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ABSTRACT: Members of a superfamily of RecA-like recombinases facilitate a central strand exchange
reaction in the DNA repair process. Archaeal RadA and Rad51 and eukaryal Rad51 and meiosis-specific
DMC1 form a closely related group of recombinases distinct from bacterial RecA. Nevertheless, all such
recombinases share a conserved core domain which carries the ATPase site and putative DNA-binding
sites. Here we present the crystal structure of an archaeal RadAMithanococcugoltae (MvRadA)

in complex with ADP and Mg at 2.1 A resolution. The crystallized RagADP filament has an extended
helical pitch similar to those of previously determined structures in the presence of nonhydrolyzable ATP
analogue AMP-PNP. Structural comparison reveals two recurrent conformations with an extensive allosteric
effect spanning the ATPase site and the putative DNA-binding L2 region. Varied conformations of the
L2 region also imply a dynamic nature of recombinase-bound DNA.

Homologous strand exchange promoted by RecA-like microscopic and crystallographic results have revealed a
recombinases enables repair of double-stranded DNA breakcommon tale of two right-handed helical structures: an
and restart of stalled replication fork&+{5) by using a extended “active” form and a compact “inactive” for@0¢
homologous DNA strand as the template in a diploid or 27). Recently, yeast Rad51 and MvRadA have been crystal-

replicating cell. This recombinase superfami6) (s com- lized in the extended filamentous forr2g 29). In both
posed of bacterial RecA7), archaeal RadA or Rad5B)( structures, the ATPase sites were placed between protomers,
and eukaryal Rad519f and meiosis-specific DMC11(). a feature reminiscent of the electron microscopy-recon-

In Escherichia colia double-stranded break is first processed structed active filament d&. coli RecA (EcRecA) 80). The
by unwinding and asymmetric exonuclease digestion to ATPase domain also carries putative DNA-binding loops L1
produce a long stretch of single-stranded DNA (ssDNA) and L2 located near the filament ax&4. ATP hydrolysis
(11—-13). In the presence of ATP and Mg the recombinase s required for filament disassembly at tHeehid of SSDNA
first coats this primary ssDNA to form a nucleoprotein (31, 32). The conservation of a functional ATPase site
filament often termed the presynaptic complex, which has implies an essential role by ATP hydrolysis in DNA strand
ATPase and strand exchange activitie4)(The presynaptic  exchange. The interplay between ATP hydrolysis and strand
complex pools double-stranded DNA (dsDNA) and aligns exchange, however, is less understood. ATP hydrolysis
it with the sSDNA to form the synaptic complex. DNA strand  appears to be advantageous for extensive strand exchange
exchange ensues to form a heteroduplex DNA (hdDNA) promoted by EcRecA33—36) and by human DMC137),
between the ssDNA and its complementary strand in the while conditions in the absence of ATP hydrolysis have been
dsDNA substrate, while the like strand in the dsDNA found for extensive strand exchange reactions promoted by
substrate is displaced from the nucleoprotein filamént$, human and yeast Rad51 proteiB8,(39). It is worth noting
16). The substrates and products of this reaction can betnat a time-resolved fluorescence study has demonstrated
conveniently separated and quantified on agarose gels.  ATP hydrolysis-related flexibility in EcCRecA-bound DNA
Despite large differences at the amino acid sequence level(40), which may be advantageous for achieving optimal
(17), all known RecA-like recombinases share a conserved a|ignment between sequence repeats due to a putative
design that consists of an ATPase domain preceded by amotorlike activity of EcRecA40). At least one other motor
shortf-stranded polymerization motilg, 19). Documented  model is being entertained to explain EcRecA’s ability to
bypass heterologous insertions in DNA substraiés 2).
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Table 1: X-ray Crystallographic Da&and Structure Refinement Statistics
crystallographic data
PDB entry 174D 1z4C 174B
description AMP-PNP, 0.6 M KAc AMP-PNP, 0.3 M KAc ADP, 0.5 M KCI
unit cell dimensions (A) a=b=283.7,c=105.4 a=b=283.5,c=106.8 a=b=284.0,c=106.4
resolution range(A) 2.0 (2.1-2.0) 2.3(2.4-2.3) 2.1(2.2-2.1)
no. of observed reflections 158268 60009 105032
no. of unique reflections 28217 17245 24905
completeness (%) 99.8 (99.1) 91.2 (89.5) 99.3(99.1)
Reyn?© 0.039 (0.279) 0.046 (0.244) 0.042 (0.340)
llo 14.9/2.0 13.2/2.5 12.8/1.9
anomalous/c® 6.3 (3.4) 5.4 (3.8) 5.8 (2.4)

