the active form is needed to discern the detailed interactions

invariant or nearly invariant, yet their functional roles are
not obvious from their positions in the original coli RecA
structure. The model of the active state of RegdMP—

and potential roles of the conserved residues.

CONCLUSIONS

PNP would suggest that these residues are likely to be 1ha structures oE. coli RecA bound to MnAMP-PNP

involved in interactions that stabilize the subunit interface
in the active form of the filament. In the case of Glu68 and
Ser69, their sensitivity to certain amino acid substitutions is
consistent with such a rol&7). Another residue of interest
that is positioned near the interface in this model is GIn257.
GIn257 is the site of a suppressor of RecF mutation
(GIn257Pro50) that may enhance binding of RecA to DNA.
Conceivably, the GIn257Pro substitution could lead to
stabilization of the interface, either by altering the conforma-
tion of the37— /38 hairpin on which it lies or through contacts
with the nearby36—/437 hairpin of the neighboring subunit,
to which it is brought near in the model.

and MgADP, determined at 2.1 and 1.9 A, respectively,
provide a significantly more detailed view of the interactions
between RecA and adenine nucleotides than has been
available from other RecA structures. In particular, the
interactions involving the magnesium ion are now clear as
are the positions of several associated water molecules, one
of which appears suitably positioned to participate directly
in the ATP-hydrolysis reaction. This allows for a more
precise assessment of the possible roles that each of the
individual residues in the vicinity of the active site might
have in promoting ATP hydrolysis and DNA strand ex-
change. On the basis of the crystallization and coprotease
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experiments presented herein, as well as on structural 12
information from EM of RecA-DNA filaments and recent
crystal structures of Rad51 and RadA in the extended form, ;4
it seems clear that the structure of the AMPNP complex

determined here does not represent the active conformation

of the protein. Rather, it would appear that this structure
represents a “preisomerization” state of the Re@AP

complex, before the conformational change that moves the 15.
ATP site to the subunit interface has taken place. While a

high-resolution view of the extended, active conformation
of E. coli RecA remains elusive and would be most

informative, a characterization of the conformational changes
in RecA that takes place at all stages of the ATP binding 17.

and hydrolysis cycle will be necessary for a complete
understanding of how RecA promotes the DNA strand-

exchange reaction. Toward this end, the structures reported
here provide a detailed view of what appears to be the ADP

state, as well as the state after ATP binding but prior to
isomerization to the active form.
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