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ABSTRACT: The presumptive first step in the Rad51-promoted formation of joint molecules is binding of
the protein to ssDNA in the presence of ATP and2¥gIn this paper, we report that Rad51’s ability to

bind DNA is rapidly inactivated when incubated at-387 °C but is stabilized by the presence of ATP

and Mg*. Although unable to promote binding to DNA, ATIRS also prevents inactivation of Rad51

at 37°C. AMP-P-N-P lacks this property, while ADP protects partially but only atlB times higher
concentrations than ATP. These observations correlate with the dissociation constant of those nucleotides
for Rad51 determined by equilibrium dialysis. Rad51 binds ATP and A73with a 1:1 stoichiometry

and Kgs of 21 and 1M, respectively. The presence of DNA significantly increases the affinity of
Rad51 for ATP, while DNA has a smaller effect on the affinity of AJFRS. Competition binding studies

show that ADP and AMP-P-N-P bind with a 5- and 55-fold lower affinity, respectively, than ATP. The
CD spectrum of Rad51 with negative double minima at around 210 and 222 nm is characteristic of an
a-helical protein. Upon binding ATP and Mg the CD spectrum is altered in the regions $208 and
208-235 nm, changes that are indicative of a more structured state; this change does not occur with
Rad51 that has been inactivated at°8 We surmise that the active conformation is more resistant to
inactivation at elevated temperature. Our data suggest that one of the roles of ATP @nith Rgd51-
mediated strand exchange is to induce the proper protein structure for binding the two DNA substrates.

The Saccharomyces cerisiae Rad51 protein, like RecA,
whose sequence it resemblés-@), catalyzes the formation
of joint molecules and the fully strand-exchanged product
from circular single-stranded DNA (ssDNARNnd linear
double-stranded DNA (dsDNA). Both reactions require
ATP, Mg@?*, and a single-stranded DNA binding protein, the
yeast replicative protein A (RPA) being most efficient for
the reaction catalyzed by Rad54—7).

Recently, we reported that Rad51 binds ssDNA and
dsDNA only in the presence of ATP and that neither ADP
nor the nonhydrolyzable ATP analogues, A+S and AMP-
P-N-P, can substitut&). ATP promotes activation of Rad51
binding to DNA, while ADP promotes dissociatior)(
Despite the similarity of Rad51 and RecA in their require-
ment for ATP, the two proteins differ in their response to
ATP-y-S. RecA forms a more stable complex with DNA
in the presence of ATR-S than with ATP 9—11). By
contrast, ATPy-S fails to promote efficient binding of Rad51
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to DNA but causes dissociation of the protein from DNA
(8.

To understand the role of ATP in Rad51-promoted joint
molecule formation and complete strand exchange, we have
investigated how ATP binding affects the protein. The first
clue that ATP binding to Rad51 may alter its structure was
the finding that the interaction of Rad51 with ATP and ¥g
protects the protein from inactivation at 37 and 30.
Unexpectedly, ATP+S, which is unable to promote Rad51
binding to DNA, is as effective as ATP in protecting Rad51
against temperature inactivation. By contrast, ADP protects
Rad51 poorly and only at 5 to 10 times the concentration at
which ATP and ATPy-S are effective, while AMP-P-N-P
is completely inactive.

To determine if the response to the different nucleotides
is related to their affinity for Rad51, we measured their
binding constantsKg) by equilibrium dialysis. ATP and
ATP-y-S in the presence of Mgy have nearly the same
binding constants for Rad51, and bdfgs are lowered in
the presence of single-stranded DNA although the affinity
of ATP-y-S is less affected by DNA than is ATP. ADP

* Author to whom correspondence should be addressed at Beckmanand AMP-P-N-P bind Rad51 about 5 and 55 times respec-
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1 Abbreviations: RPA, yeast single-stranded DNA binding protein
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etheno-cytidine ssDNA; Mes, Nfmorpholino]ethanesulfonic acid;
ATP-y-S, adenosine '80-thiotriphosphate; AMP-P-N-P, adenylyl-
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tively more weakly than ATP.