crystal structure refinement
no. of reflections witH= > 0
R-factorRyed
no. of residues, nucleotide
no. of solvent molecules

25544 (90.3%)
0.221/0.238
311, 1 AMP-PNP
100 waters and 5 ions

15494 (82.7%)
0.202/0.251

299, 1 AMP-PNP

115 waters and 5 ions

22875 (92.1%)
0.234/0.265
299, 1 ADP
64 waters and 3 ions

rsmd
bonds (A) 0.0062 0.0066 0.0065
angles (deg) 1.20 1.23 1.22
Ramachandran plot (%)
most favored 91.9 90.5 92.0
disallowed 0 0 0

2 Cu Ka radiation, wavelength of 1.5418 A, space gr@a. ° Values in parentheses refer to values in the highest-resolution $Rglh= Y |I
— OLI/3 In, wherell is average over symmetry equivalents drid the reflection index? R-factor= 3 |Fobs — Feaid/$ Fobs Riree is calculated using
a randomly selected 5% of the reflections set aside throughout the refinement.

which appear to be induced by structural changes at thelocated at major peaks>(7o) in the anomalous difference
ATPase site. Consistent with the fluorescence stutd), ( maps, while most minor peaks<3c) corresponded to sulfur
the flexibility of DNA in the ADP complex is implied by  atoms. Statistics of the diffraction data from the most
the disordered L2 loop. diffractive crystal of each type of the three complexes,
refinement, and geometry are given in Table 1. To remove
model bias, the omiE, — F. map in Figure 2 was generated
Protein Preparation and CrystallizationRadA from after simulated ann_ealing from 1000 K. The molecular figures
Methanococcusoltae was subcloned into pET28a, overex- Were generated using Molscriptd) and Raster3D44). The
pressed in BL21(DE3)-CoderRIL cells (Stratagene), and coordmate_s and structure factors have been deposited in the
purified as reported previouslg9). In brief, the purification ~ PDB (entries 124D, 174C, and 1Z4B).
procedure involved steps of polymin P precipitation, high-  Strand Exchange Assajhe DNA substrates were chosen
salt extraction, and heparin affinity chromatography. The from a published studyg). Three oligonucleotides (#1, 63
concentrated proteir~30 mg/mL) was crystallized using nucleotides, ACAGCACCAG ATTCAGCAAT TAAGCT-
the hanging drop crystallization method at a room temper- CTAA GCCATCCGCA AAAATGACCT CTTATCAAAA
ature of 21°C. The optimal well solution for the crystal- GGA; #45, 31 nucleotides, ACAGCACCAG ATTCAG-
lization of MvRadA-MgAMP-PNP complexes contained 2 CAAT TAAGCTCTAA G; and #55, 31 nucleotides, CT-
mM AMP-PNP, 0.05 M MgCJ, 0.6 or 0.3 M KAc, 6% PEG ~ TAGAGCTT AATTGCTGAA TCTGGTGCTG T) were
3350, and 0.05 M Hepes-KOH buffer at pH 7.4. The optimal obtained from Intergrated DNA Technologies. Equal mo-
condition for MvRadA-MgADP crystals was similar to that  larities of complementary oligonucleotides #45 and #55 were
of the MvRadA-AMP-PNP crystals, except for the use of heated at 98C for 5 min and then slowly cooled to generate
ADP and 0.5 M KCI. All three types of crystals grew to a the dsDNA substrate. The solution for strand exchange
