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Time-Dependent Inhibition of recA Protein-Catalyzed ATP Hydrolysis by ASP
Evidence for a Rate-Determining Isomerization of the reeéADNA Complex

Brian F. Paulus and Floyd R. Bryant*
Department of Biochemistry, The Johns HopkinsJdrsity, School of Public Health, Baltimore, Maryland 21205
Receied March 13, 199

ABSTRACT. The ATP analog ATPS is a competitive inhibitor of the recA protein-catalyzed ssDNA-
dependent ATP hydrolysis reaction. The degree of inhibition by yS;Fhowever, changes in a time-
dependent manner and is consistent with a two step binding mechanism. In the first ste/g BilMes

to the recA-ssDNA complex in a rapid equilibrium stelKf = 50 uM). This initial binding step is
followed by an isomerization of the reeASDNA—ATPyS complex to a new conformational state in
which ATPyS is bound with a significantly higher affinity (overddb = 0.3uM). This isomerization is
followed by the slow hydrolysis of ATf#S to ADP and thiophosphate (0.01 mip The first-order rate
constant for the ATPS-mediated isomerization step (20 mi)) although significantly greater than the
rate of ATP/S hydrolysis, is identical to the steady-state rate constant for the recA protein-catalyzed
ATP hydrolysis reaction. These results are consistent with a kinetic model in which an ATP-mediated
isomerization of the recAssDNA complex represents the rate-determining step on the recA protein-
catalyzed ssDNA-dependent ATP hydrolysis reaction pathway.

The recA protein ofEscherichia coli(M, 37 842; 352 the helical filament exists in a “collapsed” or “closed”
amino acids) is essential for homologous genetic recombina-conformation (helical pitch 65 A) and is inactive in strand
tion and for the postreplicative repair of damaged DNA. The exchange. In the presence of ATP, however, the filament
purified recA protein promotes a variety of DNA strand isomerizes to an “extended” or “open” conformation (helical
exchange reactions that presumably refiectivo recom- pitch 95 A) and is active in strand exchange (Egelman, 1993).
bination functions. The most extensively investigated DNA ~ The ATP analog ATPS has been widely used to
pairing reaction is the ATP-dependent three-strand exchangénvestigate the mechanism of action of the recA protein.
reaction, in which a circular ssDNAmolecule and a  Although the steady-state turnover number for recA protein-
homologous linear dsDNA molecule are recombined to yield catalyzed ssDNA-dependent AF¥8 hydrolysis (0.01 mint)

a nicked circular dsDNA molecule and a linear ssDNA is approximately 2000-fold lower than that for the hydrolysis
molecule. This reaction proceeds in three phases. In theof ATP (20 mirr?), the recA-ssDNA complex does isomer-
first phase, the circular ssDNA substrate is coated with recA ize to the open conformation and is active in strand exchange
protein to form a presynaptic complex; this complex will in the presence of ATFS, suggesting that nucleotide
catalyze the hydrolysis of ATP to ADP and Rn the second  hydrolysis may not be absolutely required for these processes
phase, the presynaptic complex interacts with a dsDNA (Roca & Cox, 1990; Kowalczykowski, 1991). ATP hy-
molecule, the homologous sequences are brought intodrolysis, however, has been shown to be required in order
register, and pairing between the circular ssDNA and the for the strand exchange reaction to proceed in a unidirectional
complementary strand from the dsDNA is initiated. In the manner, to permit the strand exchange reaction to proceed
third phase, the complementary linear strand is completely past lesions, mismatches, and heterologous inserts, and to
transferred to the circular sSDNA by unidirectional branch promote the dissociation of recA protein from the DNA
migration to yield the nicked circular dsDNA and displaced products after the strand exchange reaction has been com-
linear ssDNA products (Roca & Cox, 1990; Kowalc- pleted (Cox, 1994). Itis likely that the poorly hydrolyzed
zykowski, 1991). ATPyS traps the recAssDNA complex in a conformational