A more direct indication that the interaction of Rad51 with
ATP influences its structure was obtained by measurement
of the circular dichroism in the presence and absence of ATP
and Mg*. Changes in the CD spectra indicate that the
binding of ATP and Mg" induces an alteration of Rad51’s
secondary structure. We surmise that the effect of ATP
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Mg?t in stabilizing Rad51 at elevated temperature and y-S (12-30 uM), 4 uM Rad51, and 40uM Poly(dT).
promoting a structural alteration evidenced by the altered Binding of ATP or ATPy-S to Rad51 in the presence of

CD spectrum reflects the ability of AFPMg?" to promote linear dsDNA was carried out in a reaction mixture contain-
the proper conformation required for Rad51's catalytic ing [a®?P]JATP (15-40 uM), 2 uM Rad51, and 2QuM
activity. dsDNA or PSS]JATP+-S (20-80 uM), 4 uM Rad51, and
40 uM dsDNA. To determine the association constants for
EXPERIMENTAL PROCEDURES ADP and AMP-P-N-P, the binding off5]ATP--S (60uM)

. . to 6 uM Rad51 was measured in the presence of ADP (0

R;ptgl?s, D.NA' ?nd”BuffeasYea}St (;?adSl. pgtelr_:_r\]/vas 6004M) or AMP-P-N-P (0-6000uM). All reactions were
puriied Trom InSect celis as gescribed previou Y. ( '€ carried out in standard buffer with the indicated amounts of
concentration of Rad51 was determined using an extinction Rad51 on one side of the dialysis membrane and the
coefficient (determined from its amino acid composjtio_n) of nucleotides and DNA on both sides of the membrane. Where
1'2.6 X.104 at 280 nm. RPA was expressedﬁschgnchla ATP was used, an ATP-regenerating system consisting of
CO.I' using the plasmid 'p.JM126 (proylded by S Brill and B. 10 u/mL creatine kinase and 1 mM creatine phosphate was
Stillman) and was _pur|f|_ed as descrlb_euzx. Linear D'\.'A added to both sides of the dialysis membrane. The dialysis
was prepared by digestion of pBluscriptSK(dsDNA with chamber was rotated at 2Z at a speed of 20 rpm, and
thePst restriction endonuclease. Single-and dOUble'Strandedequilibrium was reached within 5 h. The nucleotid,es and
DNA and 6.DNA were prepared as descrlbétB_( 14). The nucleotide analogues were quantified by liquid scintillation
concentration of DNA is expressed as nucleotide equwalents.coummg In those instances where Rad51 was inactivated
E.Olil(dﬂ’ ATP’d""‘:_IC_i A[S)P Vgiﬁﬂgb;aw%df fromB Phha_rmama during the dialysis, we sought to minimize the error in
I\/IIO ech _nc.,ar312P AP; adn 5 AT-P- S rom boe hrlngedr calculating the Scatchar@ value (number of moles of
f annNEIILJn.L'f{X S]' aFr: 5 ]t UJV-I Wert?] purc aset d nucleotide bound per mole of Rad51) by measuring the
rom le Science Frogucts. UNIess otNerwise NOEd, yoqjqa) ability of Rad51 to bind to DNA afté h incubation
the standard reaction buffer used in the binding experiments; - . presence of different amounts of nucleotides. The
contained 40 mM K-Mes (pH 6.5), 4 mM Mg&I11 mM Scatchard plot and the derived dissociation constants were

DTT, and 5% glycerol. Where indicated, Rad51 was : : : :
. : ) : . . obtained only at those nucleotide concentrations at which
inactivated by incubation without ATP in the standard buffer 85—100% of Rad51 remained active af h at 22°C.

at 37°C for 9 min. The buffer used in the circular dichroism
measurements contained 5 mM KBO, (pH 7.2), 4 mM
MgCl,, and 5% glycerol. For some experiments, ATP was

added to 0.1 mM, and in others Mgwas removed and bandwidth of 0.2 nm and a time constant of 1 s. Measure-

EDTA added to 0.1 mM. _ ments were made at 2C at a Rad51 concentration of 2.9
Strand Exchange.Strand exchange was measured with ;M. Each of the recorded spectra was the average of six
the agarose gel assay described previou8ly (To assess  scans, each experiment being repeated several times with
the effect of ATP, 5.6:M Rad51 was incubated for 8 min  ggsentially the same results. Temperature-dependent changes
in the presence of 2 mM MggMwith or without 0.5 MM i the CD spectra were monitored at 198 and 226 nm. The

ATP; then 20uM of ¢X 174 ssDNA, 0.7uM yeast RPA,  mean signal value was measured for 600 s over the
and 0.5 mM ATP were added (where ATP had been omitted). temperature range-80 °C in a built-in temperature control-