similar size of 0.2 mmx 0.2 mmx 0.4 mm in 3-7 days. reaction was composed of 3 mM ATP or an analogous
ADP, AMP-PNP, and PEG 3350 were purchased from nucleotide, 10 mM MgGl 100 mM KCI or NaCl, 50 mM
Sigma-Aldrich. The other chemicals were from VWR. Hepes-Tris buffer at pH 7.2, and M MvRadA and 1
Data Collection and Structure Determinatio®everal uM oligonucleotides. The 63-nucleotide ssDNA substrate
crystals of each complex were gradually transferred to (oligonucleotide #1) was preincubated at®&with mvRadA
stabilization solutions composed of the well solution supple- for 1 min before addition of the dsDNA substrate. The
mented with 5, 10, 15, 20, and 25% glycerol, and then flash- reaction was stopped at 30 min by adding EDTA to a final
cooled to 100 K in a nitrogen stream generated by an Oxford concentration of 20 mM and trypsin to a final concentration
CryoSystem device. The O.dscillation images of each  of 1 ug/uL. After trypsin digestion for 10 min, a 1@L
crystal were acquired and processed using a Bruker Pro-sample was mixed with gL of a loading buffer composed
teum-R system as described previoug@9)( The previously of 30% glycerol and 0.1% bromophenol blue, and then
determined MvRadA models [Protein Data Bank (PDB) loaded onto a 17.5% acrylamide gel. The SBFRA\GE gel
entries 1T4G and 1XU4] were used as the starting modelswas developed, stained with ethidium bromide, and visual-
for rigid body refinement. Each model was iteratively rebuilt ized with an UV illuminator. An optional ATP regeneration
using XtalView @1) and refined using CN4Q). A 2.8 A system was used as specified, which was composed of 6 mM
resolution anomalous difference map was generated usingphosphoenolpyruvate and 0.01 unit of pyruvate kinadse/
model phases retarded by*9@rdered potassium sites were (New England Biolabs).

EXPERIMENTAL PROCEDURES
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FiGURE 1: ATPase site of RadA in stereo. Two MvRadA subunits are colored yellow and graipnk, Mg+ ions, and water molecules

are colored purple, red, and green, respectively. The putative hydrolysis water is shown as a larger sphere. (A) MvRadA complex in the
presence of AMP-PNP and a high concentration of KAc. (B) MvRadA complex in the presence of AMP-PNP and a low concentration of
KAc. (C) MvRadA complex in the presence of ADP. More residues in the L2 region are ordered in panel A, but similarly disordered in
panels B and C.

RESULTS scheme (Table 1). The filament pitch coinciding with the
Refined Structure of an ATPase-AetiConformation of crystallographic-axis is 105.4 A in the ATPase-active form.
RadA.High concentrations of certain inorganic salts have AMP-PNP, the nonhydrolyzable ATP analogue, is buried
been observed as efficient substitutes for ssDNA in stimulat- between MvRadA protomers (Figure 1A). One subunit
ing the ATPase activities of EcRecA and human Radist-(  (yellow subunit, Figure 1A) binds the ATP analogue and an