The presynaptic complex formed between the recA protein state that is analogqus to the state that exists after ATP has
and ssDNA is the active recombinational entity in DNA Pound but before it is hydrolyzed.
strand exchange reactions. The recA protein binds coop- In order to monitor the conformational transitions of the
eratively to ssDNA, forming a right-handed helical protein recA protein directly, we recently constructed a mutant recA
filament with one recA monomer per three nucleotides of Protein in which His163 was replaced by a tryptophan
ssDNA and six recA monomers per turn of the filament. In reporter group. The [H163W]recA protein catalyzes ATP
the absence of nucleotide cofactor or in the presence of ADP,hydrolysis with the same turnover number as the wild-type

protein (18-20 min1), has an §5(ATP) value (7QuM) that

P - is similar to that for the wild-type protein (46M), and is
Instm‘gs"‘g”;'g;fh?“ppormd by Grant GM 36516 from the National fully functional in the three-strand exchange reacfiom
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[H163W]recA—ssDNA complex (Stole & Bryant, 1994,
1995). The pre-steady-state kinetics of the ATP-mediated
fluorescence change were consistent with a two-step binding
mechanism in which an initial rapid equilibrium binding of
ATP to the recA-ssDNA complex is followed by a first-
order isomerization of the complex to a new conformational
state. The rate constant for the isomerization step (18%nin
was identical to the steady-state turnover number for ATP
hydrolysis, suggesting that the isomerization was the rate-
determining step on the ATP hydrolysis reaction pathway.
The kinetics of the ATPS-mediated fluorescence change
were also consistent with a two-step binding mechanism with
a unimolecular isomerization of 18 mih Since ATR'S
was not hydrolyzed appreciably on the time scale of these
experiments (0.01 min), this indicated that the isomeriza-
tion step follows ATR'S (or ATP) binding but precedes
ATPyS (or ATP) hydrolysis (Stole & Bryant, 1997).

The kinetic model described above was based entirely on
the observation of time-dependent changes in the fluores-
cence properties of the [H163W]reeAsDNA complex that
occurred after addition of ATP or ATFS. In order to
directly correlate these fluorescence changes with the actual
states of the recAssDNA complex, we examined the effect
of ATPyS on the kinetics of the ATP hydrolysis reaction. If
the two-step binding mechanism is correct, our model
predicts that ATRS should be a competitive inhibitor of
ATP hydrolysis, and that the degree of inhibition by A1F
should increase in a time-dependent manner as the-recA
ssDNA—-ATPyS complex isomerizes from the initial state
(in which ATPyS is less tightly bound) to the second
conformational state (in which ATFS is more tightly
bound). The results of our kinetic study are presented in
this report.

EXPERIMENTAL PROCEDURES

Materials. Wild-type and [H163W]recA proteins were
prepared as described previously (Bryant, 1988; Stole &
Bryant, 1994). ATP was from Pharmacia, and A’BPwas
from Sigma. {-32P]JATP and §-3°S]ATPyS were from
Amersham. di, DNA was from Gibco BRL. All DNA
concentrations are expressed as total nucleotides.

ATP Hydrolysis AssayATP and ATP'S hydrolysis was
measured using a thin-layer chromatography method as
previously described (Weinstock et al., 1979). Specific
reaction conditions are given in the relevant figure legends.

Data Analysis. The kinetic simulations in this report were
produced using the KINSIM program (Frieden, 1993).
Initially, preliminary simulations were generated using kinetic
parameters derived for an analogous reaction scheme in ou
recent transient fluorescence studies of the [H163W]recA
protein (K; = 90 uM, Kz = 70uM, k, = 18 min?, k, = 16
min~%, andk_, = 2 min~%; Stole & Bryant, 1997), and the
valuek_, = 0.13 mirr determined here (see Results). These
parameters were then adjusted to give the best overall fit of

the kinetic model to each data set. The final parameters that

were used for each set of kinetic simulations are given in
the relevant figure legends.