Afte'r_an add|t|0na_1l 10 min, the reaction was started by the ling unit in steps of 2C. CD signals (in millidegrees) were
addition of 2QuM linear $X 174 dsDNA and 12mM MgGl  converted to mean residue ellipticity (in degree squared
(final concentrations). centimeters per decimole) after subtracting the blank signal
DNA Binding Methods.The conditions and procedures for the cuvette and buffer. The equatid = (100 x 0)/(l
used to assay binding of Rad514DNA and dsDNA were  x ¢) was used, wheré is the observed ellipticity in degrees,
performed as describe®)( The stability of Rad51 at 37 ¢ is the molar residue concentration of protein, &nslthe
°C was determined by measuring Rad51 binding@iNA path length of the cuvette in centimeters. In the calculation
(8) following the addition of the reaction components in of molar residue ellipticity, an average residue weight of
different sequences. After the final addition, the binding 107.4 was used.
reaction contained the standard buffer, 4 mM MgQ00
uM nucleotide, 5uM ¢DNA, and 1uM Rad51. To assess RESULTS
the extent of inactivation, Rad51 (&) was preincubated Joint Molecule Formation and Strand Exchange by Rad51
at 30 or 37°C with or without nucleotides in the presence |s |nactivated at 37°C in the Absence of ATPIn our
of 4 mM MgCL. lIts binding to dsDNA was measured by previous studies of Rad51-promoted strand exchasjje (
nuclease protection after adding ATP ahtHabeled linear Rad51 was preincubated at 3C with MgCl,, ATP, and
dsDNA to 1 mM and 1Q«M, respectively §). ssDNA, then RPA was added, and 10 min later the reaction
Equilibrium Dialysis. Dialysis was carried out in cylindri- ~ was started by the addition of dsDNA. Under these
cal 100uL volume dialysis chambers (Hoefer) fitted with  conditions, joint molecules between circular ssSDNA and the
membranes (MWCO 25 kDa). Rad51 (4 anddgl) was overhanging end of the linear dsDNA’'s complementary
dialyzed to equilibrium with various concentrations af{P]- strand were formed, and over time these were converted to
ATP (20-120uM) or [*®S]ATP+-S (15-60uM). Toassess  nicked circular dsDNA §). However, if ATP is omitted
the effect of ssSDNA on ATP and ATR-S binding, dialysis ~ from the preincubation with Rad51 but is added back along
was carried out with reaction mixtures containiog?P]ATP with the other components of the reaction, neither joint
(2—10uM), 2 uM Rad51, and 2@M Poly(dT) or F5S]JATP- molecules nor completely strand-exchanged product were

Circular Dichroism (CD) SpectroscopyCD spectra were
recorded on an Aviv 62DS CD spectropolarimeter using a
cuvette with a path length of 0.1 cm using a spectral
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Ficure 1: Inactivation of Rad51’s ability to form joint molecules
and promote strand exchange. Reaction mixtures containing 5.3
uM Rad51 without or with ATP (0.5 mM) were incubated for 8
min at 37°C. ATP was added, where it had been omitted, along
with 20 uM circular $X 174 ssDNA, 0.7uM RPA, and 20uM
linearpX 174 dsDNA,; the reaction was incubated at°®7for the

Namsaraev and Berg

The Capacity of Rad51 To Bind to DNA Is Inaetied at
37 °C in the Absence of ATPIn initial experiments, the
ability of ATP to prevent the loss of Rad51 binding to DNA
at 37 °C was detected by varying the order in which the
components were added to the reaction. Addition of Rad51
to a reaction containing ATP, Mg, andeDNA resulted in
an increase of fluorescence from 1.8 to about 5.0, indicative
of protein binding toeDNA (Figure 2A). If Rad51 is
preincubated with ATP and Mg before the addition of
€DNA, the increase in fluorescence was the same (Figure
2B). However, if ATP was added following incubation of
Rad51 witheDNA the increase in fluorescence was marginal,
some of the increase being due to the intrinsic fluorescence
of the protein preparation (Figure 2C). Figure 2D shows
that the addition of Rad51 to a reaction in which the Rad51
had been inactivated restored the binding, indicating that the
reactants are fully responsive to active Rad51. Mg
omitted from the preincubation, binding was appreciably
impaired and was not reversed by the subsequent addition
of Mg?" (data not shown). These experiments (Figure-2A

indicated times, and the products of the reaction were analyzed asD) describe the binding of Rad51 &®NA, but the same

described in Experimental ProceduresA)(Ethidium bromide-
stained reaction products. (B) Reactions in wif-labeled linear

requirements exist for Rad51 binding to dsDNA. Thus,

dsDNA was used as a substrate. The products were detected byRad51 binding to dsDNA was severely impaired if the

autoradiography. Labels are as follow: ss, circular ssDNA, ds, linear
dsDNA; jm, joint molecules; nc, nicked circular dsDNA.

formed (Figure 1). The same result was obtained even with
the increased sensitivity of?P-labeled DNA substrates
(Figure 1B). These data indicate that even a brief incubation
of Rad51 at 37°C without ATP inactivates its ability to

protein was incubated at 3T in the absence of ATP before
the addition of dsDNA (Figure 2E). These data show that
the ability of Rad51 to bind to DNA is inactivated relatively
rapidly at 37°C. However, inactivation is prevented by the
addition of ATP.