48). For MvRadA, KCI has been identified as the substitute octahedral Mg" largely through its conserved P-loop
for ssDNA, and the ATPase-active filament has been (residues Gly-105Thr-112) £0) and the base-stacking Arg-
determined at a resolution of 2.4 A9). The soaking  158. The adjacent subunit (gray subunit, Figure 1A) con-
experiment employed to convert the crystallized filaments tributes a region we denote the ATP cap (residues Asp-302
into the ATPase-active form, however, had slightly com- Asp-308) and the C-terminal portion of the L2 region. The
promised the diffractive power of the crystals. The resulting putative ssSDNA-binding L2 region (residues Asn-27&g-
resolution was not adequate for locating solvent molecules 285) has an eight-residue helix (residues Gly-2A%-282)

in the proximity of the heavier triphosphate moiety and analogous to helix G of EcCRec/24). The His-280 side chain
potassium ions. We therefore optimized the crystallization therein forms a direct hydrogen bond with tehosphate
condition in the presence of 0.6 M KAc (high KAc, Table of the ATP analogue. Two Kions (purple spheres, Figure
1), which was observed to stimulate maximal ATPase activity 1A) located by anomalous signals form bridges between the
(data not shown). The resolution was improved to 2.0 A, y-phosphate and the backbone carbonyl moieties at the
which enabled us to make a detailed comparison with the C-terminus of the eight-residue helix. Besides, one of the

other MvRadA structures (discussed below). K™ ions contacts the side chain of Asp-302, while the other
Crystals described in this study were grown under similar contacts the side chain of Glu-151. A candidate for the
conditions. The crystals belong to space grdefy with hydrolyzing water is hydrogen bonded with the side chains

similar helical pitches and essentially identical packing of Glu-151 and GIn-257 from the subunit contributing the
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Ficure 2: Electron density map at the ADP-binding site in stereo. The refined model of the ADP, P loop residues -Gyt102, L2
elbow of GIn-257-Ser-259, and the magnesium site are shown. A 2.1 A resolution omit difference electron density map is contoured at
3.00 (purple). The orientation is identical to that of Figure 1C.

P-loop. The electron density contour for GIn-257 was well-  RadA-ADP ComplexThe MvRadA-ADP complex was
defined. The analogous residues of EcRecA (Glu-96 and GIn-refined to 2.1 A resolution. The helical filament pitch of this
194) have been proposed as the catalytic residues on the basi®rm is 106.4 A. ADP was located at a position (Figure 1C)
of the EcRecA crystal structur@4) and analogy to GTPases essentially identical to those of its counterparts in the two
(51). As expected for P-loop-containing ATPases and GT- AMP-PNP complexes. Compared with those of the MvRadA
Pases, the-phosphate contacts tkeamino group of Lys- AMP-PNP complexes, the diphosphate-binding P-loop did
111 and the Mg ion. With the added electron-withdrawing not show any apparent conformational change. There were
effects of His-280 and the two Kions, they-phosphate is  no strong anomalous signals to indicate the presence of a
likely further polarized for the nucleophilic attack by the potassium ion in the vicinity of the diphosphate moiety of
hydrolysis water positioned and activated by Glu-151 and ADP. Compared with that in the MvRadAAMP-PNP
GIn-257. The potassiumoxygen distances in the MvRadA complexes, the magnesium ion has one more water ligand
structure fall between 2.6 and 2.9 A, resembling the values located at the binding site for-phosphate. The ordered parts
revealed in the high-resolution structure of a potassium of the L2 region and the catalytic side chains of Glu-151
channel-Fab complex %2). The higher resolution also and GIn-257 are strikingly similar to their counterparts seen
enabled us to locate more solvent molecules, including thosein the MvRadA-AMP-PNP crystals grown with a smaller
forming the remnant hydration shell of the potassium ions. dose of KAc (Figure 1B,C). The electron density for the side
Despite the higher resolution, there was no interpretable chain of GIn-257 was also weak (Figure 2). It is also worth
electron density for residues Pro-26Rlet-268. This L2 noting that GIn-257 is located at the N-terminal elbow of
segment was previously modeled with higHactors in the the L2 region. Subtle conformational changes of this residue,
KCl-soaked crystal (PDB entry 1XU4). as well as dramatic changes in the C-terminal elbow (around