RESULTS

Time-Dependent Change in the Inhibition of ATP Hy-
drolysis by ATRS. The ssDNA-dependent recA protein-
catalyzed hydrolysis of ATP was measured in the presence
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Ficure 1: Time-dependent inhibition of recA protein-catalyzed
ssDNA-dependent ATP hydrolysis by AFB. Reaction solutions
contained 25 mM Tris-HCI (pH 7.5), 10 mM Mg&I120 uM dTso,

1 uM [H163W]recA protein, 1 mM §-32P]JATP, and either M

(V) or 20 uM ATPyS (). The reactions were initiated by the
simultaneous addition of ATP and A¥B after incubation of all
other components for 8 min at 3€. The points represent ATP
hydrolyzed as a function of time at 3. The solid line was
calculated using the mechanism in Scheme 1 and the parameters
Ky = 55/4M, Kz = 75/4M, k2 =20 mirrl, kfz =0.1 mirrl, k4 =
20.5 mir?, andk_, = 2 min1.

and absence of ATFS5. The reaction solutions contained
recA protein (1uM) and a saturating concentration of gT
(20 uM).2 All of the kinetic experiments reported below
were carried out with our mutant [H163W]recA protein so
that the results could be related directly to our recent transient
fluorescence studies (see the introduction; Stole & Bryant,
1997). In all cases, however, equivalent kinetic results were
obtained with the wild-type recA protein (data not shown).
All reactions were carried out at pH 7.5 and 32.

Time courses of ATP hydrolysis that were obtained at a
saturating concentration of ATP [1 mMy SATP) = 70 uM]
and in the absence or presence of ABR20uM) are shown
in Figure 1. These reactions were initiated by adding ATP
and ATP/S simultaneously to a reaction solution which
contained preformed recAssDNA complex. Inthe absence
of ATPyS, the ATP hydrolysis reaction followed a linear
time course with the expected steady-state rate constant of
20 min* (Stole & Bryant, 1994). In the presence of AP,
I’however, a nonlinear time course was observed. At early
time points 1 min), the rate of ATP hydrolysis was nearly
the same as that measured in the absence ofySTPAs
the reaction progressed, however, the rate of ATP hydrolysis
decreased until it reached a new steady-state rate that was
significantly lower than that measured in the absence of
ATPyS.

The nonlinear time course shown in Figure 1 indicated
that the degree of inhibition of the ATP hydrolysis reaction
by ATPyS was changing in a time-dependent manner. This
kinetic behavior was consistent with the mechanism shown

8 dTs is the smallest ssDNA that will maximally activate the ATP
hydrolysis activity of the recA protein (Brenner et al., 1987).
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Scheme 1 in Scheme 1) in order to ensure that the rec&DNA
K, K complex (E) was formed in a consistent way in every
E+ATPYS = E°ATPYS == E“ATP}S experiment.
ATP 2 Dependence of AT Inhibition of ATP Hydrolysis on
ATPyS and ATP ConcentrationTo more critically evaluate
]LKG the model in Scheme 1, the dependence of the ySP
E-ATP inhibition kinetics on ATR'S and ATP concentration was
examined. All reactions were initiated by the simultaneous
s WLK“ addition of ATP and ATRS to reaction solutions which
E*ATP faé E + ADP + Pi contained preformed recAssDNA complex.

Time courses of ATP hydrolysis that were obtained at a

in Scheme 1. In this mechanism, both ATP and ASmind f!xed concentration of ATP (1 mM) and.vari_ous concentra-
to the recA-ssDNA complex (designated E) in a rapid tions of ATRS (20-60 uM) are shown in Figure 2A. At
equilibrium step Ky for ATPyS andKs for ATP). This initial all ATPyS concentrations examined, the blphas!c nature of
binding step is followed by a slow isomerization of the the time courses was apparent; both the amplitude of the
complex ki/k_ for ATPyS andky/k 4 for ATP) to a new flrst phz_ise and the rate of th_e second phase decreased with
conformational state. In the case of ATP, this isomerization increasing ATRS concentration. According to Scheme 1,
is followed by the rapid hydrolysis of ATP and release of the deper)t_jence of the observed_f|r§t—prder rate constant for
ADP and P thus, the observed rate constant for ATP Fhe. t.ransmon from the weakly mhlblted to.the strongly
hydrolysis is determined by the rate of the isomerization step. inhibited state on ATPS concentration (at a fixed concen-

In contrast, the rate of ATES hydrolysis is extremely low,  tration of ATP) is given by eq 1:

and the isomerization is only weakly reversible (see below).