Figure 3 describes the ability of Rad51 to bind dsDNA

catalyze strand exchange.

following incubation at 37 or 3C°C in the presence or

The failure to produce joint molecules suggests that the absence of ATP. At 37C, Rad51 loses its ability to bind
inactivation occurs at an early step of the reaction, namely, to dsDNA completely within 10 min; at 30C the rate of

the ability of Rad51 to interact with ATP, ssDNA, or dsDNA.
We therefore determined which of the activities associated
with Rad51 is inactivated by incubation at 3€ and the
role of ATP in preventing that inactivation.

inactivation was slower, but complete inactivation occurred
between 40 and 60 min. ATP increased the stability of
Rad51 at both temperatures: at 30, protection by ATP

was complete even after 60 min, while at 7 the half-life
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Ficure 2: Effect of the order of ATP addition on the binding of Rad51 to DNA at@7 In experiments presented in panels A, B, C, and

D, the reaction mixture contained 0.1 mM ATPuM eDNA, 1 uM Rad51, and 4 mM MgGl Fluorescence was measured after each
addition until the emission had reached a steady value. The arrows indicate the times of the additions. (E) Binding to dsDNA, different
concentrations of Rad51 were incubated at’@7for 9 min in the presence of 4 mM MgQWith or without 0.5 mM ATP. The reaction

was started by the addition of 1M 3H-labeled linear dsDNA and 0.5 mM ATP where it had been omitted. Binding was detected by the
nuclease protection assa§).(
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Ficure 3: Effect of ATP on the stability of Rad51. The kinetics

of inactivation of Rad51 was measured as described in Figure 2, B
except that «M Rad51 was incubated with or without 0.5 mM

ATP at either 30 or 37C for the indicated times. The amount of

the protein’s dsDNA binding activity8) remaining at each time

was measured in the standard buffer containingM0*H-labeled

dsDNA and 0.5 mM ATP at the same temperature used for the
preincubation. The enhanced stability of Rad51 at°@7in the
presence of dsDNA and ATP is also shown.

of DNA binding was extended from 2 min to about 40 min
in the presence of ATP. With both ATP and dsDNA, Rad51
was completely stable for at least 60 min, suggesting that AMP-P-N-P
DNA enhances the stabilizing effect of ATP (Figure 3). : o . 3
ATP--S Preents Temperature Inacttion of Rad51. 0 250 500 750 1000 1250 1500
Neither ATPy-S, AMP-P-N-P, nor ADP promotes binding
of RadS1 to DNA §). Moreover, ATPy-S but not AMP- FIGURE 4: Protection of Rad51 against inactivation at 7 b
P-N-P or ADP causes dlssc_)cw_ltlon of a preformed Rad51- ATP-y-S. (A) Reactions were car?ied out as described in l%/igure
¢DNA complex @). These findings suggest that ATPS 2A, except that the concentration of ATP was 0.2 mM and that of
can bind to Rad51 but do not support binding to DNA. It ATP-y-S was 0.1 mM. The arrows indicate the times of additions.
was, therefore, of interest to determine if AJFS can (B) Effect of concentration of ATP, ADP, ATR-S, and AMP-P-
prevent inactivation of Rad51 at 3C. As noted in Figure ~ N-P on the stability of Rad51 at 3T was determined as described
2, the ability of Rad51 to bind teDNA is lost at 37°C and 'dniff':e'?;:f Czoa'cggltj;ﬁ%m %??ASTlPWTDISCLAbTﬁsd 'grtg?vg?s_e,\ln_cs of
is not restored if ATP is added subsequently. But incubation at 37°C for 9 min, at which time ATP (1.25 mM) ari-labeled
with ATP-y-S appears to prevent inactivation of Rad51 at dsDNA (10 mM) were added for an additional 10 min and the
37 °C because the subsequent addition of ATP is able to remaining DNA binding activity was assayed by nuclease protection
partially restore Rad51 binding t®NA (Figure 4A). We
surmise that ATP+~S binds to and protects Rad51 and that ———
ATP is able to displace ATR-S from its association with ~ T@Ple 1= Parameters of Nucleotide Binding to Rad51