The RadA Complex with AMP-PNP at a Low Concentra- His-280) of thfe L2 region, may constitu_te an essential part
tion of PotassiumThe second type of MvRadAAMP-pNp  Of the allosteric effect on ATP hydrolysis.
crystals was grown in the presence of 0.3 M KAc. The  Strand Exchange Promoted by RadAthe presence of
structure was refined to 2.3 A resolution. The helical filament potassium, MvRadA was observed to promote a strand
pitch of this form is 106.8 A. The ATP analogue was located €xchange reaction between a 63-nucleotide ssDNA and a
at an essentially identical position (Figure 2B) as observed 31 bp dsDNA. A significant amount of the reaction product,
in the ATPase-active form. Surprisingly, only one potassium @ 63-nucleotide/31-nucleotide hdDNA, was detected in the
ion was located by anomalous signals in the vicinity of the presence of ATP, ATR-S, and AMP-PNP, but not in the
y-phosphate. Candidates for three water ligands for the K absence of an ATP analogue or in the presence of ADP
ion were also identified in the electron density map. In (Figure 3A). The nucleoside triphosphate-dependent strand
comparison, only two water ligands were identified for its €xchange activity of MvRadA is consistent with known
counterpart in the ATPase-active form. Possibly due to the cofactor requirement for RecA-like recombinases.
higher degree of hydration, this potassium ion was found The RadA H280N Mutant Is Inact. The ATPase site of
farther (3.5 A) from they-phosphate. As such, thephos- MvRadA is well-ordered in the presence of AMP-PNP and
phate may not be adequately polarized for hydrolysis. an activating dose of KAc as a mimic for DNA. The
Besides, the entire L2 region did not exhibit any regular y-phosphate is involved in a hydrogen bond network bridging
secondary structure. There were no electron densities for aGIn-257 and His-280 at either end of the DNA-binding L2
long stretch of residues from Ala-260 to Val-278. Notably, region. Besides, the plangramide group of GIn-257 stacks
His-280 was located far from the ATP analogue. The against the imidazole ring of His-280 (Figure 1A). Both
catalytic side chains of Glu-151 and GIn-257 were found in residues, especially His-280, were observed in distinct
different conformations. The electron density for the tip of conformations as well as dispositions in the three reported
the GIn-257 side chain was not well defined. On the other crystal structures. The precise position of a catalytic GIn is
hand, electron densities for the main chain did not indicate well-known for its role in GTPase activatioB3, 54). The
the existence of alternate conformations. Our recent studyconserved GIn-194 of EcRecA has been found to be
has demonstrated that MvRadA’s ATPase activity is sig- intolerant of mutations §4) and important for allosteric
moidal with respect to both potassium and magnesium regulation 61). Counterparts of His-280 are invariable in
concentrations49), suggesting some degree of cooperativity archaeal and eukaryal homologues and somewhat conserved
in forming active filaments. It is therefore not surprising that as a Phe in bacterial RecA proteins (Phe-217 in EcRecA).
we observed abrupt rather than gradual structural changesThe Phe residue has been found to be somewhat tolerant of
after application of different doses of KAc. Tyr and Cys mutations but not of other amino acié$)(



Crystal Structure of the RadAMgADP Complex Biochemistry, Vol. 44, No. 42, 2009.3757

mutant at His-280’s analogous position of yeast Rad51 has
been found to be defective in binding DNA&8). We made

a more conservative H280N MvRadA mutant. The purified
mutant protein was soluble at a concentration of 1 mM and
formed microcrystals. Misfolding is ruled unlikely. However,
this mutant protein exhibited neither detectable ATPase (data
not shown) nor strand exchange activity (Figure 3B).
Possibly, stringent precision is required for the catalytic GIn
and its partner His to promote ATP hydrolysis as well as
strand exchange.