As a result, the isomerization step results in an increase in Kype = K [ATPyS] +k., (1)

the strength of ATPS binding in the recA-ssDNA-ATPyS bs— 2K, + K JATPY/K; + [ATPyS]] 2

complex. When ATP and AT#S are both present, they

compete for the same catalytic site on the recA protein. At yith k.= k_, at zero ATR'S concentration. In Figure 2B,
early times, when the rapid equilibrium binding of AF®  the first-order transition rate constants for the time courses
to form the initial complex (EATPyS) has been established  shown in Figure 2A are plotted versus AT® concentration;
but before the slow isomerization to the tighter binding state the extrapolated intercept of this plot corresponds to a value
(E*-ATPyS) has occurred, the inhibition by AFB is  of k., = 0.13 mirr’. Although Eq 1 also predicts thiags
relatively weak, and ATP hydrolysis occurs at a nearly || approach a limiting value ok, + k_, at high ATR/S
uninhibited rate. As time progresses, however, the slow goncentration, it was not possible to determinn this way
ATPyS-mediated isomerization of the complex leads to a pecause at ATPS concentrations greater than ZM the
higher affinity for ATFy'S, and the inhibition of the ATP  yransition to the strongly inhibited state was so fast (and the
hydrolysis reaction becomes more pronounced. This leadsextent of ATP hydrolysis was so low) that the biphasic time
to the slower, steady-state phase of ATP hydrolysis. courses could not be measured experimentally.

In Figure 1, the solid line represents a simulation of the  In Figure 2A, the solid lines represent simulations of the
experimental data that was obtained with the model in experimental data that were obtained using the model in
Scheme 1 and the paramet&is—= 55uM, Kz = 75uM, k; Scheme 1 and kinetic parameters similar to those used in
=20 mint, k-, = 0.1 mim?, ky = 20.5 min?, andk_, = Figure 1. These results indicate that the model is sufficient
2 min"L. The adequacy of the fit indicates that the model is to account for the ATPS concentration dependence of the
sufficient to account for the biphasic time course of the ATPyS-inhibited ATP hydrolysis reaction that is observed
ATPyS-inhibited ATP hydrolysis reaction. Furthermore, the at a fixed concentration of ATP.
kinetic parameters used to simulate the data are similar to  Time courses of ATP hydrolysis that were obtained at a
those that were derived for an analogous reaction scheme irfixed concentration of ATPS (204M) and various concen-
our transient fluorescence studies with the [H163W]recA trations of ATP (0.+1 mM) are shown in Figure 3. At
protein (see Experimental Procedures). Thus, the kineticsjow concentrations of ATP (0.1 mM), the amplitude of the
of the ATPyS-inhibited ATP hydrolysis reaction are con- first phase and the rate of the second phase of ATP hydrolysis
sistent with the proposed two-step mechanism for the bindingwere both very low, showing that the onset of inhibition is
of ATPyS to the recA-ssDNA complex. rapid when the ATP concentration is insufficient to allow