100 - ATP-Y-S
80 [

60 [

Active Rad51, %

40 [

20

Nucleotide, pM

Rad51, thereby restoring the ability to bind to DNA. K¢ (uM)

If we assume that it is bound nucleotide that protects the nucleotide no DNA with sSsSDNA  with dSDNA®
protein from inactivation, then the efficiency of protection ~atpe 21+ 5.5 23+03 12.0+ 1.1
should depend on the affinity of the nucleotide for Rad51 ADP! 88.94+10.7 ND' ND
and, therefore, on the concentration of the nucleotide. ATP-y-S° 19.1+£5.5 7.0+ 0.9 27.8+ 4.6
Accordingly, we measured the ability of different concentra- AMP-P-N-F 11004+ 100 ND ND
tions of ATP, ADP, AMP-P-N-P, and ATPR-S to protect a2 The value ofkq was determined by equilibrium dialysis at 22

Rad51 following incubation at 37C (Figure 4B). AMP- (See also Figures 5B and '6Poly(dT) (20uM) was added to dialysis

. . . buffer. ¢ Linear dsDNA (2QuM) was added to dialysis buffet.Errors
P-N-P fails to protect Rad51 at all concentrations tested; calculated by curve fitting procedurg[a®?P]JATP was used to deter-

however, ADP, while comparatively ineffective at 108!, mine Kq. fKgs for ADP and AMP-P-N-P were determined from
does prevent inactivation as its concentration is increased.competition experiments using§]ATP-y-S. 9 [3S]ATP-y-S was used.
As expected, inactivation of Rad51 is effectively suppressed " Not determined.

by ATP and somewhat more effectively by AHPS.

Binding of ATP to Radil1 The binding of ATP and its The ATP binding data were replotted in a Scatchard plot,
analogues to Rad51 was measured directly by equilibrium and the binding constants are summarized in Table 1. Figure
dialysis. With increasing ATP concentrations the amount 5B shows that the intercept extrapolates to 1, indicating that
of bound ATP increased, reaching a maximum atu80, 1 mol of ATP is bound per mol of Rad51. The dissociation
indicating saturation binding behavior (Figure 5A). Low or constant for ATP is close to the value of-187 uM reported
no ATP binding was observed with Rad51 that had been for ATP binding to RecA 15, 16). However, the value of
inactivated by incubation at 3T, indicating that inactivation 21 + 5.5 is considerably higher than the optimal amount of
of Rad51 by this means causes a loss in the ability to interactATP for binding Rad51 to DNA (3 uM) (8). Itis possible
with ATP (Figure 5A). that the affinity of Rad51 for ATP is enhanced when it is
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Ficure 5: Binding of ATP to Rad51 determined by equilibrium
dialysis. The reactions were performed in standard reaction buffer
containing 4 mM Mgd) with 8 uM Rad51 on one side of the
dialysis membrane and varying amounts @¥3P]JATP in the two
chambers. (A) The amount of labeled nucleotide associated with
the protein at equilibrium is plotted on the ordinate. Rad51 was
inactivated by incubation for 9 min at 3T in the absence of ATP.
(B) The calculated amounts of bound and free ATP were analyzed
using Scatchard plots. Measurements of the binding of ATP to
Rad51 in the presence of ssDNA were performed in a reaction
mixture containing 2«:M Rad51, 2QuM Poly(dT), and §32P]JATP
(2—10 uM); with dsDNA, the reaction contained:@v Rad51, 20

uM linear dsDNA, and §32P]ATP (15-40 uM. 6 represents the
number of moles of ATP bound per mole of Rad51.

bound to DNA, as is the case for RecBg]. Consequently,
equilibrium dialysis measurements of ATP binding were
performed in the presence of ssDNA or linear dsDNA. The
Kq values obtained from the Scatchard plot in Figure 5B are
2.3+ 0.3and 12.9t 1.1uM in the presence of ssSDNA and
dsDNA, respectively (Table 1). The affinity of ATP for
Rad51 is about 10 times greater in the presence of ssDN
than in its absence.