DISCUSSION

Two disordered loops, L1 and L2, in the first crystal
structure of EcRecA were initially suggested as the DNA-
binding site 24). The importance of the two loops has been

ssDNA >
+ ATP--S
+ ADP
+ AMP-PNP
hdDNA

<L

A O
< &
1 1

+ ATP'
+ ATP

Wild-type MvRadA

| hdDNA further highlighted by studies on peptide mimics of 152,(
57, 58), mutagenesis50@—61), and chemical cross-linking
ssDNA with DNA (60, 62—64). The entire L1 region (Arg-218

Arg-230) and the majority of the L2 region (Asn-258rg-
285) are ordered in the ATPase-active form of MvRadA.
This conformation appears to be recurrent in the MvRadA
H280N MvRadA AMP-PNP crystals either grown or soaked in activating
Ficure 3: Strand exchange promoted by RadA. The reaction concentrations of potassium salts. In comparison with the
$O.|Utti)0f]1f00niaif:_|ed7 %0% m'\'\//ll KCLI lC:éﬂM Mg%ﬁ% n;'\Afl Heges previously determined structure in the absence of a monova-
63 nLcleotide SSDNA ard 8 31 %% Idibjﬁﬂl,A\A/((MV egch)’.agfte? lent salt (PDB entry 1T4G), soaking in & high concentration
incubation for 30 min at 37C, samples of the reaction mixture ~ Of Sodium salts did not produce any noticeable change (data
were removed, deproteinated, and separated by-F&E on a not shown). The L2 region is largely disordered in the
17.5% acrylamide gel. The gel was stained by ethidium bromide. MvRadA—ADP crystal, despite being grown in high con-
ﬁtra}”dﬁ?éfgg”r?ueclaegttii‘(’jiéyhvggo%itegf%’33'&t(rr‘%éoNr%at(iX;‘ Sotfr a gl- centrations of KCI. The more ordered L2 conformation
eggr?:nge promoted by wild-type Fl)\/IvRadA. Activity is observed appears to be dependent on the presence of both_the
in the presence of ATP or its nonhydrolyzable analogues A3%-  nonhydrolyzable ATP analogue and the high concentration
and AMP-PNP. (B) Lack of strand exchange activity of the of potassium salts. Since ADP cannot be utilized as a cofactor
MvRadA _H280N protein. ATP denotes the use of an ATP by RecA-like recombinases to promote DNA strand ex-
regeneration system. change, the disposition of the L1 and L2 regions seen only
Interestingly, work on the F217Y mutant of ECRecA has in the ATPase-active form may resemble an essential

suggested a regulatory role of this residue in transferring conformation in the strand exchange reaction. Adjacent L1

dsDNA

allosteric information across the subunit interfacss)( regions and L2 regions each form a continuous helical ridge
Conceivably, a bulky phenyl ring at a similar disposition, along the filament axis (Figure 4A). The groove between
though unable to form a hydrogen bond with thehos- the ridges harbors a high concentration of cationic residues

phate, would also restrict and thus optimally place the (Arg-218, Arg-224, Arg-230, and Lys-261, colored cyan).
conserved GIn for catalysis. In the MvRadA structures The universally conserved Gly-274 and Gly-275 residues,
determined in the absence of either AMP-PNP or an which are located at the N-terminus of the helix G counter-
adequately high concentration of a potassium salt, His-280 part, are also positioned in this groove (Figure 4B). Both
was found in a strikingly different location (Figure 1B,C). Gly residues of EcRecA have been found to be intolerant of
Concomitantly, electron densities for tlreamide group of mutations $9). The electrostatic nature of this groove appears
GIn-257 were weak, indicating some degree of structural to favor the binding of a polyanionic DNA substrate.
disorder. In contrast to compact and extended types of Mutations at the analogous position of Arg-224 in homo-
MvRadA filaments with varied pitches and periodicities seen logues from two hyperthermophiles have been shown to be
by electron microscopy (E. Egelman, personal communica- strand exchange-defective, indicating this site is important
tion), all the crystals reported here are essentially isomor- for interacting with DNA (9). Interestingly, Arg-224 is
phous. The largely unchanged crystal packing schemelocated in the proximity of the filament axis (Figure 4B).
apparently limited the periodicity to six protomers per turn The relatively ordered nature of the ATPase-active form also
and the extended pitches to a narrow range. The first sevenimplies that the DNA bound before ATP hydrolysis is
N-terminal residues and five residues around Glu-164 arerelatively inflexible, consistent with the fluorescence study
the only parts involved in crystal packing between MvRadA on EcRecA-DNA filament with ATP hydrolysis “poisoned”
filaments. A differential influence of crystal packing on the by ATP--S (40).