Results identical to those shown in Figure 1 were obtained ATP to compete effectively with AT#S for binding to the
for reactions that were initiated by the addition of recA catalytic sites before the tight AT/ binding state is
protein, rather than by addition of ATP and Af®. In the established [in the absence of Af®, the ATP hydrolysis
latter case, the recA protein is already bound to the ssDNA reaction (0.1 mM ATP) proceeded at a rate of.d4 min—1.
when the ATP and ATPS are added, whereas in the former As the concentration of ATP was increased, however, ATP
case the free recA protein potentially can interact with ATP was able to compete more effectively with Af® in the
or ATPyS before the protein binds to the ssDNA. The early stage of the reaction, and the biphasic time course of
equivalence of these results indicates that the binding of recAATP hydrolysis became apparent. Both the amplitude of
protein to ssDNA is not kinetically significant in these the first phase and the rate of the second phase of ATP
inhibition experiments. Nevertheless, all experiments in this hydrolysis increased with increasing ATP concentration.
study were carried out by preincubating the recA protein with  In Figure 3, the solid lines represent simulations of the
ssDNA before either ATP or AT¥S was added (as depicted experimental data that were obtained using the model in
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' Ficure 3: Dependence of AT¥S inhibition of ATP hydrolysis

on ATP concentration. Reaction solutions contained 25 mM Tris-
1 HCI (pH 7.5), 10 mM MgC}, 20 uM dTso, 1 uM [H163W]recA

. protein, 20uM ATPyS, and either 0.1 mM4), 0.5 mM ), or

4 1.0 mM (v) [a-32P]JATP. The reactions were initiated by the
simultaneous addition of ATP and A7B after incubation of all
other components for 8 min at 3€. The points represent ATP
hydrolyzed as a function of time at 3. The solid line was
calculated using the mechanism in Scheme 1 and the parameters
Ky = 47 uM, Kz = 69 uM, k, = 21 min1, ko, = 0.11 mirr?, kg

. =21 min?, andk_4 = 2 min~.

P
K, (MiN™)

4 mM) and an ATRS concentration of 4Q«M (data not

] shown).

. Effect of Preincubation of recAssDNA Complexes with

1 ATPyS on the Inhibition of ATP Hydrolysisin the experi-

- ments described thus far, the ATP hydrolysis reactions were
. started by the simultaneous addition of ATP and ABRo

0 . . . L . . . the reaction solution. In this case, ATP and A/BPcan

0 020 30 40 50 80 70 immediately compete for binding to the reeAsDNA
[ATPYS] (uM) complex, and there is a burst of ATP hydrolysis before the

ATPyS-mediated isomerization of the complex to the
Ficure 2: Dependence of ATFS inhibition of ATP hydrolysis  strongly inhibited state occurs. However, the model in
on ATPyS concentration. Panel A: Reaction solutions contained gcheme 1 predicts that the kinetics of inhibition will depend

[Zﬁlénswnggoﬁgm 71‘5n)1’Mlg_3T|§? A¥g%n%0§che?T2?a¢&Ml (“v'\)/' on the order of addition of the reaction components. Thus,

40 uM (), or 60uM () ATPyS. The reactions were initiated i the recA—sSDNA complex is first incubated with AIS,

by the simultaneous addition of ATP and AJi® after incubation and the ATP hydrolysis reaction is then initiated by the
of all other components for 8 min at 3. The points represent  addition of ATP, the model predicts that there should be a
ATP hydrolyzed as a function of time at 3T. The solid line |54y the time course of the ATP hydrolysis reaction because
was calculated using the mechanism in Scheme 1 and the parameteri_rp S id h to di iate f th ASDNA
Ky = 44 uM, Kz = 77 uM, k, = 19 mim?, k., = 0.13 mirr?, k, vS wWou ave to dissociate trom the ree

= 20.5 mim?, andk_, = 2 min~%. Panel B: Apparent first-order ~ complex before ATP could compete for binding to the
rate constants{,9 were determined by fitting each of the reaction catalytic site. To test this prediction, and to directly measure

time courses shown in panel A (plus an additional reaction at 5 the reversal of ATPS inhibition, a series of experiments
#M ATPyS; data not shown) to an exponential process. These 45 carried out using an altered order of addition.