Binding of ATPy-S and Other Analogues of ATREigure
6A shows Scatchard plots for the binding of AJFS to

Namsaraev and Berg
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Ficure 6: Binding of ATP+-S and ATP analogues to Rad51. (A)
Binding of ATP+-S in the absence of DNA was determined by
equilibrium dialysis with 4uM Rad51 and S]ATP-y-S (15-60
uM) in the standard reaction buffer containing 4 mM MgClo

Adetermine the effect of ssDNA and dsDNA, the dialysis was

performed in reaction mixtures containinguM Rad51, 40uM
Poly(dT), and $*S]JATP-y-S (12-30 uM) or 4 uM Rad51, 4QuM
dsDNA, and §°S]ATP-y-S (20-80 uM), respectively. The Scat-
chard plot was derived as described in Figure 5. (B) Binding of

Rad51 in the absence and in the presence of DNA, and theADP or (C) AMP-P-N-P to Rad51 was determined by competition

Kq values are summarized in Table 1. The dissociation
constant for ATPy-S is 19.1+ 5.5 in the absence of DNA
and 7.0+ 0.9 and 27.8t 4.6 uM in the presence of SSDNA
or dsDNA, respectively. Thus, in the absence of DNA, ATP-
y-S binds to Rad51 with virtually the same affinity as ATP.
DNA also increases the affinity of ATR-S for Rad51, but
less so than for ATP. The lesser effect of DNA on the
affinity of ATP-y-S for Rad51 may be due to the poorer
binding of DNA in the presence of ATP-S (8).

Binding of ADP and AMP-P-N-P was determined by their
ability to compete with the binding of§S]JATP--S. Table

with the binding of ATPy-S. Increasing amounts of ADP{®00
uM) or AMP-P-N-P (0-6 mM) were dialyzed to equilibrium with
6 uM Rad51 and PSJATP-y-S (60uM). The data were plotted as
the ratios of bound ADP/ATR-S or bound AMP-P-N-P/ATB~S

[ 1o versus the same ratios of free nucleotides [ ]

1 and Figure 6B, C show that th&; for ADP is 88.9+
10.7uM and for AMP-P-N-P, 1.1 0.1 mM. Thus, ATP-
y-S has a nearly 5-fold higher affinity than ADP for Rad51
and about 55-fold greater affinity than for AMP-P-N-P. These
data are consistent with the finding that higher concentrations
of ADP protect Rad51 from inactivation at 3T while
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A We considered the possibility that the change in the CD
20000 ‘ [ . : . . ‘ : spectrum of Rad51 in the presence of ATP andvigflects
: 4 1. None ] a change in the state of Rad51 polymerization rather than a
PO% N 3 2. ATP only 3 change in the secondary structure of the Rad51 monomer.
10000 | 3. Mg** only 9 To test that possibility, gel filtration studies of Rad51 were
so00 E 4 ATP +Mg™" carried out. Under the conditions of our assay {3% uM
_ H1.2 ] Rad51 in CD buffer), the apparent molecular mass based on
) OF its mobility in a Superose 6 (Pharmacia) column was-250
5000 12 ] 300 kDa, which is equivalent to the mass of a Rad51
10000 E ] hexamer. The chromatographic profile was unaffected by
: 3 4 the addition of Mg" and ATP under conditions that activate
O e e 2 2w a0 2e 256 DNA binding and produce a change in the CD spectrum.

ATP and M@" Stabilize Rad51 Secondary Structuid/e

Wavelength, nm presume that the protection of Rad51 against inactivation at

B elevated temperatures by the binding of ATP and?Mg
B — results from a change or stabilization of its structure. That
8000 | . presumption was tested by comparing the CD spectrum of
oo b1 —I’:‘AT‘;‘(’)'I‘IIIY ] Rad51 that had been inactivated at°&for 9 min with the
o ——-A'lg"P+Ni,g2+ spectrum of the protein that had been incubated under the
o aoo [ Y ] same conditions in the presence of ATP and?MgThe
Q A ] same comparison was done with Rad51 incubated with and
< W0 A ] without ATP and M@ at 20°C. At 20°C, the CD spectrum
ol e Ui of the protein incubated with and without ATP and Mg
E /"/ R e - ] differed only marginally (Figure 8A). This is not surprising
0 T because the protein is not substantially inactivated &0
192 200 208 216 224 232 240 248 256 in the absence of ATP and M However, the CD

spectrum of the protein incubated in the absence of ATP
_ _ _ and Mg" at 37 °C, where the protein is completely
FicurRe 7: CD spectra of Rad51. Circular dichroism spectra of nactivated (see Figure 3), was distinctly different from that

Rad51 were recorded at 2@. (A) Measurements of the CD i
spectrum were performed in buffer containing 21 Rad51. (B) of the fully protected protein in the spectral range of 94

To determine the effect of Mg and ATP on the structure of Rad51, 208 nm and 29823’_6 nm (F_igure 8A). These measgrements
the scan made in the absence of M@nd ATP was subtracted  indicate that inactivation is accompanied by a significant
from the scan made in the presence of 0.1 mM ATP aleneaf change in secondary structure.