ATPase site and DNA-binding loops is unlikely. We All MvRadA structures have been determined in the
therefore argue that the lack of hydrogen bond links betweenextended filaments with similar helical pitches. The previ-
the phosphate moiety and residues GIn-257 and His-280 seemusly reported MvRadAAMP-PNP complex determined in

in the MvRadA-ADP complex partly reveals the cross-talk the absence of potassiurad) and the complex determined
between the ATPase site and the DNA binding site, and is in an under-dose of potassium are similar as well as puzzling.
a direct structural consequence of ATP hydrolysis. An Ala The protomer arrangement in these extended MvRadA
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Ficure 4: Putative ssDNA binding site in stereo. AMP-PNP and selected side chains are shown as a ball-and-stick model. The L1 and L2
regions are highlighted in green and magenta, respectively. The helical axis lies vertically. The AMP-PNP molecules and His-280 side
chains are colored yellow. (A) Three adjacent ATPase core domains in the ATPase-active form. The putative DNA-binding groove between
adjacent L1 and L2 regions is rich in cationic side chains. (B) L1 and L2 regions of one ATPase core domain in the ATPase-active form.
Gly-274, Gly-275, Arg-218, Arg-224, Arg-230, Lys-261, and His-280 are colored cyan and labeled. (C) Three adjacent ATPase core domains
in the MvRadA-ADP complex. A large portion of L2 is disordered.

filaments appears to resemble the electron microscopy-and the DNA-binding L2 region. A large portion of the L2
revealed feature in active EcRecA filameridg)( However, region, which includes the two invariable Gly residues and
their ATPase sites apparently lack the precision for efficient the helix G counterpart, becomes disordered (Figure 4C).
ATP hydrolysis. The determination of the MvRagdADP Conceivably, the putative DNA-binding groove would cease
complex in an essentially identical conformation argues that to exist. As a likely result, the affinity for DNA would
there is a second conformation within the extended filament decrease. The affinity decrease is consistent with findings
complex as a result of ATP hydrolysis. Crystallization trials that ATP hydrolysis is required for RecA and Rad51
in the absence of nucleotide cofactors or in the presence ofdissociation from nucleoprotein filamen®&l( 65). Dissocia-
AMP never produced any crystal. The crystal packing tion of a recombinase protomer requires the cleavage of
interactions seem to be insufficient for enriching extended protein—DNA and protein-protein interfaces. Removing a
MvRadA filaments. As such, the extended MvRatdADP terminal protomer cleaves one proteiprotein interface,
filaments, though surprising, may be somewhat stable in while removing an internal protomer cleaves two. Even in
solution. Compared with the ATPase-active form, concerted the presence of ADP, the protomer interface appears to be
conformational changes were located across the ATPase sitsomewhat stabilized with an essentially unchanged disposi-
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tion of nucleotide-interacting P loop and Arg-158 of one that of MvRadA. They may share some aspects of structural
protomer, and ATP cap of another. Conceivably, a decreaseplasticity visualized in the MvRadA structures in various
in protein—DNA affinity would result in dissociation at the  doses of potassium acetate. We speculate that the dynamic
filament end with minimal energetic cost. The crystal nature of Rad51-bound DNA could be alternatively achieved
structures, however, do not provide an explanation for the in vitro by optimizing the reaction condition. The remotely
observed 5-3' polarity. The largely disordered L2 region related EcRecA, on the other hand, does not appear to require
seen in the MvRadAADP crystal also implies that the any monovalent cations for function. As such, RecA may
recombinase-bound DNA is flexible, which is consistent with not alter its grip on DNA unless the ATP cofactor is
the time-resolved fluorescence study on EcRecA-bound DNA hydrolyzed.