rate constants are plotted as a function of ABRconcentration. . f hvdrolvsis th btained
The solid line represents a linear fit of the data and extrapolates to _ 11me courses of ATP hydrolysis that were obtained at a

a value ofkyps = 0.13 mirr! at zero ATR'S concentration. fixed concentration of ATPS (204M) and various concen-
trations of ATP (-4 mM) are shown in Figure 4; in these
Scheme 1 and parameters similar to those used in Figures Yeactions, ATP hydrolysis was initiated by the addition of
and 2. These results indicate that the model is sufficient to the indicated concentration of ATP after the reaction solu-
account for the ATP concentration dependence of the tions containing recAssDNA complex and ATFS (20uM)
ATPyS-inhibited ATP hydrolysis reaction that is observed had been incubated for 8 min. As predicted, each of the
at a fixed concentration of ATFS. Similar results were  reaction time courses showed a lag before the steady-state
obtained for a series of ATP hydrolysis time courses that phase of ATP hydrolysis was attained. The rate of the
were determined over a range of ATP concentrations{0.1  steady-state phase increased with increasing ATP concentra-
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Ficure 4: Dependence of ATFS inhibition of ATP hydrolysis Ficure 5: Dependence of AT¥S inhibition of ATP hydrolysis
on ATP concentration: Lag conditions. Reaction solutions con- on ATPyS concentration: Lag conditions. Reaction solutions
tained 25 mM Tris-HCI (pH 7.5), 10 mM Mg&l 20 uM dTs, 1 contained 25 mM Tris-HCI (pH 7.5), 10 mM Mg&I120 uM dTs,

uM [H163W]recA protein, 2uM ATPyS, and either 1 mMA), 1 uM [H163W]recA protein, 3 mM §-32P]JATP, and either 1@M
2mM (&), or 4 mM (V) [0-32P]JATP. The reactions were initiated  (v), 20uM (<), or 60uM (A) ATPyS. The reactions were initiated
by the addition of ATP after incubation of all other components by the addition of ATP after incubation of all other components
(including ATPyS) for 8 min at 37°C. The points represent ATP  (including ATPyS) for 8 min at 37°C. The points represent ATP
hydrolyzed as a function of time at 3. The solid line was hydrolyzed as a function of time at 3. The solid line was
calculated using the mechanism in Scheme 1 and the parametergalculated using the mechanism in Scheme 1 and the parameters
Ky = 44 uM, Kz = 77 uM, k; = 19 mim?, k_, = 0.13 mirr?, k, Ky = 50uM, Kz = 66 uM, k, = 19 min1, ko, = 0.13 mirr?, ky
=21 min?!, andk_4 = 2 min%. = 23 min?, andk_4 = 2 min~.

tion, indicating that ATP is able to compete more effectively ATPyS-inhibited ATP hydrolysis reaction that is observed
with ATPyS at high ATP concentration. The kinetics of when the recA-ssDNA complex is preincubated with a fixed
the reactions were independent of the time of the AP  concentration of ATPS.
preincubation period (over a range from 3 to 15 min), Although the nature of the transient phase of the ASP
indicating that ATR'S binding had reached equilibrium inhibited ATP hydrolysis reaction depended on the order in
before the hydrolysis reactions were initiated by the addition which the reaction components were added, each of the
of ATP. reactions (at a given concentration of ATP and AEp

In Figure 4, the solid lines represent simulations of the reached the same final steady-state rate of ATP hydrolysis
experimental data that were obtained using the kinetic modelregardless of the order of addition. This is illustrated in
in Scheme 1 and parameters similar to those used to simulatd-igure 6A for a pair of reactions each of which contained
the time courses that were obtained using the original order20 uM ATPyS and 2 mM ATP but differed in the order of
of addition (Figures +3). These results indicate that the addition. In Figure 6B, the steady-state rate of ATP
model is sufficient to account for the ATP concentration hydrolysis, as measured at a fixed concentration of AP
dependence of the ATfS-inhibited ATP hydrolysis reaction (20 «M), is plotted as a function of ATP concentration. The
that is observed when the reeAsDNA complex is prein-  double-reciprocal plot extrapolates to the savhgy value
cubated with a fixed concentration of A¥B. as does a plot for the ATP hydrolysis reaction in the absence