'61 fha&re:_?gcgr?é itmmMMMl\%ggo(l?f)('?hoer g‘altgglge‘zserggﬁjg; The transition from active to inactive protein was also
ellipticity (deg cn? dmol-2) [©] is plotted. foI_Iowed by measuring th_e ellipticity valu_es at 198 nm
i o (Figure 8B) and 226 nm (Figure 8C) of active and inactive

AMP-P-N-P appears to be completely inactive in this regard Rad51 as a function of temperature. Note that the ellipticity
(Figure 4B). values of the active and inactive forms at the two wave-

Circular Dichroism of Rad51.The CD spectrum of RadS1  |engths are distinctly different at temperatures up to about
at 20°C with or without ATP and M§" displays negative  30°C. As the temperature rises between 30 and@ahe
double minima at 208 and 222 nm and posm\{e _eII|pt|C|t|es active form undergoes a sharp decrease in ellipticity; above
at 193-198 nm, features that are characteristic of@n 40 °C the values for the two forms remain the same. Thus,
-helical protein (Figure 7A); to emphasize the spectral the structural change in Rad51 induced at elevated temper-
changes that are induced by the presence of ATP arfd Mg  atyre occurs concomitantly with its inactivation. The addi-
we show the difference spectra in Figure 7B. With ATP o of ATP and Md* to Rad51 induces both a structural
_alone the spectrum differs _only marginally from that obtained change and the ability to bind DNA. It seems simplest to
in the absence of ATP (Figure 7, compare spectra 1 and 25355yme that the stabilization and activation of the protein
and Figure 7B), suggesting that ATP does not interact with hayve the same structural basis.
Rad5; n the absence of l@l*g With Mng alone; hqwever, The experiments described in Figures 7 and 8 were also
the ellipticity of the protein increased in the region 194 performed with ATPy-S in place of ATP with virtually
208 nm and decreased between 208 and 236 nm. In the|dentical results, but the data are not included in the

presence of both ATP and Mg the changes in ellipticity respective figures for the sake of simplicity. Because ATP-

in these spectral regions are even more pronounced. Thes%\/_S is unable to promote binding of either sSDNA or dSDNA

gatzﬁgggzsltﬂthfp tc)jlndmg of MbaloTethI ev_enhmore SO (8) and, therefore, fails to support strand exchange, we infer
y and Md* induces a structural change in the protein. that there are subtle differences in the structure of Rad51

The nature and extent of these changes are not ascertainable, it is bound with ATP and Mg compared to ATP-
directly, but the more pronounced lowering of the ellipticity »-S and Md*

between 208 and 236 nm is consistent with an increase in
a-helical domains, while the increased ellipticity at about pigcussioN

196 nm is thought to indicate an increaseghstructured

domains 17). Taken together, the spectral changes suggest Our experiments demonstrate that Rad51’s ability to bind
that Rad51 is more structured with ATP and Mdpound. ATP, or more properly an ATPMg?" complex, ssDNA,

Wavelength, nm
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A °C. By contrast, neither ADP nor AMP-P-N-P is able to
. , : . protect the protein at elevated temperature. These properties
soo0 f 1 correlate with the relative binding constants. Thus, ATP and
' 37°C ATP-y-S bind to Rad51 with a molar stoichiometry of about
6000 | ] 1 andKgs of 21 and 19M, respectively. ADP and AMP-
a000 L G ] P-N-P, however, bind poorly witKgs of 89 and 110@M,
S % respectively. Thé&,for ATP binding is lowered to 2.2M
< 2000} R 1 and for ATP¥-S to 7uM in the presence of poly(dT).
0 We presumed from these data that binding ATWy?"
Ta T T stabilizes and activates Rad51 by inducing a structural change
2000 [ 20°C 7 9 in the protein. Measurements of the Rad51 CD spectrum
195500 308 216 224 23> 240 248 256 under a variety of conditions are consistent with this view.
Thus, the CD spectrum of Rad51 displays negative double
Wavelength, nm minima at around 210 and 222 nm and positive ellipticities