(40). Previous studies have suggested that ECRecA dissoci- RecA-like recombinases are well-known for their structural
ates from the 5end of ssDNA 81, 32), while protomer  plasticity in forming helical filaments with remarkably
exchange is minimal within the presynaptic complex prior heterogeneous ranges of helical pitches and periodicities.
to strand exchangés6). On the other hand, a fluorescence MvRadA filaments with extended helical pitches have been
study has demonstrated that the compact ATPase-inactivecrystallized. Strikingly, the high-resolution structures revealed
EcRecA filament cannot be directly converted into the recurrent long-range conformational changes correlated with
extended active filamen67). For EcCRecA and MvRadA  eijther K loss or ATP hydrolysis. The conformational
with relatively fast ATP hydrolysis rates (3B0 mir?), the changes imply two conformations of the recombinase-bound
presynaptic complex would survive several cycles of ATP DNA which differ in flexibility. This structural finding may
hydrolysis and ADP-ATP exchange either in the absence provide a useful rationale for understanding the role of ATP
of a homologous dsDNA or before the strand exchange hydrolysis in promoting the hallmark strand exchange

reaction occurs. This possibility is consistent with kinetic reaction.

findings on EcRecA, which exhibits much faster ATP
hydrolysis than protomer exchangg8¢-71). During these

multiple hydrolysis cycles, it is unlikely that the presynaptic
complex would disassemble and reassemble, which woul
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require protomer exchange. Conversion into the compact O &ccess to its X-ray facility.

inactive filament is also unlikely, which would also require
reassembling of the active filament since the reverse conver-

therefore, consistent with the existing evidence that the

presynaptic complex may remain in its extended form prior 2.

to strand exchange. Thus, we argue, sections of the recom-
binase-bound ssDNA may indeed be cycled through two 5
conformational states in concert with ATP hydrolysis and
nucleotide exchange. The conformational change or flex-
ibility triggered by ATP hydrolysis may serve as a useful
rationale in further studying the interplay between the
ATPase site and the DNA-binding site(s). Most evidence for 5
nucleotide exchange by active recombinaB®A filaments,
however, is implicit. Soaking MvRadA crystals in the

absence of any nucleotide abolished the diffraction in 30 min 6

followed by crystal dissolution in-23 h. The crystallized
recombinase filaments seem to be somewhat dynamic to

allow for loss of nucleotide cofactors sequestered between 7.

protomers. We then attempted ABRMP-PNP exchange
by crystal soaking without success. It is worth noting most
eukaryotic RecA orthologs are much slower ATPases than
EcRecA. During ATP hydrolysis in the presence of a ATP
regeneration system, human DME4sDNA filaments ac-

cumulate much less ADP than human Rad51, despite being 9

2-fold faster in ATP hydrolysisA2, 73). These results imply
that DMC1 is faster in nucleotide exchange. Interestingly,
human XRCC2 protein has recently been observed to
stimulate ADP-ATP exchange by the slower human Rad51
(74).

In addition, similar conformational changes can alterna-
tively be triggered within the extended MvRadA filament
by the loss of either the Kion(s) or the terminal phosphate
of ATP. For human and yeast Rad51 proteins, but not for
EcRecA, optimal conditions were found for extended strand
exchange in the absence of ATP hydrolysis. The sequences
of eukaryal homologues are more than 40% identical with
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