Time courses of ATP hydrolysis that were obtained at a of inhibitor, and is consistent with linear competitive
fixed concentration of ATP (3 mM) and various concentra- inhibition with an overallK; for ATPyS of 0.3uM. This
tion of ATPyS (10-60uM) are shown in Figure 5; in these  value is consistent with the overd{i(ATPyS) of 0.3uM
reactions, ATP hydrolysis was again initiated by the addition that can be derived from the kinetic parameters that were
of ATP after the reaction solutions containing the recA  used to simulate the data in Figures2[in Scheme 1, the
ssDNA complex had been incubated with the indicated overallKi(ATPyS)= Kj(k_o/(k> + k-2))]. This confirms that
concentrations of ATPS for 8 min. All of the time courses  the ATF/S inhibition is due to a reversible binding of A¥B
exhibited a lag before the steady-state phase of ATPto the recA-ssDNA complex and not to an irreversible
hydrolysis was attained. The rate of the steady-state phasanodification or inactivation of the recA protein.
of ATP hydrolysis decreased with increasing A/B°con- Kinetics of ssDNA-Dependent A¥® Hydrolysis. Al-
centration. though ATP/S is a poor substrate, it is hydrolyzed by the

In Figure 5, the solid lines represent simulations of the recA protein at a measurable rate. The hydrolysis of AP
experimental data that were obtained using the model in and the subsequent dissociation of ADP and thiophosphate
Scheme 1 and parameters similar to those used in Figuresould conceivably account (at least partially) for the revers-
1-4. These results indicate that the model is sufficient to ibility of the ATPyS inhibition of the ATP hydrolysis
account for the ATPS concentration dependence of the reaction. To investigate this possibility, the steady-state rate
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' ' | Ficure 7: Time course of ssDNA-dependent AJf® hydrolysis.
Reaction solutions contained 25 mM Tris-HCI (pH 7.5), 10 mM
MgCl,, 200uM dTsg, 20 uM [H163W]recA protein, and 50aM
4 [y-35S]ATPyS. The reactions were initiated by addition of recA
protein after incubation of all other components for 8 min at 37
°C. The points represent APS hydrolyzed as a function of time
- - at 37°C.
£
E Scheme 2
%_ 1 Ko = 50 uM
= recAsssDNA + ATPYS —————— recA*ssDNA*ATPyS
5 - 0.1 min" 1‘/20 min-t
recAsssDNA-ATPYS
i i 0.01 min-!
0 & © © © ] ADP + SPO3
1 [ 1 1 1 ] 1
0 0002 0004 0006 0.008 001 0012 0014 turnover number is nearly 2000-fold lower than that for ATP
. hydrolysis (20 min?t) under the same conditions (Figure 1).
1/[ATP] (uM) It is also 10-fold lower than the value &f, = 0.13 mir?

FiGURE 6: Reversibility of ATR'S inhibition of ATP hydrolysis. ~ that was determined in Figure 2B. This indicates that the
Panel A: Reaction solutions contained 25 mM Tris-HCI (pH 7.5), reversibility of the ATR'S inhibition of ATP hydrolysis is
10 mM MgCh, 20 uM dTse, 1 uM [H163W]recA protein, 2 mM primarily due to the dissociation of AR from the recA-