at 193-198 nm, characteristics displayed by proteins with

B 15000 a-helical regions. The addition of ATP and Ffgalters the
T soeae T CD spectrum, increasing the ellipticity values between 194
F o000 © ooo ] and 204 nm and decreasing them between 208 and 226 nm.
12000 £ : — o . o
3 Active o ] The CD spectrum of inactive Rad51 differs distinctively from
E o0k ] that of the active form and fails to change upon the addition
Y ; ° ] of ATP and Md@". Furthermore, the ellipticity value of
5: 6000 £ . . E active Rad51 at 198 and 226 nm undergoes a marked
= [y ee®erer ".'..' -gﬁoggo°;:’°8°::°..° o] transition as the temperature is raised from 30 t0°@0
3000 | ) * * o e attaining the value of inactive protein at 4G and above.
Inactive °°°°°$ Although the precise changes in the structure cannot be
0 b L deduced from CD measurements alone, it is likely that the
o W% e changes reflect alterations in the structure when it is activated
Temperature, C by ATP—Mg?" and when it is inactivated at elevated
C temperatures.
A puzzling feature of our experiments is the behavior of
0 pr T EARRRRAREARERERRRRE ATP-y-S. ATP-y-S mimics ATP in its binding affinity for
-2000 3 Rad51, and in its ability to protect the protein against
4000 ] inactivation at 37C and to induce the same changes in the
£ .0 CD spectrum shown in Figures 7 and 8 (data not shown).
S -swo R Nevertheless, in our hands, ATRS is unable to promote
S 5000 Inactive CLI strand exchange or even to initiate joint molecule formation
2 0000 -.-.-..,.....-..-o;:,t»ca%&f’”""‘"’°"°°8 ] (our unpublished observations), although such an activity has
Active 4o° been reported previously®); parenthetically, the inactivity
12000 5666060000000°°° E of ATP-y-S in strand exchange is not surprising in view of
-14000 T S T DU P DU the fact that it is unable to promote Rad51 binding to either
o 1 20 3% 4 50 & 70 80 ssDNA or dsDNA 8). Although the structural alterations
Temperature, C produced by ATP»-S and ATP appear to be indistinguish-

FiGURE 8: Inactivation causes an irreversible change in the able by the measure of protein stabilization and CD spectral
secondary structure of Rad51. (A) Effect of inactivation on the changes, these properties fail to distinguish between the
structure of Rad51. Rad51 (2#M) was preincubated in the  functional and inactive form of the protein.

presence or absence of ATP and¥(D.1 mM ATP, 4 mM MgC4) At this point, it is informative to compare Rad51 and RecA

for 9 min at 20 or 37C. ATP and Mg+ were added in CD buffer . o ;

where they had been omitted. The CD spectrum of each mixture With respect to the consequence of binding nucleotides and
was determined, and the difference spectrum of the samplesMg?*. ATP binds to Rad51 with a stoichiometry of 1.0 and
incubated with and without ATP and Mgwere plotted. (B and aKq of 21 uM in the absence of DNA and 23M in the

C) The change in ellipticity of active and inactive RadS1 as a presence of Poly(dT); the comparable binding constants for

function of increasing temperature. The temperature of the cuvette i ;
was increased by ZC steps from 0 to 86C. Rad51 was inactivated ATP binding to RecA ar&gs of 15-24 and 2.uM in the

by preincubation at 37C for 9 min in the absence of ATP and @bsence or presence of sSDNA, respectivel, (16).
Mg?*, and then both were added in CD buffer where they had been However, Rad51 and RecA differ strikingly in their binding
omitted. The ellipticity was measured at the two wavelengths: (B) affinities with ATP+-S. Thus, the&q for binding ATP+-S

198 nm and ) 226 nm. P], residue ellipticity (deg crhdmol2). with RecA is less than 0.8M (16), and when ATPy-S is

and dsDNA, and to promote both joint molecule formation bound the protein forms a very stable complex with sSDNA
and strand exchange are rapidly lost when the protein is (9, 10, 16). At present, we cannot explain why ATRS
incubated at 37C and somewhat less rapidly at 3C. fails to activate Rad51 binding to DNA even though its
However, each of these activities is protected when ATP affinity for the protein is as high as that of ATP.

and Mg* are present during exposure of the protein to these A common feature of most nucleoside triphosphatases is
temperatures. Although ATP-S is unable to promote DNA  that binding of the nucleoside triphosphate activates and
binding @), it does protect Rad51 against inactivation at 37 changes the structural state of the protein. It has been shown
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