[(1—32P]ATP, and 2QuM ATP’J/S Reactions were initiated either SSDNA_ATP S com |eX and not to AT h drol S|S
by the simultaneous addition of ATP and Ajf® (V) or by the 4 piex, S hydroly

addition of ATP @) after incubation of all other components for 8
min at 37°C. The points represent ATP hydrolyzed as a function
of time at 37°C. Panel B: The final steady-state rates of ATP : Cop .
hydrolysis for reactions containing eithep® (O) or 20uM (@) The tlme-dependent. 'nh'b't_'on of the_ re_CA protein-
ATPyS and the indicated concentrations of ATP are presented in Catalyzed ATP hydrolysis reaction by A7B indicates that
the form of a double-reciprocal plot. The solid line represents a ATPyS binds to the recAssDNA complex by the two-step

fit of the data to the equation for simple linear competitive inhibition - mechanism shown in Scheme 2. In the first step, ASP
(Segel, 1975) and is consistent withna/[E1] = 20 mim* and binds to the recAssDNA complex in a rapid equilibrium
Ki(ATPyS) = 0.3 M. process Ko = 50 xM). This initial binding step is then
constant for ATRS hydrolysis was determined under the followed by a slow isomerization of the complex (20 min
conditions of the inhibition experiments described above. The to a new conformational state (boldface); the kinetics of
reaction solutions contained 2fM recA protein and 200 inhibition indicate that this isomerization step is only slowly
uM dTso, and were carried out at pH 7.5 and 3Z (note reversible (0.1 min). The isomerization step is then
that the concentration of recA protein was higher than in followed by the even slower hydrolysis of AJB and release
previous experiments so that the rate of the slow AP  of ADP and thiophosphate (0.01 miY). Because the rate
hydrolysis reaction could be measured accurately). of ATPyS hydrolysis is so low relative to the rate of the
The time course of ATPS hydrolysis (50Q«M ATPyS) isomerization step, and because the isomerization step itself

is shown in Figure 7. The reaction followed a linear time is only weakly reversible, the recAssDNA-ATPyS com-
course with a steady state rate constant of 0.0X mifThis plex is extremely stable. Thus, APB functions as a potent

DISCUSSION
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slow binding inhibitor of the recA protein-catalyzed ATP binding and hydrolysis, whereas the transition from the
hydrolysis reactior. closed to open conformation may occur only during the first

The first-order rate constant for the A¥B-mediated ATP binding event. With ATKS, however, the rate of
isomerization step (20 mid), although significantly greater  hydrolysis is so low that the isomerization of the recA
than the rate of ATPS hydrolysis (0.01 mint), is identical ssDNA complex that follows ATPS binding can be
to the steady-state rate constant for the recA protein-catalyzedconsidered, to a first approximation, as the final step of the
ATP hydrolysis reaction (20 mit). This suggests that an ATPyS binding sequence. In this case, the ABPstabilized
analogous ATP-mediated isomerization of the reGADNA open conformational state would represent the strongly
complex may be the rate-determining step on the ssDNA- inhibitory state of the recAssDNA—ATPyS complex.
dependent ATP hydrolysis reaction pathway. In fact, the Although the model in Scheme 1 is sufficient to account
kinetic parameters that were used to model the AP  for the ATP/S inhibition kinetics reported here, the model
inhibition data are very similar to those that were derived is oversimplified in that ATP and AT¥S are depicted as
for an analogous reaction scheme in our recent transientbinding to an isolated recA monomer within the recA
fluorescence studies on the [H163W]recA protein (see sSDNA complex. In fact, ATP binding exhibits positive
Experimental Procedures). Thus, the AR inhibition cooperativity, indicating that the binding of ATP to one recA
results reported here provide strong independent support formonomer within the recAssDNA complex increases the
the two-step mechanism for the binding of ATP and ABP  affinity of a neighboring monomer for ATP. We are
to the recA-ssDNA complex. Furthermore, the results allow currently developing more sophisticated kinetic schemes in
us to equate the isomerization of the reegsDNA—-ATPyS an effort to elucidate the role of cooperative interactions in
complex to the strongly inhibitory state with the A¥®- the mechanism of the ATP-mediated transition of the recA
mediated fluorescence change that was observed by stoppedssDNA complex.
flow fluorescence. Moreover, the results significantly extend
our kinetic model by providing a direct measure of both the ACKNOWLEDGMENT
rate constant for the reversal and the overall equilibrium  \ve thank Einar Stole for providing the [H163W]recA
constant for the ATPS-mediated isomerization. protein.
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